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. ABSTRACT

The reservoir‘pressdre required for the developmen. of

a dynamic vapour121ng gas. m1501b1e drive is often deicrmined
Aexperimentally by what is referred to as the "slim-tube”
displacement test.

Ear]y work has’shown that, prcvided the'displacement is
stable, the determination of‘the minimpm miscibiiity‘
pressure is only a fpnction of the thermodynamic conditions

_(nature of flu1ds and temperature) ' |

‘ | The purpose of this 1nvest1gation was to verify whether

ﬁthe above conclu510n can be drawn for conventional tests
carried out in flat siim-tube coils. This has been done by
examining,tne effect of tube length and injection rate on
the displacement efficiency at various presSures covering
the immiscible and multiple- contact misc1ble displacements

It was. found that.- the interplay of gravity forces and
yiscpus.forces has "an effectyon the resdlts. and in the . -

| eariy'stage of the displacement supercritical flow occurs
for the injection'rates studied. These rates are of the same
order of_magnitude as those considered by other | "
_experimenters Increa51ng the length of ‘the model, on the :
:otherfhand. tends to have an overall stabilizing effect on
- the results. For short cores. the usual indicators cannot be
_trusted to establish the minimum miscibility pressure. The
~ use of 1onger cores'yieids the best'ostimate df_the minimum

" miscibility pressure.

iv
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1. INfRoouchonl

For many decades, petroleum eng1neers have been work\ng"
to 1mprove on the o11 recovery techn1ques They have . ’ |
- focussed .on max1m1z1ng the recovery of o1] from underground
reservo1rs in the most econom1ca1 way In pract1ce only a-
small fract1on of the oil in place 1s recovered by |
convent1onal product1on schemes such as primary deplet1on
Secondary schemes pressute ma1ntenance and. water f}ood1ng
tncrease the~overa11 recovery. However, the oil is not‘
tota]]y'recovered due.‘to some extent, ‘to the'interfaciai
tension existinglbetueen the phaseS‘present in the porous

medium. . ‘
Tert1ary recoVery‘methods were subsequently deve]oped
in- order to a]]ev1ate the probiem of low secondary recovery
The Ldea,was to e11m1nate or\at least reduce the effect of
- the interfacial phenomena. The obwvious approach wou]d be to
use a d1sptac1ng f1u1d wh1ch is conp]etely mwsc1ble w1th thei
‘reservo1r o11 for 1nstance a solvent H0wever 'the choice *
.of flu1ds m1sc1ble with crude oi ts sever1y'11mited jn‘
practice by econom1c con51derattons Different-viable
‘operat1ons have been proposed they are br1ef1y out11ned
'beJow '
D1sp1acement by a slug of r1ch gas fol]owed by dry gas
In th1s type of dtsplacement .a prederterm1ned volume of
ﬂ}1qu1f1ed petroleum gas 'maxnly propane and butane> is. f1rst

‘1n3ected whtch in turn 1s drlven by an, 1nexpen51ve 1ean

gas. .The s]ug-acts.as.a buffer zore:, mutually mwscible with



'-the d1sp1ac1ng ‘and d1splaced flu1ds
4 'Vapour1z1ng gas drive: In th1s case, the mechantsm
'con51sts of an enr1chment of the lean d1splac1ng gas
h‘ str1pp1ng of the 1ntermed1ate hydrocarbons present in the
o1l) until m1sc1b111ty 1s dynamically . 1n1t1ated Cond1t1ons
.favourable 1 th1s type of d1splacement are usua]]y |
.~encountered in reservo1rs with rather volat1le 11ght o1ls
and at h1gh pressuresa ‘ o

| Condensjng gasAdrive: Thjs type of‘displacement is
similar to the previous case, in‘the:sense thét miscthjlityi
.is dynamically initiated through mu: iple contacts .oetween
the conconrently flowing phase . dowever, the enrichment
process is reyersed, and consisis 7 a COndensation'of_the-‘
intermediate hydrocarbons present in the wet,jas. upon ‘
contact w1th the reservoir oil. Condﬁtions'favoureble;to‘~' t
this type of displacement are found in reservo1rs w1th .

‘ med1um API grav1ty oil andvmoderate pressures

The follow1ng d1scuss1on and exper1menta1 results w111 ;3-

deal with the vapourizing gas dr1ve case, where the
displacing fluid is a lean gas. When plannwng toiexpioit;asﬁ
reservoir by the above process, one shouid‘first'determine
the conditions necessary to achieve miscibility. The

'compos1t1on of the oil and the temperature of the reservo1rh
being fixed, one needs to find the minimum operat1ng

pressure which must be maintained to ensure m1sc1b111ty;'l\

The;minihum miscibility pressore is oftenAdetermined

‘experimentally by what is referred to as the slim-tube



| d1splacement test However'-as.polnted outiby obb‘et‘az.l1l.
there 1s no- general consensus as: to the exper1mental
fprocedures or the cr1ter1a def1n1ng the . m1n1mum m1sc1b1l1ty g
'-pressure They observed that d1splacement lengths ranged
5from 1.5 to 25 6m flow geometrles var1ed from vert1cal to -
'rflat co1ls to sp1rals, and flow veloc1t1es var1ed over ‘
"'nearly two orders- of magn1tude The m1n1mum m1sc1b1l1ty
i.pressure 1s generally determ1ned from crlterla based on
recovery ‘at _some pore volume 1n3ected and/Or on the v1sual
'observat1on of the trans1t1on zone 1n a sight glass at the
outletvof the model These cr1ter1a w1ll be d1scussed in’
- more detail in a later sect1on '
V The pr1mary obJect1ve of th1s research prOJect was to-f”

carry out a parametrlc analy51s of . the sllm tube

o‘1d1splacement test. The exper1ments were conducted -on’ a flat'

"sl1m tube co1l apparatus. as 1t 1s the most cxnwnnly used 1n
,_the 1ndustry The effect of tube length ‘and 1n3ect1on rate
on d1splacement effac1ency. namely recovery and shape of the T
effluent gas concentrat1on proflle and consequently the1r .
-effects on. the cr1ter1a used for est1mat1ng the m1n1mum

- m1sc1b1lwty pressure were examtned



2. Mechanism of High Pressure Gas Displacement

The Vappurizing Gas Drive -

géi Introduction.
High pressure gas djsplacement is a process by which
"0il is displaced by a gas at high pressure and;is
;character1zed by a mass transfer between the two phases \\
wh1ch initially, are not in thermodynam1c equ1l1br1um
- Depending on the compositions of the gaseous phase 1nJected
and the oil d1sp1aced and the average operat1ng\cond1t1ons \
Of.pressure and temperature, three types of d1sp1acements
mayioccur,_namely{_ '
" a) immiscible displacement
| 'b) mult1p1e contact or dynamlc m1sc1ble d1sp1acement
“c) first- contact miscible d1splacement
'Wepwil] restrict the d1scuss1on to the case of a
~Vapouriztng gas,drtue; a spec1al case of high pressure gas
drive. In these'condit1ons. the 1njected gas would be poor
in 1ntermed1ate compOnents. C2 C6, wh1le the 011 would be
rich in these components. The mass . transfer between the
concurrently flowing phases would cons1st essentially of
'str1pp1ng these intermediates: by the gas phase as well as \1
the solution of -the light ends, C1-N2, in the oil, until ‘
thermodynamic equilibrium is establ1shed )
. A thorough understandlng of the displacement mechanism
ts necessary. in qrder"to.introduce'the ‘concept of pinimum
misctbility pressure. From such an-ana!ysis; it'is also |

.



- possible to describe the basis for the criteria defining'it.

2.2 Phase Behaviour Reoresentation of 2 Multicomponent
In general a htgh pressure'gas'displacement is
‘character1zed by a mass transfer between the(concurrently
, f]ow1ng phases Thermodynam1c cons1deratlons should |
,therefore be accounted for, such as the phase behav1our of
-the hydrocarbon systen of 1nterest The compos1t1on of a
| omp]ex hydrocarbon system can be d1v1ded lntp three
,pseudo groups,'namely o
the 119ht ends, C1 N2
the 1ntermed1ates, C2<C6=
and the heavy ends, C7+‘
At some f1xed pressure and temperature, the phase behav1our
" of a mult1component hc-system can conven1ently be
A':represented on a ternary d1agram by means of these
pseudo- groups However, we must Keep in m1nd that such a_
\representat1on is not, r1gorous in a thermodynamlc sense
F1gure-1\1sjsuch a representat1on The ternary d1agram
is a compos1t1ona1 d1ag;am Each apex.. of the tr1angle
7corresponds to-a pure pseudo group Or to 100 mole% of the
" component Cx, where: S )
' bt:-refers to. the light—ends pseudo-group ,‘
. C2: refers to the 1ntermed1ates pseudo group

C3: refers to the heavy ends pseudo group.

Let us. suppose that Ng moles of a flu1d from reg1on (A) come
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_dlnto contact w1th Nl moles of a. flurd from reg1on (C) and
that equ1l1br1um between the two phases is establ1shed The”ﬁ
resultlng system depend1ng on 1ts overall compos1t10n will
be located in either the regjon (C) (l1qu1d phase) thei
region (B) (two-phase region) _or the reg1on (A) (the gas
phasél As more gas from region’ (A) is brought-lnto the
2system, there will be a trans1t1on 1n the phase behav1our of
such a system from an 1n1t1al l1qu1d state, to a coex1stence-
‘of a gaseous and llqu1d phases. and eventually to a. srngle~'
gaseous phase. The two phase reg1on is bounded by the phase
envelope which comprises: ' S ' -
'the dew- po1nt curve )
- loc1 ‘of pants where the gas - phase is in
equ1l1br1um wlth an 1nf1n1tesumal amount of.
| llqu1d | '
"the bubbte- point curve

loc1 of po1nts where the l1qu1d phase 1s 1n

equ1l1br1um w1th an’ 1nf1n1tes1mal amount of gasb';Lx.”

_ The two curves meet at the cr1t1cal po1nt (CP) where all'm

. the’ propert1es of . the coex1st1ng llqu1d and gaseous phases”
"become 1dentlcal "' o . , T ‘ :

If a hydrocarbon system has a compos1t1on that places :

.1t 1ns1de the phase envelope two phases w1ll result ‘at

_ equ1libr1um The po1nt representlng the comp051tlon of the__?]fz

gas phase will be located on: the dew po1nt curve and the
point representlng the l1qu1d phase compos1t1on on the '

bubble-point curve. The line connecting these po1nts is



referred to as a tie-'li-lnelh Each point,. .(;s_); ‘of .this t_ie..--lirne‘
_,ﬂrepTesents'the overa\l compbsttion of~a he-system“uhich,'at
.equ111br1um w111 have gas .and- 11qu1d phases of compos1trons
\1 correspond1ng to the 1ntersectlon of the t1e Tine w1th the
:',dew po:nt and bubble po1nt curves,_respectively (GS 0s).’

'relat1ve -amounts of gas and l1qu1d are g1ven by the lever'

rule
; g%:—= ‘:G'S_Qé and’ NS N’G'S-'+. NO_S“ - C (1)
where, -
| 'NGS = pumber of moles in gas phase
JNOS.%'number of moles in, 11qu1d phase
- _N$’= total number of moies of the system '
- ASGS = d1stance between p01nts (S) and (GS)
o ’SOS = d1stance between po1nts (S) and (LS)
‘iIn reg1on (D) _ cannot d1st1ngu1sh a gaseous phase from a lf5.~

l1qu1d phase Th1s regaon ‘s bounded by the 11m1t1ng ‘
' .:-t1e l1ne, whtch is defIned as. the l1ne tangent to the.phase'

fenyelope at the cr1t1cal p01nt S

12.;32&.199__&%&9@9_1&@9_ Mf&_

A vapourrztng gas dr1ve 1s a spec1al case of a h1gh
Lpressure gas d1splacement The d1splac1ng phase 1s a lean.w
gas poor in intermedIates wh1le the d15p1aced phase s an

oil, rich 1n these components. In general, t reservo1r

o



conditions the temperature and the d15p1ac1ng and d1sp1aced
fluid compos1t1ons are f1xed The only varlable wh1ch can be
altered is the d1sp1acement pressure Dependtng on the :
Tpreva111ng pressure, three types of d1sp1acements may occur
namely: 1mmtscqb1e. mu1t1p]e,contact'm1sc1ble and. '
ftrst-contact~misctble displaCement.’Djfferentiation'betweeh_di
these'cases(2 3,4) can best be'represented on. a. ternary'vl
diagram. For the sake of s1mp1101ty, cons1derat1on W1ll be
given to the case of a- three- component hc- system where C1
répresents the l1ght~oomponent,AC2, the jntermedtate_ L
component and C3, the heayywcomponent Hégcé. the-phase }.f‘
" behaviour of sUch a system at some fixed pressure ‘and B

'Atemperature can be r1gorously descr1bed on a plane ternary

- d1agram

3 mm1§c1b1e Qg

Suppose that the d1splacement 1s conducted at the
‘T_pressure P1 and temperature T, whereby the d1spla01ng fluid -
"13 a. lean gas’ (G) while. the d1sp1aced f1u1d is an oil (0):

”relat1Ve1y r1ch 1n “the intermed1ate component (see FJgure,

e

‘ :2 A) At the beg1nn1ng of’ the d1splacement the d1splac1ng

"%and dwsplaced flu1ds are-not in thermodynam1c equ111br1um

'Under the 1nf1uence of the v1scous and cap111ary forces, the
.d1splacement w111 be of the Buckley- Leverett(5) type with

1 the addltlon of mass transfer between the concurrently
flow1ng phases. The saturat1on d1agram (Figure 2-B)

-

represents an ideallzed saturation profile in the diphasic



10

cifLighT)

- -

B - et —————
N ) N 3

. -—as @ - ———
. - v

DISPLACING FLUID

e e - ol

| FIG6 2-R

" CIMMISCIBLE CRSE . -

© . - STARTING STRGE .

~ . 'PHASE DIAGRAM *-
oo PLLTT T

] er3TicaL
o Saa

. DIBBLACED FLUID
i ° .

P

. C3C(HERVY)

" C2UINT)

F16 2-8 .~

SATURATION- PROFILE -  *

1
- | cELL 1
. 80 - '

-~ -

,;my: .

(- CELL 2 . . |CELL 3-

DIRECTION OF FLON ————e -




- . o ) }-‘ e : ' i{ﬂ'
'q_ zone before thermodynamtc equ111br1um 1s establxshed Let‘usl
.»‘v1sual1ze the porous med1um as a ser1es of ce]ls On thls |
dwagram lt may be observed that the relat1ve amount of gas
to~oxl decreases 901ngAfrom cell 1 to ce]l 3. This is v
’;reflected on the phase d1agram (F1gure 2- -A) by the overall
.Icompos:tyon of_each'ce}lf namely pOjntS.1 2 and 3.- Assum1ng y
.1that‘thermodynam{C'equilihrium is established the
compos1t1on of each phase Ain each cell w1]1 change Drauing
f-lthe tie- l1nes pass1ng through p01nts 1 2 and 3 we obtain f
the follow1ng i o ' -

cell 1: _ga'g/i.-Gil).:'ii'nv equilibrium with 0i1 (O1)

-celi 2: gas . (62) tn,eguijihrjum with oil (02)

cel] 3 gas (G3) in equilibrium.with 0{1 (Q3).

.mReferrtng ‘to F1gure 3-A, as the displacement proceeds, the‘

. oil left behind w1ll be contacted. by the or1g1na1 d1sp]ac1ng
]ean gas, and will be further stripped of 1ts 1?termed1ate ’
f.component Its compos1t10n path will fol]ow the bubble point

curve, ‘in the d1rect1on of lesser 1ntermed1ate component

‘.iiunt1] it reaches the limiting composxt1on (0I). Thls l1m1t

215 character1zed by the particular t1e line pass1ng through
!G) and the equ111br1um gas (GI) Suppose now that oil (01)
is at the 1rreduc1ble oil saturatlon “thus 1mmob1le 0il-
;h(01)~w111 always be- 1nacontact-w1th more gas (G) -Let (M)»be
the, pornt represent1ng the’ overall compos1t1on of Ng moles'
- of gas (G) being in contact with N1 moles of oil (01) before

equilibrium is establ1shed. From the 'lever rule, we have:

N9 o
N1

(2)

38|
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At equilibrium some Oil will evaporate and the gas phase

’compOSition will change to (GI). The relatiye amount of gas

-

to oil is therefore changed to:

- Ng_equilibrium _ MOI ' - (3) I-
Nl equilibrium HMGT ’ »

and Ng equilibrium > Ng, since MGI < ﬁG:
As the oil (bI) is contacted by more lean gas (G), the.g“
evaporation process will continue until al” the oil hasv
"\fvaporated This correponds to the ‘evaporation front ',
< Similarly, the gas at. the front will: contact more
virgin oil (0) and becomes more enriched in the intermediate;'
component. Its compOSition path Will follow the dew- pOint
curve, in the direction of higher intermediate component,
~until it reaches the limiting compOSition (GF) This llmlt‘
is characterized by the particular tie line paSSing through
4.the original oil (0) and the equ1librium Oil (OF). For this
case, the saturation distribution as a function of length is
illustrated in Figure 3-8 and the displacement is clearly o
immiscible as the gas. at the front (GF)*is immiscible»With'

the oil being displaced

' Note that an evaporation front Will exist only if the
original displacing gas phase has a compOSition that .does
not fall on the dew-point curve. Otherwise a reSidual oil
saturation will always be present .



3 Multlp1e cgntact Miscible- Qgse { Dynamlc
’ M1sc1b111ty)

Suppose.now_that the'diSplacemént"is conducted at a .

htgher.pressure P2, and*at.the.same tempehature T. kny
1ncrease of pressure w111 be- fo]lowed by - a shr1nkage of the .
phase envelope Let us suppose - as shown in F1gure 4-£, thatl'
the presSure 1s h1gh enough- so that the same d1splaced f1u1d:
(O) has a compos1t1on thatgplaces it Just to the r1ght of v
the l1m1t1ng tie- I1ne
At the beg1nn1ng of - the d1sp1acement the mechanism 1is

s1m1]ar to that of the 1nnnsc1ble case, as the ]ine joining
: _po1nt (o) to po1nt (G) crosses the phase enve]ope ( see

CF1gures 4 A and 4 - B)ﬁ Th1s Trne is the loci of the

”compos1tlons of all poss1b1e combinations of gas tG) and oil
ftO) Viscous and cap1]]ary forces w111 play the same ro]e |
and the d1sp1acement will be of the Buck]ey Leverett type in
TtS start1ng stage -with the add1t1on of a mass transfer
Afoetween the-concurrently f]ow1ng phases. The oil Ieft behtnd
- w&]T be contacted by the displacing lean‘gas  (G! and will be

stripped further of its intermediate component . Its b

oohposition-path Wilj follow the bubple-point curve, in the
'direction of lesser intermediate component .’ until it reaches
‘the limiting composition (Oib (see Figure 5-A). As d1scussed
earlier, oil’ (OI) w111 evaporate in the contact1ng 1ean gas
(G), .until it is oomplete]y evaporated This corresponds -to

the evaporat1on front.
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151hitariy.‘the gas;at'therfront Willlcohtact'more

v v1rg1n oil {(0), and thus will further be enr1ched as the
_d1splacement proceeds Its compos1t1on path wwll follow the
dew po1nt curve in the d1rectlon of h1gher 1ntermed1ate
component,;unt1] 1t reaches the l1m1t1ng m1sc1b1l1ty
‘composition (GM) . This' 11m1t1ng compos1t1on 1s character1zed
- by the tangent to the phase enve!ope paSSIHQ through po1nt
(O) Gas (GM) is now completly m1sc1ble w1th the o11 ahead
as the llne joining 1t to- point" (D) does n&t cross the phase
envelope At th1s po1nt -m1sc1b1l1ty has been 1n1t1ated (see

or

F1gure 5-B). ‘
Under the . 1nflLence of" d1spers1on and/or some
perturbating phenomena,(VJscous f1nger1ng, gray1ty .
koverridet ~this displacement willnoe characterized by the:
_cont1nuous breaKdown and’ reformatJon of the mlSCIb]é front
-Thus a res1dua1 oil saturat1on w111 “‘be left beh1nd
V resulting in an 1ncomplete d1sp1acement ‘of the 01](6)
i Cons1der the effect of convect1ve m1x1ng 1n the gas zone
Just beh1nd the miscible- front (see F1gure 5 B) he "
comp051tlon of . the d1fferent gases form1ng thls zone falls
on ‘the dew- po1nt curve. An explanat1on of - convect1ve m1x1ng
is necessary at th15 po1nt of the d1$cu5510n A porous
'medlum may be represented by a- bund]e of 1nterconnected
‘_d1ss1m11ar flow channels. Therefore different 1nterst1t1al
' veloc1t1es will ex1st for d1fferent flow paths. Consequently

gases of d1fferen compos1t1ons may come in contact

11]ustrated.by the—1dealtzed ‘system shown in F1gure 6-A.'~
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: “.19.‘
Suppose that leaner gas of compos1t1on (Gl) tr@vels faster

in flow path 1 than r1cher gas (G2) in flow path 2. At the
1ntersect1on of the flow paths ‘gas (G1) may m1x w1th gas -
.(G2) result1ng in a m1xture of compos1t10n +MX) whlch JUSt
falls inside- the phase envelope (see Figure 6- B) Th1s w1ll
result in the condensatlon of some oil. (OX) whlch 1s 1n'
-equ1l1br1um with’ gas (GX) Th1s effect is even. more |
pronounced as we 1ncrease the 1nJect1on rate as the
convective port1on of dlsper51on becomes dommant2 The same,
process w1ll disperse the .gas of compos1t1on (GM) (see T
ngure 5 B) t'resultlng in_.a leaner gas contact1ng the o1l-
ahead w1th the consequent loss of m15c1b1l1ty S1m1larly"
under the 1nfluence of some perturbat1hg phenomena (v1scous.\
_ f1nger1ng grav1ty overr1de) leaner gas w1ll come 1nto
contact w1th the oil ahead and an 1mm1sc1ble dlsplacement
w111 occur The same d1splacement mechanlsm~prev1ously .
.'d1SCUSsed w1ll be repeated w1th the subsequent reformatlon
of a miscible front ‘ .,_' - o ;\-qu"i S ‘f“gi
, Suppose riow that the d\splacement 1s conducted at st1lf
’ a‘higher pressure P3 and at the same temperature T, and
that the shr1nKage of the phasé’ envelope is such that the
l1ne connect1ng the p01nts (0} and (G) does not cross the .
;phase envelope (see F1gure 7 A )} The connectwng lwne ' |

(G)-(O) is the’ loc1 of all poss1ble comeSItlons encounteredi :

2The reader may refer to Appendlx 1 for a detailed
definition and explanation of dispersion in porous media.

&
n
<
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\in the.region where the two fluids are in contact with each
other. As thisyline does not croes the phase envelope;.the
" two fluids are miscible in all proportions (see Figure 7-B): -
' iowe er, 1ne composition path (line:(G)—(Od ) drawn in
‘-~ e T:A assumes that all the components have‘the\semev,
difrus vity 1r‘Based’on the literature survey,
_ dc 2rmination of the diffusivitiés of the different
_Cc;;oneni of a cdmplex thsygteh is not an easy task. A
\.detéiledlproceoure for estimating such factors is shown in
o Apoendix'Z The effect of components d1ffus1ng w1th
:d1fferent d1ffus1v1t1es is also treated, w1th an example, in

Appendlx 2..

'z._ ng.tmn.m of the Minimum msnm_l_n; Bressure.
o For the vapour121ng gas drive just described, he
:. MMP3 w1ll correspond to the pressure necessary for the
‘l1m1t1ng tie-line to pass through the point representing the
' coqboeition of the displaced fluid. The MMP is that pressure
below which tt'isfnot possible to obtain a dynamic miscible
displacement. | ‘ |
-Let us consider the case where the dfeplacement is
1mm1sc1ble Beh1nd the front a diphasic flow regime will ;
ex1st leaving a res1dual 011 saturation. For the:case where
‘mult1ple contact m1sc1b111ty 1s 1n1t1ated convect1ve m1x1ng
between flutds w1th compositions lying on the ‘dew-point "’ ‘
’vcurve,.wili.resoft infmfxtgres.whﬁch béreTy fall'withtn the

3Refer to nomenclature for definition of symbo]s and terms.
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two-phasé region, consequently leaving a small amount of
immobile liquid behind the front. Also, any reformag}on of
the miscible front after its breaﬁdown (through giéoersjon
etc...) will be at the cost of even more oil”being left
behind, though small compared to the amount left behind
during an immiscible displacement. This suggests that going
from an immiscible to a multiple-contact miscihle |
displacement, will correspond to a sharp deerease in the
residual oil saturation at gas breakthrough or a sharp
increase in the recovery of the initial oil in place, and
_that the overall character of the displacement will change
from diphastc to monophasic flow. |

‘Therefore, it foltows_from the above description that
certain basic criteria may be formulated to experimentally
determ1ne the MMP. If we.plot reoovery versus pze;sure at
gas breakthrough the curve should show a clear break in
slope for a value of the pressure greater than or equal to
the MMP. Also, if a s1ght glass is connected to the outlet
of the porous medium, the exper1menter will observe that the
character of the displacement changes from diphasic to
monophasic flow for a value of the preesure.greater than-or
equal to the MMP. These are the'basic criterja used by the
exper{menters to define the MMP . The'experiments are carried
out in an unconsolidated porous medium and the method is

referred to as#the slim-tube technique.



3. Methods for Estimating the MMP for a Vapourizing Gas

Drive

It may be recalled that the MMP is that minimum
pressure necessary to obtain a multiple-contact miscible
displacement at constant reeervoir temperature for fixed
compositions of the resident oil and the injected gas. For
the case of a three-component hc-system, which phase
.behaviour can be rigorously represented on a- ternary diagram
at some fixed pressure and temperature, the MMP corresponds
to the pressure at which the limiting tie-line passes
through the point representing the composition of the

‘reservoir flu1d | | .
The MMP can be determ1ned or estlmated in, three basic
ways, name}yﬁ_
a) pseudo-ternary diagram method\
b) w1ndowed PVT cell method
c) slim-tube test method
Each of these methods will be described, and their
limitations, if any, will be discussed.
_ An analys1s of the slim- tube test method has been the
purpose of this research. The investigation pursued w111 be

briefly introduced in this chapter.

23
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\
3.2 Pseudo-ternary Diagram Method. «\\

This method treats any complex hc4system'§s being
éomposed of 3 pseudo-components: |
“the light ends, C1-N2
the intermediates, C2-C6
and the heavy énds,mC7+.

Pseudo-ternary diagrams are the; constructed at different
pressures and constant temperature, based on the NGAA(8)
equilibrium constants, under the folTowihg assu;ptions:

a) The light end pseudo-component is of the same

composition as the light end fraction of the injected

gas.

b) The intermediate and heavy»pseudo-combonents are of

the same composition as'the intermediate and heavy

fractions of the reservoir oil, respectively.
The graphical representation of tHe’phase-envelopes
‘associated with each pressure, at constant reservoir
temperature, permits the estimationvof the '\MMP. The minimum
miscibiiity bressure is determined by selecting the pressure
at which.fhe point repreéenting the composition of the
reservoir oil is located just to the right of the limiting
tie-line. As previously discussed, any increase in pressure
is followed by a shrinkage of tHe phaSe envelope. Therefore,
if at some pressure the reservoir oil is in‘the liquid .
region,,én increase in pressure can bring the reservoir oil

in the critical region.
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~n

There are, however, severe 1imitati6ns to this
approach, as described by Benham et al.(9). It has been seen
that in the case of a multiple-contact miscible
displacement, a transition zone will develop between the
original injected gas and the dispiaced residenf oil.
'Therefore, across the transition zone, the‘character of the
intermediates and heavy-ends droups wil]_vary from that of
.,the injectionQQas to that of the reservoir oil. Hence,
pseudo-ternary diagrams based oh the character of these
groups in only one of the phases will not describe all the
stages involved in obtaining miscibility. Benham et al.(8)
have suggested a way of overcoming this problem: Although
their analysis dealt with the case of a céndensing gas J
drive, the same reasoning can be applied to a vapourizing |
gas drive. If consideration is 1imited’to the region close
to the critical point and the associated tie-“iné and if it
is assumed that thebcharacter of the intefmediates and
heavy-ends of the crifical point is close to that of the%
/reservoir fluid, a pseudo-ternary diagram drawn us%ng
intermediates aﬁd heavy-ends of character equal to that of
the reservoir oil will havé qUantitative significance -in the
'region of the critical point and its‘associateﬂ ]imiting'
tie-line. |

Also, Hutchinson and Braun(3) have shown that the
.posjtion'of the phasevboundary curve Qn”the triangular’
diagram and the slépe of the limiting tie-line depend on the

overall composition. The composition cannot be identified by
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a C1, C2-C6, and C7+ breakdown, because the components
~within a pseudo-group have different volatilities. Hence,
-the character or comp9§itipn of“the'pseudo-group will not be
the same in coexisting tiquid and gas phases.

The problem associated with a phase diagram based on
pseudé-bomponents is that it fails to define rigorously the
phase relations of a complex hc-system. An examination of

the phase rule:

F=C-P+2. (4)
where, H
F = degrees of freedom
C = number of components preseﬁt in the hc-system
P =;nGmber of phase#,

_ sﬁows that at constant pressure and temperature, the max i mum
degrees of ffeedom equals the nuhber of components present
in the héﬁsystem less one. |

Consider a four -component hc-system at constant-
temperature~andvpressure. Frpm fhe phasé rule, the maximum
degrees of freedom is equallio three. Therefore, the phase
behaviour of such a system can be rigorously represented on
2 three-dimensional Eompositional diagram. This diagram
corresponds to a tetrahedron, eadﬁ apex répresenting one’of
the phre components. As. opposed to a ternary system, the
phase envelppe will correspond to a surfaqe. For thé’SaKe\o%
clgrity.-only a portion .of thfs phase envélope is depictea\\\
in figure 8;‘It may be observed on this figﬁre'that

different critical mixtures and limiting tie-lines will
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correspond to different sections of the phase envelope. This

illustrates the fabt that the pseudo-ternary representation

3,
-

of a four-component hg~system tor higher! is quite
restrictive. Hence, determination of the MMP based on a

" pseudo-ternary diagram is 6n]y approximate.-

3.3 PVI-cell Determination of the MMP.

This“method uses a represenfative samp]eoof the
reservoir oil at the desired co;ditiqhs of pressure and
temperature which aEe maintained constént throughout the
ba;ch4contact.experiment.}A batch-contact experiment
involve the estab]ishment of an eduilibrium condition
between the displacing gas of interesf and new original oil
within a PVT-cell at some selected pressure and temperature.
The procedure consists of a series of rebeated experiments
at different pressures and constant reservoir temperature,
until through an observation of the'phases within gthe cell.
oﬁe can identify the MMP. o ﬁ\\j

The idea is to duplicate, in a PVT-cell, the_enrichment;
of the gas as it contiﬁﬁous]y contacts new-original oil, in
a vapourizing gas drive. As discussed earlier, two cases are
possible:

Immiscible case:
-The gas fs not enriched enough so as to miscibly
displace the oil. |

Multiple-contact miscible case:

The gas is sufficiently enriched so as to
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miscibly displace the 1.
We wf]] discuss these cases separately, so as to infer what
would be the visual observatiéns in a windowed PVT-cell,
after n batch-contact experiments, corresponding to each of
these cases. A three-component hc-system will be considered,
so as to rigorously represent its phase behaviour at some

fixedaRressure and temperature on a ternary diagram.

3.3.1 The Immiscible Case.

Figure 9 is an illustration of the mu]tiple
batch-contact experiment as conducted in é PVT-cell. Suppose
that the original reservoir oil and the displacing gas have
compositions represented by points (0) and (G),
respectiVe]y. The PVT-cell is originally filled with oil
{0). The first step.is to remove some of this oil and to
replace it with gas (G) at constant pressure and
temperature. At equilibrium, the resulting hixture (M1) (see
Figure 9) will separate into two phases, a gas phase (G1)
and a liquid phase (011. The second step is to remove the.
liquid phase (01 and to replace it by the ériginal oil (0).
At equilibrium, the new Eesulting mixture (M2) will separate
into two'phases, a gas phase (G2! and a liquid 6ﬁase‘(02).'
The secoﬁd step is then repeated a number of timés until at
equilibrium the gas phase has a composition (GN! and the
liquid phase (ONI.

At this point two possibilities may arise:

a! Suppose that the original oil {0) is located on the

{
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bubble-point curve. One may observe that‘at the nth stage of
the batch-contact experiment, the original oil is in
equilibrium with gas (GN). Further replacement of the liquid
phase by the original oil will not result in a chénge of
composition of the gas or Tiquid-phases, thus no net mass
transfer will occur between these phases as they are in
equilibrium. Thus, the saturation of each of the phases in
the celf will remain constant.

b) Suppose that the original oil (0) is in the liquid'regionv
(as shown in Figure 9). Further replacemént.of the liquid
phase (ON) by oil (0) will result in a change df the overall
\composition (MN) of the cell, that will follow a path on the
tie-line in the direction of point (0). Thus, the liquid
saturation of the cell will keep on increasing, ultimately

reaching a value of.one.

3.3.2 The Multiple-contact Misgjb1§ case.

-Proceeding in\a manner sim;lar“to the previous case,"
the multiple batch-contact experiment in a PVT-cell for a
" multiple-contact miscible case is illustrated in Figure 10.
Consider the nth step of the multiple batch-contact |
experiment. At equilibrium the mixture in the cell of
overall composition (MN) will separate into two phases, a
gas phase (GN) and a liquid phase (ON). Further replacement
of the liquid phase (ON) by the original oil (0) will result
in an overall mixture (M) whiéh'iies on the line tangent to

" the phase envelope and passing through point (0). Hence, the

N
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~liquid phase will disappear and a single fluid phase will be
observed in the windowed PVT-éell.

[t may be concluded Fhat after a number éf stages in
the multiple batch-contact experiment éonducted at constant
pressure and temperature, two situations are possible:

a) If one observes a constant or increasing liquid
saturation in the PVT-cell, the pressure is smaller
than the MMP, correspondfng to the immiscible case.
b) If, however, a vanishiﬁg liquid satubation is
observed, the pressure is greater than or equal to
the MMP, corresponding to the mu?tiple-contact

N miscible case. |

The MMP will corréspond to the minimum preséure for which a
vaniéhing 1iquid.saturafion is observed. As can be imagined,

the major drawback of this method is that it reduires a

great deal of time to complete the experiments.

3.4 Slim-tube Jest Method. |

The minimum reservoir pressure required for the
development of a dynamic vapourizing gas miscible drive
(MMP) is often determinedtexperiméntally by what is referred
to as the slim-tube displacement test. In this method, the
reservoir oil is displaced with the potential lean gas at
constaqt temperature and at various pressureé.ifhe
experiments are carried out in an elongated small diameter

steel tube packed with glass beads or silica sand. )
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- Before going any further, it is important to

note(10,11), that the sand-packed tube displacement
apparatus is a device for bringing about multiple contacts
between concurrently flowing fluids. It is ﬁot intended to
simulate reservoir conditions. Hence, slim-tube tests are
not indicative of ultimate recovery, maCPBSCOpiC sweep
efficiency, transition zone length, etc;;., to be achieved
in an actual oil reservoir.

‘A;’discussed earlier, the basic criteria defining the
MmP rely on the theoﬁetical-conclusions that for a value of
fhe pressure greater thaq.or equal to the MMP, an increase
in recovery should be observed and that the character of the .
displacement changes frém diphasic to monophasic fiow. It is
importa;f’to ﬁbte that such criteria Wi]l be sound only if
the displacemenglis stable; that is, that the poréus medium

is evenly sWept by the disp]acing fluid and that any

perturbating effects such as viscous findéring and gravity

override are supphessed: The results of the liferature
survey showed thét, excépt for the case of vertical
displageﬁents (2,10) where the stability of the displacement
fs accountedlfor, none of,the other experimental procedures
utilized a stability criterion. .l
Moreover, as observed by Orr et al.(1);'displacement

lengths range from 1.5 to 25.6m, flow geometriés'vary from

vertical to flat coils to spirals, and flow Velocitiés vary

over nearly two orders of magnitude. No general consensus

exists as to the criteria defining the MMP. These criteria
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are not clearly deffned except for those researchers(2;10)
who conducted vertical'miéz?gle displacements;fTab]e 1
summarizes some of the publiéhed experimentél procedures and
criteria utilized for MMP definition.

Examination of these observétions shows that a
parametric analysis of the MMP, as determined by the
slim-tube test method, was necessary. Thus, the purpose of
this investigation was to examine the effect of tube length
and injection rate on the disblacement.efficienéy at variods

pressures covering the immiscible and multipie-contact

" miscible displacement cases.

A
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4. Stability Considerations in Slim-Tube Displacements

4.1 Intpr

The experimental ‘work under taken in this investigation
was conducted on a flat slim-tube coil apparatus, as it is

the most commonly used in the industry. It may be observed

‘(refer to Table 1) that a stabilityAcFiterion for

disp]aceménts carried out on a flat slim-tube coil apparatus
(almost. a horizontal system) is not utiliied. Also, criteria
uséd for MMP’estimétion by the slim-tube test method are
based on recéVeriesrof the IOIP at some arbitrary pore

volumes injected ofrihe displacing fluid. It is evident that

+the method will be influenced by the macrgscopic sweep

efficiency of the displacement, making it imperative to
eliminate the cause§ for poor sweep. These causes may be
different,.depehding on the displacement type of a
vapour1z1ng gas drive.
In the case of immiscible horlzontal displacements, .

poor sweep efficiency is caused by two phenomena:

a) Viscous fingering (viscous fbrcés dominate over

capillary and gravity forces). |

~b) Gravity override (gravity forces dominate)r

When the injection rate is sufficientiy high;'viscbus
forces, thch are‘pfoportional to the flow rate, wiil
dominate over ‘the other forces involved in the displacement
mechanism. As a result, the displacement will be unstable,

with the formation of viscous fingers.ﬁUnstab]e immiscible

37
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displacements are generally characterized by poor
macroscopic sweep efficiency, thus lower‘recoveries at
breakthrough of the displacing fluid. If the injection raté
fs low enough, gravity forces will p]ay a preponderant role
provided that the dehsities of the displaced and displacing
fluids ‘are unequal. In this case, a éingle overriding finger
will be formed. Consequently, lower recoveries will be

] obtai.. at breakthréugh of the displacing-fluidﬁ In this type
of dfsplacement, capillary forces act as a stabilizing
factor. The best sweep efficiency is obtained when the
capi]iary Forcés'are of sufficient magnitude so - »
counterbalance the effects of gravity'and viscous iorces.

On the'other hand, for miscible horizontal
diéplacements, poor sweep efficienCy is méinly-due to
gravity segregation at low flow rates. As shown by Crane et
'al.(13), for high flow rate (all other variables kept
constént),.the ihtbfp]ay of the diffﬁsiVe and viscous forces
results in a betfef macroscopic sweep efficiehcy. If‘tﬁe
injection rate is sufficiently high, multfple finggrs will
be formed, thus increasing the amount the fluids are mixed
within the porou§?mediumn Increasing the flow rate results
also in an inéreaserf the magnitude of the diffusive
forces, as the disper§ion coefficienf is a linear function
of the flow rate. The multiplicity of the fingers.will ¥
create a larger contact surface between the displacing and ,

displaced fluids, thus increasing the amount of transverse

dispersion which tends to damp out the viscous fingers. An
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!

almost piston-like displacement will result with an
improvement in the breakthrough recovery. Therefore, it
follows from this préliminary discussion that stability
considerations have to be accounted fer. if the MMP is to be

determined by the flat coil slim-tube test method.

4.2 Stability Consjdeﬁations for a Vapourizing Gas Drive. *

P. Deffrene et al.(25.have shown that the MMP is only
dependent on the thermodynamic conditions (nature of the
fluids and temperatiure), if proper care is taken to suppr :'ss.
any unsiable phenomena, namely viscous fingering and gravity
override. They considered a vertical displacement to‘take
advantage of gravity segeegafion to suppress fingering. The
injection rate'used was smaller than the critical fidgering
rate (14) defined as: . ¥
| (02-01)

(uz—ul) (5)

d ' ¢ Ve = Kg

It may be observed that Equation (5) applies only ff tHe
vdisplacemeng is of the first;contact miscible type or when
dynamic miscibility has been initiated. As discussed
earlier, a muitiple-contact miscible displacement will
generally start off-as an immiscible displacement. It
appears then that a different criterionishould used during
the immiscible portion of the»displacement.

Before proposing a possible criterion, let us study

more closely the instability phenomena. When one fluid *
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dispfaces another of different properties in a homogeneous
porousﬁmedium, several factors may influence the efficiency
of thé/displacement. These include:
 a) mobility ratio /

b) displacement rate

~) gravity segregation

d) model dimensions. ' l
Assumiﬁg equal densities for the displgcing and displaced
fluids: In an immiscible displacement;‘with a mobility ratip
.greater than unity, instability or viscous fingering will
occur when the capillary forces are not 1afge enough to
render saturations uniform transversally to the direction of
flow. In otheh words, the viscous and capillary forces will
be unbalanced. Similarly, for a miscible displaéement with
mobility ratio greater than quty, in;tability_will occur
when dispersion is~of.insufficient magnitude to render
cohceqtrations.uniform transversally to the direction 6f
flow. In this case, fhe viscous‘and diffusive forces will be
unbalanced. For the case where the fluids have different
derﬁties,'the effect of gravity can be beneficial or
detrimentél depending on the relative positions of the
d1splaced and displacing f1u1ds, the\d1splacement rate, the
mobility rat1o and the angle of dip.

The existence of a ccitical rate has been discussed by

C. Marle (15) (a similar treatment by Hawthorne (16) is also
available). A sharp interface between the fluids is assumed,

neglecting then the effect of the transition zone which
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exists across the interface. Implicit in this approach is
the assumption that the stabilizing effect of the capillary
and diffusive forces on immiscible and miscible
displacements, respectively, can be neglected. Only the
interaction of the viscous and gravity fdrces is taken into
account. Cohsider the case of a one dimensional flow (see
Figure 11}, whereby fluid 1 or fluid 2 aay be the displacing
fluid, and let us adopt the following conventions:

Vd is positive, if it is in the same direction as vector E.

8 is negative, if E is directed downward. ,

Let, ' : . ) ) il Y

*(01'02) sin 6

Ve = Kg ()
K - r
A P
K
M= (7)
271 '
9!
x - 1) (va - ve) (8)
1 .

k»

i

@
If the sign of Equation (8] is négativé, the interface
between the fluids is sta~.onaryA(remains unchanged Q}th
time) ard the displacement is stable or subcritical. If the
sign of Equation (8) is positive, the interface between  the
fluids is non-stationary and the diép1acement is“unstas{e,or

supercritical.

3

It ‘may be observed that the refﬁwfVe permeabilities (Kr1 and

i

N3
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Kr2) in Equation (6) become unity in the case of a miscible
d15p1acement.

Consider the.case of a vapourizing multiple-contact
miscible displacement conducted in a vertical.s]im-tube,
where a more mobile, lower denéity gas (fluid 1) is
displacing a less mobile, denser oil (fluid 2). The mobility
ratio (ratio of displacing to displaced fluid mobilities) is
therefore greater than unity. The stability criterion for

the immiscible portion of the displacement will be given by:

. . | (P2-P1)
Vd <€ Vc-immiscible and Vc-immiscible = Kg———— (9)

(u2-ul/Krl)

(Kr2=1 since the tube is initially saturated with fluid 2)
The corresponding criterion for the miscible portion of the
displacement will be>given by:

. (P2-P1)
vd < Vec-miscible and .Vc-miscible = Kg

- (u2-ul) (10)

a@
An examination of Equations (9) anda(IO) shows that
Vc-immiscible is.smaller than Vé;miscible. This suggésts
then that the displacement should be conducted at a Tower
rate during the immiscible'porfion of the displacemeht. The
ipjection rate could then be increased, once dynamic
miscibility is initiated, within the limit imposed by
Equation (10). For vértical displacements, the assumption of
neglecting the‘efféét'of the tranSftion ione igﬁnqp very

. oy
restrictive as high permeability and very low gas-oil
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capillary pressure in the diphasic zone behind the front, -
allow the gravity forces to control the displacement and
limit the length of the transition zone.

The abéve statement, hbwever, does not hold for the
caﬁe of displacements conductgd in flat'slim-tube coils,
‘which are nearly-horizontal. An examination of Equations (6)
and (8) shows that for 8;0 the displacement will always be
" supercritical if the mobility ratio is greater than unity.
In this case, the gravity forces act and tenc to segregate
the fluids perpendicularly to the direction of flow,
resulting in a wider transitioh zone. The criteria defined
in Equétioﬁs (6).and (8) can no longer be utilized, as they
are based only on the interaction of the viscous and gravify
_forcés. When these forces ére orthogonal tg each other; the
effect of ohe force can be used to al the effect of the
other on the disp]acemént. In'obder to define similar
criteria for\horizonta] systems, it i$ imperative to include
the effect of the capillary énd diffusivé forces for
immiscible and miscjb]e displacements, réspective]y.

The foljowing disquésion will Summarize some of the findings
on stability of immiscible and miscible displacements in
horizontal systemsj based on the litefature survey. Some
conclusions will be inferred, as to the applicability of
these findings to the case of a Qapourizing gas drive

conducted on a flat slim-tube coil.
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4.3 Onset of Instability During Two-phase Immiscible
Displacement. ' N
A dimensionless number and its critical value for

predicting the onset of instabilify during two-phaseé
“immiscible displacement in porous media has been proposed by
Peters and Flock(17). Although théir analysis dealt with an
oil-water system, it will be assumed that the method can be
applied to a gas-oil system. In this case, the oil will be
the wetting phase and the gés. the npn-wetting phase. The

dimensionless number, for cylindrical systems, is givén by{

-

2
\ . . V(M-1-Ng)ugD
Isc C*oKgor (11)
Where, Kgor (°g-"0) gcosa
Ng - TGV (12)
and
y = Kyor _uo (13)

va Kogr

As the slim-tube is initially saturated with oil, and the

system is horizontal, it follows that:

- . kgor do :
M = 5 K | (14)
and SN
v?m—l) p? '
Isc = MRSl DAL (15)

C*oKgor
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For stable displacement in cylindrical systems, the
following condition must be met:
 Isc < 13.56 | | (16)

Above the Timiting value of 13.56 for Isc, the displacement
becomes bnstable, resulting in lower recovery at
bfeakthrough of the displacing phase.

The expression af the dimensionless number (Isc},
provides some hints on how to design or alter the_physical
characteristics of the porous medium, in order to insure the
stebility of an immiscible horizontal displacement. The
fluid properties. (viscosity) and the interfacial tension
being fixed, the criterion for stability can be mep bf
altering certain parameters as follows:

a) a decrease of the tube diameter

b) an increase of the intrinsic permeahility ofjthe
porous medium | | | |
c) a decrease of the superficial velocity. ’

In the case of an immiscible vapourizing gas
displacement (or during the immiscible portion of a
mgltiplé—contact miscible displacemerit), mass transfer
between the phases will have a beneficial effect as the
interface mobility ratio is reduced. However, it will also
lower the interfacial tension, resulting in a decrease of
the magnitude of the capillary forces. If we acsume that the
decreese in mobi]ity ratio counterbalances the decreasec in
interfacial ténsion,'the ratio (M-1}/ o0 of Equatiom(15)

becomes a constant which can be evaluated at the inifial
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conditions, as if no mass transfer has occurred between the
phases. Given the physica'l charécteristics of the porous
medium and the fluid properties, Equations (15) and (16{
permit the setting of an upper bound on the superficial:
velocity, in order to ensure the stability of the
displace&ent: |

13.56 C* o Kgor . :
(M-1) ug D2 (17)

vV £

-

For a multiple-contact ﬁiscible horizog;al displacement
conduéted at a superficial velocityggbgaten than the
critical rate of Equation (17), longer tréVe] lgﬁgth‘for the
displacing phase will be required before full miscibility is®
achieved. Viscous fingers will tend to d{gberse.the miscible
front, and will widen the transition zone. The increase in
size of the transition zone has a'beﬁefiCial effect as a
gradual change in the mdbility ratio is obtained acrbss the
diphas@c zone. However, before full miscibility is achieved.
the transition zone‘has to be of suffiéientvsize which
implies a longer travel distance of the disp]écing phaée in
the slim-tube. Thié will result in an fnérease-ih the amount
of oil left behind during fhé innﬁéqib]e portion of the -

displacement, thus a lower overall recovery.
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4.4 stability Considerations of Miscible Displacements.

Miscible displacements are characterized by the

interplay,of”three forces, name]y:

a) gravity<forces‘

b) viscous fofces

c) diffusive forces.
Several researchers studied the interaction of these forcés.
bfane et al.(13) considered the Qiscous and gravity forces
(although the diffusive forces were implicitly included).
" Their experimental work dealt with the effect on recovery of
the mobility ratio and the viscous/gravity forces ratio in a
linear horizontal miscible displacement. This ratio included
the léngth/width Eétio of the model studied. For a given
mobility ratio, they observed that four flow regimes are
‘péssible, dépending-on the viscous/gravity forces ratio.
Their results are illustrated in Figure 12 (after F.I.
Stalkup (18)). At very low values of the viscous/gravity
.forces§ratio, the displa;emeht is characterized by a single
.gravity finger (Region 1). In this région‘brgakthrough.
recovery incr%ases as the viséous/gravity forces ratio
incregses. At higher values of the viscous/gravity forces
ratio (Region 2), the breakthrough recovery is independent
of the ratio until a critibal value, which‘depehds on the
mobility ratio, is exceeQed. Beyond this criticalvvalue, a
t(ansftién zone is encountered (Region 3), where secondary
lfingers fo;m beneath the main gravity finger. In this

region, the recavery increases.sharply with increasing
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values of the viscous/gfévity forces ratio. Beyond the
transition zone, the displacement is entirely dominated by
viscous fingers and the breaktrough recovery again becomes
independent of the viscous/gravity forces ratio (Region 4).

"They observed that, in any region, the breaktrough recovery
decreases as fhé mobility Eatio incréases. It appears. then
,that for horizontal miscible f loods, displaceqsnt by viscous
fingering is the most efficient mechanism.

Blackwell(19) studied the case where the displacing and
displaced fluids wére of equal density. His work was an
extension of Crane et al.(13) study, as the viscous/gravity
forces ratio wés infinity. His experimental work dealt with
the interaction of the vjiscous and diffusive forces, when
the displacemeht was by Viscous fingerinéﬁ'The parameters
studied were the injection rate,_model‘dimensions and the
mobi}ityvratio for a linear horizontal miscible

.dispiacement. The'results of his investigation a; to the
effectvof each of the above parameters showéd that:
Effect of model dimensions:

For a given injection rate and mobi]ity ratio, the -
breakthrough recovery increases as the length/width
ratio increases. In all models, fingers, formed in the

~initial stage of the displacement, are damped out by
lateral dispebsion.'For both naLrow and wide models, a
transition zone is fqrmed with a gradual change in
viscosity from the displacing to the displaced fluid,

which minimized the initiation of additional fingers,
. ~ _ _
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resulting in an almost piston-like displacement. This
transition zone was formed sooner for narrow models than
it was for wider models. For differentbmodel dimensions,
but equal length/width ratio, the observed cumulative
recoveries were identical. The relative length of the
transition zone, with respect to the model length, was
larger for h- smallest model. |
Effect of~injecti>n rate:
For given model dimensions andimobility ratio, his
investigation showed that the higher the rate of flow,
.the longer the travel length of the displacing fluid
before the transition zbne was formed. The size of the
zone increased with an increase of the injection rate.
Effect of mobility ratio:

He observed that, while early breakthrough of the
displaéing‘fluid is.obtained’when the mobility ratio is
hiéh, a considerable incrementaf recovery'is_obtained
after breakthrough. ‘For %nstance, for a T ility hatio
of 375, the breaKthrouéh recovery was only 14%, while
the recovery reached 45% after one pore.vq]ume
injection. Also the smaller the mobility ratio; the
sooner the stabilization of the displacement with the
formation of a transition zone.

It appears then that miscib]e‘displaCementS'above a ertiéaj',-
fingering rate, become stégi]ized for all modef dimensions
and rates when thé transition zone is formed. This

stabilization occurs sooner for narrow models and for lower
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injection Qate and lower mobility ratfo;
The same general results were reported by
Van Der Poel (20) who studied the effect of lateral
dispersion on miscible displacement in horizontal systems.
The results of his investigation showed that:
a) In a horizontal system, a lower density displacing
fluid tends to override the higher density resident
fluid in the shape ofve tongue as a result of gravity
segregation~at low injection rates.
b) In a narrow model (laboratery model}, tha mixing zone
~width across the tilted interface is of a size |
comparable to the lateral dimension of‘the mode 1.
c) AF low injection rates, the gravity ferce; play a
dom{ﬁentfrole compared to the transversal dispersion,
resulting in a pronounced gravity tongue and
consequently a lowbrecovery at breakthrough.
d) At high ihjection rates, gravity forces played a
lesser role and convective mixing was dominant. This
’ resulted in an almost piston-1like displacement with a
/ 'ﬂ wider mixing zone and higher recovery at bteakthrough.
Baied on these findings, it may be assumed then that
miscible disp]acemeﬁt by viscous fingering in 1aboratory
Amodels is the most eff1c1ent mechanism of recovery

' Cons1der the case of a mu]t1p1e contact m1sc1b1e vapour121ng

gas displacement in a hor1zontal s]am-tube. In its approach

g?wards m1sc1b1l1ty a trans1t1on zone (diphasic zone) would

B ; »have already been created Increa51ng the injection rate, as



to promote viscous fingering, will result then in a more
pistoh-fike displacement, with increased breakthrough
recovery. Stabilization , with the formation a transition
zone mutually miscible with the enriched gas at the front
and the Bisp]aéed flujd, will occur rapidly dué‘to the
nature of the model. The displacements are indeed carried
out in narrow models with length/width ratio as high as 5000
{core diameter of the order of 0.5cm), when. the MMP is
determined by thé slim- tube technidue.,However, at high
rates, there Qil] be an adverse effect due to’increasing
convective mixing in the gas phase, resulting in the -
condensation of more immobite Qil which will bé left behind

the front. ~ : Q

__5 Agg]lcat1on _ gggrizi ng Gas Displacements Conducted
- in Hor1zonta1 §11m tubes. | | .

~ For the case of a vépOUrizing gas drive in horizontal

slim-tubes, several conclusions may be inferred from this

discussion. As discussed earlier, one of the criteria used

in the determination dethe MMP is based on the relatibnship

béfween the recovery of the IOIP at 1. to 1.2 pore voiumes

1nJect1on and the operating pressure. The idea 1is to

: distinguish between 1mm1sc1b]e and mu1t1ple contact m1sc1b1e

‘dJsplacements in terms of recoveries.

From the discussion oﬁ&the onset of instability during

ftwq-phase immiécibfe horizontal'disp1acemenk, immiscible

vapourizihgAgas.dispfacements conducted at ratés above'a
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éritical fingering rate will result in lower recoveries at
breakthrough of the displacing phase. In the case of
‘multiple-contaqt misciblc vapburizing gas f]bods,
displacements by viséous'fingering will result in a more
efficient sweep‘effic%éncy once miscibility has been
initiated. However, the length of the tube immiscibly
displaced, necessary for m1§cibility to be dynémical]y
created, wfl]_be longer. If the length of the slim-tube is
suff%cient’yllong, so as to m(himize the length of’ |
immiscible displacement with re§%ect to the total system
length in the case of a multiple-contact miscible :
displacement, the following cdanusions may. be drawn:

a) displacement of immiscible vapourjziné gas drives by

viscous“fjngéring will result in lower récbverieé

b) displacement of multiple-contact vapourizing gas

driQes by viscous fingering will result in higher

~

recoveries.

‘

It appears then that a better differentiation befwéen
immiscible and multiple-contact miséible vapourizing gas
dqjves, as-condugted in flat coil slim-tubes, is obtained
when the displacement is dominated by viscous fingering.
Therefore,\if the MMP ié to be determined by the f]at'coil‘
slim-tube technique, one should use as an add’ “ional
criterion that~promoting'viscous fingering by increasing the
iﬁjection rate above a critical value wil¥ acéentuagg-the |
break in slope of the recovery veEsUs pressure QUPVé“fOP a

value of the pressure greater than or equal®to the ‘MMP. Also
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increasing the lengl™

the break in slope

of the system w' | more ¢
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5. Experimental Apparatus and Experimeh‘aI Procedure

. 0 o
5.1 Description of the Slim-tube Apparatus.

"he apparatus 'see Figure 13! is composed of:

a’ An 1njection system which permits displacement at
constant injection rate.

b 4n unconsolidated porous medium slim-tube

c =~ sight glass observation of the &ganslt1on.zone'

;

metering valve .continuous downsffeam,pressure

1~

d
control
e L sewaratotfat atmospheric conditions, a condenser and
metering devices for the liguid and gaséous phases.
t1 L gas chromatograph <ana1ysfs of the effluent gas'.
£ Ruc  positive displacement pump was used as the

injeétion system. This pump was of the double-Cylinder‘type»
~and was geared for dischafge rates of from 10 to 1200 cc per
hour per cylinder and calibréted to 0.01%cc.

“The slim-tube utilized was 8# variable length 'It
. cons1sted of a series of 1nterconnected 6.1m long, 0. 635cm¥ o
OD stainless steel tubes. The tubes were dry packed w1th

100- 150 mesh glass beads ‘in a vertital position, before
.v-«f,

a'

bé?ng qoifed. This procedure was used as a result of somé
éommun{cation with the technical services of D. B. Robinséﬁf: ;
and Associates Laboratory (Edmonton). Packing a pre—coi]é@é%z
tube necessitated a vibrating tab]é'whfbh indUéed,streSéPtf?
cracking of the steel tube. A.250'ﬁkm é{ntered'steel ?i]ter

was placed at each end of the tube and maintained in place.

N
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by a washer and a 0.635cm fitting. Each tube was then
evacuated for a perﬁod of 24 hours before being saturated
with distillédywater, while a vacuum waé hééﬁtéfnédxﬁl.fhe
downstream end. After breakthrough of the water, the vacuum
pump was disengaged and a further four pore vdiumes of water
were injected prior to measurements léading to thé
determination of the 1iquid~permeability. Thg porosity was
determined- by the gravimetrjc'method. given the wet weighf
(saturated tube), dry weigh% and dimensiong of the tube. The
) tubes'were subsequently drjeQﬁjh ;n oven for'a'period of 48

LA
.

hours. The slim-tube physical characteristics are presented

in Table 2:
Table 2 ¥
S1im-tube Physical Characteristics
Core . Length 1D | Porosity  Liquid
Permea
‘ .
No (m) {m) %) ' -bility
’ Zf'”” 2
6.1 - 0.457E- g%;;’ 37 83 © 10.82E-12
2 6.1 0.457E-2% 37.44 09.50E-12
3 6.1 0.457E-2 36.81 .., 10.82E-12

qsvkﬂévﬁ\

-
tw.,‘?,-j

A h1gh pressure s1ght glass was connected to the

downstream end of the slim- tube. It aliowed for the

PRSP >
/
A s
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-
observatﬁon of the ¢“f uent at the operating conditions of ’
pressure and tehperature of the displaceheqt. The slim-tube

- and sight glass were enclosed in cohstant temperature air
bath.

A 5830 A HeWIett Packaéd gas chromatograph was used for
the analysis of the effluent ggs; andwchromatograms were
obtained every 20 minutes.

Ihitially a back-pressure regulator was used for
downstream pressure‘cont;él. However, use of this device
resulted in pulsating fluid production and about 400 Kpa
fluctuations of the downstream pressure. It was subsequently
replaced by a high pressure fine metering valve which
permitted a continuous fluid production, and the downstream

pressure was maintained within 50 Kpa of the set value. -

/Q) Experimental Procedure.
| For each fest‘conducted._the displiaced oil was composed

of n-butane and n-decane with a composition fixed at 64
mole% and 36‘;nle%, respectively“(it will be subsequently
referred to as the live o%]). N-decane (99%‘minimum-puritYL_
was purchased from Fischer Scientiffc Ltd (Edmonton). .
N-butane (99.5% mihimuh purity)»was purchased from Mathesbn
Ltd (Edmorfton). The n-butane - n-decane mixture was prepared
by'Métheson Ltd. The'Mixthe‘Was stored in a‘cylinder and
mafntained in a sing1é fiqdjd phase‘uhder»a ptes$ure of 1380
Kpa by means of a helium bT#@Keﬁ;;#he djéplacﬁngafluid was
‘methane. Technical méthane-?§§i7ﬁfﬁimum purity) wés;-

} ~
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purchased from Mathesoﬁ Ltd.

Prior. to the initiation of a displacement, the .
slim-tube apparatus was thoroughly checked for 1eaks;\1hen
evacuated for 20 hours. The éoil was saturated with tolQene_
at the desired test tempefature and pressure. The toluene
was subsequently diéplaced with the live oil at the same
operating ;onditions. Approximately 3 poré volumes of live
oil were injected. This satuhation procedure was used in
order to prevent'phase separation of the live oil, the test
pressure always being above its bubble-point.pressure.\The
system was then allowed to equilibrate at the test
temperature overnight.'fhe preésure of the displacing fluid
was brought to the’desired teét pressure. The disp]acing _
f]uﬁd was allqwed to equilibrate at the test temperature in
the heating coil upstream of the slim-tube inleﬁj during |
which diéplacing'and‘displaced fluids were isolated by a
valve. At equilibrium, the displacement proceeded at the
desired injection rate, while the downstream pressure was:
continuously moni tored by adjusting the metering valve. The
efﬁ]ueni was flashedxto/atmosphéric'Conditions.;and tﬁe
separator gés_flow rate ahd liquid VSlume were recorded with
time, using a bubble flow meter and a 100cc graduated
bgrette. In addifion.'fhe separator gas was analysed with a

| EERT iy ) o
ch¥omatograph every 20 minutes. The transition zone was

moni tored by observing the phéée_conditions of the effluént
as it flowed in the high pressure sight glass. The

observations of thé\ﬁiiifStion zone effluent were noted. ,
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After two pore volumes of the displacing gas were injected,
the test was terminated. ¢
~_For the burposes of calculating the recovery of the
I10IP versus the pore volume injected, the following
calculations‘were necessary. The amount of the gas phase
injected was obtained using the real gas law:
w e NS Gt
where, o
TH = test temperature,yﬁ
Tr = room temperature, K
P = test pressure (constant throughout tﬁe
test), kpa
Vr'='vo]ume of gas displaced from the external

gas cylinder at Tr and P, m?
VM e volume of gas injected at TH and P,
(accounts for thermal expansion in thqﬁ;{

temperature bath]), oy

lr compressibility of methane at P and Tr

ZH

compressibility of methane at P and TH
The compressibilities for methane were obtained from
reference {(21). | |

- The volume of oil displaced at test tempera;ure_and
pressure‘was calculated by multiplying the producgd
separator liquid volume by a predetermined volume factor

(VF): "
Vv Recovery of IOIP =

(Sgparator Lig Volume) x VF x 100 (19)
Pore Volume .
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This factor was calculated from a Knowledge of the phase and
volumetric behaviour of the n-butane - n-decane ;ysgem at
atmotheric‘édnditions and at test temﬁérature and
_pressure(22). The compositions of the dead oil (separator
]iquid,of a flashed live oil ét atmoépheric conditions) and
liberatea_gas at atmospheric conditions (see Figure 14}
showed that the gas bhaée was mainly composed of butane and
thét virtually no decane was présent. |
Therefé;e. a material balance on n-decane was per formed

and the volume factor (VF) was.found to be:

vi Yl _ X106 vl - . (20)

where,

X101 = mole fraction of decane in live oil
(0.36)
X10d = mole fraction of decane in dead oil

(0.545 from Figure 13
V1 = molar volume of live oil at test pressure
and temperature, m/gmole
Vd = molar volume 6?5de5dyoi1 at atmospheric

conditions, mYgmole S

At

V1 ¥ volume of oil at test pressure and
temperature, m
'Vd = liquid volume when V1 is flashed to
| atmospheric conditioﬁs.
It may be ob§¢rved that this‘method assumed that after *
breakthrough of the displacing fluid, the liquid produced

I ZETE R
T
24
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had the same ggmposition~to that prior to breakthrough. This |
assumption was not very restrictive.as the liquid volume
producea after breakthrough wasasméll compared to the total
liquid volume ultimately recovered. A more accurate material
balance would have required a Knowledge of the composition
of the liquid produced after breakthrough. furthermore. as
fong as the same calculation procedure is utilized. a
comparison of results obtained from different tests is
possible. A verification was made by comparing the density
of a separator liquid of a flashed live oil sample to -
atmospheric‘cbnditidns and the average density'of the
produced liquid after a test.-The values obtained agreed
within 1%: ‘ K

0il density as calculated from pub]ished’phase and

volumetric behaviour of n-butane - n-decane systeﬁﬂéOﬁ

0.687 gm/cc

0il density as measured by flashiﬁg>a live oil sample to
atmospheric conditions : | -
i 0,691 gm/cc
N -
Average oil density of total liquid produced (average
over all displacement tests) |
0.695 gm/cc
The higher density for the liquid .produced after a test is
to beﬁexpected. Due to the stripping action of the
displacing phase (methanel; the oil producéd after
breakthrough will-have a higher n-decane content, thus will

be denser than the liquid produced prior to breakthrough.
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6. Results and Discussion

6.1 Line of Investigation.

Based upon the ]iterature survey, there does not appear
to be universal agreement on the effects of various |
parameters on the results of a slim-tube miscible test. As a
result, the effect of two parameters. characterizing the
slim-tube displaceméht. were- investigated, namely:

| a) length of the system
b) rate of injéction. |

During the conduct of an experiment all other
conditions were kept constant. The fluids were selected in.
order that the phaée behaviour df“the{pg-systém studied;
could be réprésented rigorously bn‘a t;;nary diagrq@. The
three-component system chosen was the methane - n-ﬁttane -
n-decane -system, the phase behaviour of which hés already
been investigated(22,23,24). The oil displaced was composed
of n“butané and n-decane with a compbsition fixed to 64
‘mole% n-butane and 36 mole¥ n-decane; this compositibn was
chosen in order to;operate at pressures below the
spec?fications of the slim-tube apparatus (Pmaximum = 28,000
Kpa) . The displacing fluid was methane. For such an
idealized system, C1 represents the light ends, C4 the
intermediates, and C10 the heavy ends. |

The objecfive was to analyse Fhe effect on recovery cf
length and injection rate at three different pressuresvand

constant temberature.‘These pressures corresponded to the

65
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immiscible case, the near MMP case, and'fhe multiple-contacf
miscible case. The phase behaviour of the hc-system
corresponding to each of these operatiry :o:ditionshié shown
.onsFigure 15 and a summary of the operati.y variables is

presented- in Table 3.

§-2 Discussion of Results.

.# .- As a general observation, the displacements at a
, , .

R

pressure of 24119 Kpa were all miscible, while the
dfsplacements at the bfher operating pressures were all
judged iﬁmiséible. The displacement at a pressure of 20673
kpa was very near miscibility for the longest system length

considered

. \effluedt i
{\we li'?t
- . /

'5.2f1 Effect of Lenath and Injection Rate on Recovery.

{18.3m), based on the visual observation of the

the sight gléss;v
-7 . ‘t’ (

[

6.2.1.1 Effect gj“Lendth;

The observed recoveries at 1.2 pore volume

.throughpui; as a function of{pressure.‘acé iliusfr;téa
in Figure 16. Before analysing this figure, it:shouTa be
mentioned that a deviation of approximately 1% in the
recovery values is to be expectéd, based upbn a
duplicate experiment. . of run No 3. A study of-Figufe 16
shows that aon increase in length was translated into an
upward shift of the recovery versus pressure
relationship by as mﬁch as 16%. may be observed that

the.t?tal recovery (Rt) increases as length increases
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/ \
' Table 3
Summary of Operating Variables.
Run - Tube Injection Operating
length rate (V) pressure. -
No (m) (m/day) (kpa)
01 06.1 20.7 17228
02 06.1 20.7 20673 5
03 06.1 20.7 24119
04 06.1 \ 41.5 17228
05 06.1 41.5 20673
06 06-.1 " 41.5 . 24119
07 06.1 S 0848 17228
08 06.1 Sy 84.8 20673
09 06.1 - B4.8- 24119
10 12.2 < 20.7 17228
11 12.2 - 20.7 20673
12 12.2 20.7 24119
13 12.2 ~41.5 17228
14 12.2 41.5 20673
15 12.2 41.5 24119
16 12.2 84.8 17228
17 12.2 84.8 20673
18 12.2 84.8 24119
19 123 41.5 7228
- 20 1..2 41.5 20673
21 M ~41.5 24119
22 i8.3 . . 84.8 17228
23 18.3 . 84.8 20673
24 18.3 84.8
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jtne.mwn1mum |°ngtn necessarv for. mmsc1bx11ty to be

;Jaboratory co -~ at a rateuaboye avcrl
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a
ek

for any'injection,ﬁate: Also the rate of increase in Rt
: ';: ’Sl .

decreases as the Jlength increases.

General$ﬂ? a vapourizing gas drive will start off
“as an 1mm1sC1ble d1sp1acemont Miscibility 1f possible.
s ach1eved througr mu t1ple contacts between the

f"currentlv f]owwng phases wh1ch mplies tnat the gas

Y

0

2 Iri-imum - length berore miscioiltly 1s achieved: u%iscf

aﬁ“

~dne gisglacement of one flu'c by another.,and “the mass -

transfer Detweer the phases n :ontact'occur . : &

N e
‘N . 4 P
simutTaneous v, thus. ‘he phases o"esentiﬁ a, Sect on o‘

ER

the porous megium are nevertrigorous*w in ‘hérmodynam1c

eguitjbriJm. nQr r1gorous by nomogeneous

. , .
The monynam"“equ1lxor*um' : more gifFiz
. A

o

‘ .» v e
; S

 achieved will increase. Once miscibility is’ r@ac‘:hed. the

recovery is virtually 100% efficient except‘?or some
ondensation benind the front. cue to'convective;mixing e

in. the gas phase Also, the fxnger1ng o?&the gas’ and the

i

consequent loss of m1sc1b111ty wn]] decrease the overa]]

.

recovery because the gas w111 have to Contact a certain
'45

[}f

a

amount of v1rg1n o11 before mnsc1b111ty is

reestab11shed Hence{ the reformat1on of the m1sc1b1e

front taKes pJaceiat the cost,of*some residual oiJ'left

3

beh1nd
As noted by:- Rathmell(25) d1splacement in

..

a1 f1nger1ng

4
s

s
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.
,ratef“méy require substantial travel distances befor«
fult miscibility is achieved. - \

Let Rim, be thg recovery obtained while thaveiiné.tne
1engtﬁ:Li:£immiscib1e portion) at a particular fﬁjectwen
rate.w | | |

and Rm, be the fecovery while traveling the lengih m

[\ !
imiscible portion at the same . 1n3ect10n rate

R

AThe total recovery may be ‘ounq by

’ y g
Rim-_. + Rr-L=n ~
Rt = A Lo
b4
s where - e
» ,‘r@:ﬁ‘ Q‘ N .
. Rt = Raim = + Rm = . (23)
. Lt \Lt / e

Assuming that the length Li is independent‘of the‘oyerall

Jength of the system, the above fohmcla (23) suggests that
:,) ! .
Rt will -approach Rmi, when Li/Lt is sma]l or when Lt is very
. . . LV S

%arge Hence; -the récovery (at 1 or 1 2 PVinj) Wi]l’be~

\ character1st1c of the mult1p1e contact miscible d1splacement

only. 1f the system length is long enough.

6. 2 f 2 Effect of InJect1on rate ,'f d &

i&ﬁ: The effect df 1nJect1on rate is 1ess obv1ous as’ ho

clear %réﬁg ma

o . Soae X cr Aa e
_m"'” f‘noted thatﬂ}n?rea§1ng the system Iength tends to -

2 . o, L
decqeese the : amount of scatter1ng, espec1a]ly in the

,.
. <

gt

Age seen an f1gure 16. However , gt may be . -

&, W

iy him
EE



immiscible region. This tack of trend suggests that the
d{splacemeht may be experiencing some 1nstabfiity at the
rates eonswdered “he same behaviour was observed by -
Jeffrene &7 al.~2 for horizontal dwsplacemehts4 ot
appears that increasing the length has a stab:lizing
effeet on'the drspiacement which becomes almost rate
'ndependent . inother noticeabie fact. s that fo- the
cases where e displacements were conducted at.' the

lowest njec e rate, the curves show nc clear break in

.slope. or inl?@gt seem to break in the wrong direction.
X . However . for all cases. i1ncreasing the injection
'rate,results in a break in siggegwhich s mege
brondunced, and more clearly def1ned as the 1ength ;s
{ncreased. This implies that 1ncreaswng the rate

df

decreases the recovery in the 1mm¥5t1ble.reg1pn, while™

it tends to level off the.recovehyﬁin the miseible

reglonafor any “length cons1dered It then perm;ts Fhe ,

establ1shment of a better d1fferent1at1@n betWeeh. 3

mult1ple-contact ‘miscible®and immiscible d1sp1acemeﬁts.

4

U If ‘one considers, the case under ‘the. following = 7

f\$;:> : operat1ng cond1t1ons of 20673 Kpa pressure, 18.3m of
L_}ength and 84. 8m/d superf1c1a1 ve]oc1ty, the

¢1sp1acement was very nedr m1sc1b1e, as'Judged by the 3

-

) pxisual Qbservatxon through the -sight g]ass Although,.

;;Ethhée operatang pressures were cons1dered for a]]

the digplacements, the aboy§ observat1on suggests that .
) . . o] 3*’" . b2 5N L
'*’ﬁgﬁ “the MmMP 1s VEry cﬂose to,20673 Kpa for the 1= system and _
DR €3 A , o . , L ‘ ' .
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temperatune’ considered. nowever. this value s aemewhat
, ‘ 4 qg
nigher thar the estimated MMF of"97 1 dsing the
ternary dragram method. "his value was obtained oy
oorreﬁatmng pressure versus the n-butane moiex in the

n-bL*ane - n-decane mixture corresponding to the

intersection of the respective limiting tie-line with

the abscissa see Figure 2. The correlation is shown

- - ~ ' . RN .
on Figure ‘7. because T he fact that ‘e displacement.
experienced instability, (he above conservative P

observation was not u@expected. Therefore, from a
thermodynamic stand-point. conventional slim-tube tests

"mrobably yield ajg@nservative estimate of the MMP.

§_2_g§ ffect of "fength and Injection Rate on Concentration
To character1ze the ooncentrat1on prof11e ~the butane
concentration of the eff1uent gas was correlated with pore

vo]umes ﬁnJected Before breakthrough the gas evolv1ng from

gd phase at atmospher1c conditions was on]y composed

At breakthr0ugh, the gas was mainly compoeed of
.butane.amd_methane; The first appearance.of methane can be

easily picked up by the gas chromatograph.

6.2.2.1 Effect of Length. . .

For the multiple-contact m1sc1ble cases - (F1gures

18 20) and for the near m1sc1b1]1ty cases (F1gures

- ‘21 23) V1t Ean be- observed that 1nd§3endent of the

F»,,, by

,unJecggon rate cons1dered the concentrat1on profile - 7.
T\’J)o .

~ . [ .

. 'l'.(.‘.‘,
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’ FIG 17
CORRELATION OF MMP VS MOLEX BUTANE
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FIG 21

NEAR-MISCIBLE CASE: V=207 M/D
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becomes sharper as the length increases. Thisrsigntttes
a better macroscopic sweep.efficiency for the f
displacement as the ]ength increases. |

Also, the concentration profile tends to stabilize
after a certain length is exceeded (12.2mJ; which agrees
with the previous'findings that the scattering of the
points in the recovery curves decreases as length
increases As the injection rate is increased, the
d1fference between the concentrat1on prowgaes for the
6.1m tube as compared to‘the 12.2 and 18.3m tubes .
becomes more and more pronounced. It may also be
observed that there is an ear]ier breakthrough- for the
6.1m tube test. The gas breakthrough for the other two

lengths 1nvest1gated seems to stab111ze near 90% pore
“yojume~1n3ect1on T :

- ° For the 1mmlsc1b1e cases (F1gures 24-26), " the
£

R \
length plays a lessger role’and the concentrat1on~
profiles seem to more or less coincide. However, "there

ts'still an earlier breakthrough of the displacing phase

for the shortest length which is more not1ceable as the
- 4
i&

- rate increases. ‘Also, a zone of higher butane

concentration, correspondingvto the plateau on the

\

- - ‘concentration proftte7~¥s”hore char@cteristic of the ,

vy

' :ﬁmmiscible,case as compared to theThuftiple;contactf

)

miscible and near-miscible cases. This again agrees with

L

.. the earlier findings, that increasing the?lendih favours -

-potentiaily”mjscible4displaCements, and plays a%]esser

v . L S

-
af o~
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‘préfile. For the multiple-contact misciele‘éas;-g
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L4

role for immiscible displacements. Herice, increasing the

“length permits the establishment of a better

differentiat%on between immiscible\and miscible

displacements, and results in a more reliable value of

the MMP. ]

‘ ,

Alonso et al.(24) and Rutherford{10) noted that
mu}tiple-éoﬁtact misc%ble disbiacements in»vertical'
cores, behqye s1m1larly to a first- contact miscible
process wf&b an S- shaped (no plateau) sharp \

concentration profile. For an immiscible d1sp]acement a

distinctive plateau appeared in the concentration

vertical cores, this behav1our ‘was to. be eprrl :
high permeab1l1ty and very low gas oil cap11]ary .
pressure in the d1phas1c_zone behind the miscible fro
alloged gravity forces to control the disp]acement and

Lhe length of the transition zone..

&;waever when dealing with a hor1%onta1 system, the

' gravity: plays an adverse role by increasing the 1ength

of the transition zone. Th1e effect is further 1ncreased
when supercritical flow prevails. This is why the “
sharphess of the profile is less clearly defined and
tends to 1eveP off to some low butane cencentration;
instead of becomiﬁg zZero. | 52?, 9

§
6.2.2. 2 Effect of InJect1on Rate

&

As prev1ous]y mentioned, the higher the 1nJect1on

rate; the betteb:js the segregation of the profiles

-

&‘.,
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observed for the 6;4m«tubé Eest as compared to the 12.2
and 18.3m tﬁbes. fhe gréateﬁ the length, the 1éss B
dependent is the concentration profile on injection
rate. In other words:

For short length tubes:ldisplacement is very much

rate dependent. |

For long length tubes: displacement is leés rate

.o+ dependent .

§+g;§ Analysis Qi the Extreme Cases.
- kfo fUrfher.embhaSize the results of this inVestigatﬁan ”f
.one “should analyse the extreme cases. (F1gures 27~ 30):
) Case (A) : shortest length, lowest 1nJect1on rate
~ Case (B) : 1dngesf length, highest injection rate.
An»examination of ‘these two extreme C§§es resulted in tﬁe
fol]owﬂng observations: |
7 a) w;Ale the recovery curve qf case (B) shows a clear
.breaKV1n‘slope, case (A) shows almost no change in slope-
) I (see FigUre 27). |
b) The break in slope ofucase‘(B) which occurs

approximately at a value of 20673 kpa, agreeé wi-th the

visual,observation in -the sight 91358 of the f&v

: =y
displacement being near m1Sc1b111ty conditions. -

c) For case (B), multiple- contact m1sc1bJe d1sp3;cements

are character1zed by a re1at1ve1y sharp- concengﬁat1on
‘,prof1le whx]e a d1st1nct1ve p]ateau appears ﬁgr the

1mm1scibté d1sp1acement On the other hand caSe (A)

. ot
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EXTREME CASES:

- Effect of Tube Length
and Injection Rate on
Concentration Profile
for Extreme Cases A &
B, at Various
Pressures.

FIG
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Miscible Case”
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FIG 28
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does'not,agow such a clear distincﬁion (see Figures

28'30) . o o
d) The time necessary td perférm thé’experiment was

shorter for case (B) than case (A).
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7. CONCLUSIONS
ec upon this "limited number of experiments, the
-~ -gysiem stugieg ' and the Qgct that only one tube diameter

was usea. 1! may be concluded that:’

a bSecause the rechery has been found to be affected by the
system Tength_and injection rate, in;ordér to determine the
e one'shoufd not use as the only criterion that the
~ecovery. be greater than some fixed value at éome pore

volume injected.

b The MMP depended to a great extent on the length of the
system, and to a lesser extent on the injection rate

‘provided the system length was sufficiently long.

c) In general, the longer the system, the smaller the
. relative length immiscibly disp]aced,_and the better thé
estimation of the MMP. It appears that a minjmum of 12.2m of

length was required.

d) A better differentiation between immiscible and
multiple-contact miscible vapourizing.gas drives, as
cbnducted in flat coil s]im-tubeé;'is obtained at high

injection rates.

e) The MMP was found to be conservative when compared to the

estimated value‘obtainéd by the ternary diagram method for
' -

84
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the hc-system investigated.

f) Determination of the MMP based upon the visual
observation through the sight glass was not sufficient,
because what was observed was found to be a function of

length andrinjectiOn rate.

7.1 RECOMMENDATIONS
. If the MMP is to be determined experimentally using a
fTét.slim-tube coil, the'following should be considered:
~a) System length: The length shogld’be as 106§ as
possible, so that the minimum 1en§th of immiscible
displacement necessary for mYScibtljty to be dynamically
created, will not mask the_oVera]l éffe;t of the
multiple-contact miscible displacement.

b' Tube diameter: The inner diameter should be small in ’
order to reduce the effect of gravity énd fingering.
Hodever: any redbction‘of the !D should be accompanied

- with a reduction of the particle diameter, 56 that the
rat: of pa “icle diameter to tube diameter is less than

0.7 - ‘z ~g any wall effects!271.

c' 'Injection rate: The rate of injection is.not
critical. so long as the length of the system is

. - L X .
sufficiently long. for a long system, the injection rate
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gpulc have to be increased 'n order to conduct the
experiment in a relatively short time. Moreover . -a
moderately high in_.-ction rate 1% preferable in order to
" obtain é better ¢ fferentiation between 1mmiscible and

multiplée€-contact miscible displacements .



C1-N2
c2-c6
C7¢.:

e

heptte plus
C*= wettability number

‘D= core diameter, m

NOMENCLATURE

methane, nitrogen

ethane to hexane

, dimensionless

g = gravitational acceleration, m/sec #”
ID = inside diameter, m

‘}OIP z im'tiall oil in place

Isc = dimensionless number for cylindrical sysgem

K = intrinsic perm_eabili_gy. rﬁ

K1

K2

L]

Kgor
Kogr
Krl =

Kr2

maximum effective
B

maximum effective

permeability to

permeability to
Ma X imumn \relative

maximum relative

M = mabilty ratio

MMP =

permeability to fluid 1, o
permeability to fluid 2, m

gas at irreducible oil saturation,,
oil at irreducible gas saturation,
permeability to fluid 1

permeability to fluid 2

minimum miscibility pressure, Kpa

Ng = gravity number, dimensionless

PVinj = pore volume injected, %

So = oil saturation, fraction

Sor = irreducible oil saturation, fraction
V = superficial velocity, m/sec . .
Vc = critical velocity, m/sec

Vc-immiscible = critical velocity for immiscible

displacement, m/sec

87
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-

Ve-miscible = critical velocity for miscible displacement,

vd

]
Pg

pPo

m/sec
Daréy veldcity. m/sec
density of fluid 1, Kg/%
density of fluid 2, Kg/m
gas density, Kg/ﬂ
oil density, Kg/m
displaced fluid - displacing fluid density difference,
Kg/ﬁ \
viscosity of fluid 1, pa.sec
viscosity of fluid 2, pa.sec
gas viscosity.‘pa.sec
oil viscosity, pa.sec

angle core makes with the horizontal, radians

angle core makes with the vertical, radians



. REFERENCES

/

1. F.M. Orr, M.K. Silva, C.L. Lien, M.T. Pglletier,
"Laboratory Exper1ments to Evaluate Fielld Prospects for
C02 Floodi . .
JPT, (Apr 19 2) : ,

2. P. Deffrene C. Marle, J. Pacsirszky, M. Jeantet, 'La
Déterm1nation des Pressions de stcib111te , Revue
" 1FP18.N6, (June 1961),678. .

3. T.A. Hutchinson, P.H. Braun, "Phase Behaviour of Miscible
Displacement in Dil Recovery”, A.L.CH.E. Journal, (March
1961),¥o17.N1,64. . - '

. R.L. Sfobod. H.A. Koch, 'HigH-Pressure Gas Injection -
Mechanism of -Recovery Increase”, OIL and GAS
J..(1953)51,84. .

5. S.E. Buckley, M.C. Leverett,Trans. AIME 146,107 (1942)

N

6. A. Giraud. R. Thomere, “Miscibilite
Dynamique.Contribution a L’ etude des ‘ones de
Melanges®, Revue IFP (May 1968),619.

. P.M. Sigmund, Prediction’ of Molecular Diffusion at :
Reservoir Conditions. Part 1l1- Estimating: fﬁe Effects of
Molecular Diffusion and Convective Mixing i
lultlccnponent Systms™, JCPT, (July- September 1976).53.

~3

8. Engineerlng Data Book , Natural Gasoline Supply Men's
Associat:on(1957) . & '

9. AL Benham, W.E. Dowden, W.J. Kunzman., "Miscible F1u1d
Displacement - Prediction of Mlsc1bil1ty .
Trans. AIME(1959)216,388.

' IO. U.I Rutherford, 'l1sc1b\lity Relationships in the
Displacement of 0il by Light Hydrocarbons” ,
Trans.,AIME(1962)222, 11-340

11. W.F. Yellig, R.S. Metcalfe, \Determtnatton and
Prediction of C02 Minimum lxscﬁpality Pressures '
JPT, (Jan 1980}, 160.

12. L.W. Holm, V.A. Josendal, “Mechanism of 0il Displacement
by Carbon Dioxide", JPT, (Dec 1974),1427.

13. F.E. Crane, H.A. Kendall and G.H.F. Gardner, °Some
: Experiments on the Flow of Miscible Fluids of Unequal

8 Densaty Through Porous Media®, SPE.J., (Dec 1963) 277.
14. J.M. Dumore "Stability Consideratrons'in Dowrward

89



15.
16.
17.

18.

19.
20.
21,

22.

23.
24.

25.
26.

27.
- Dispersion in Porous Media”, SPE.J.,(1963)3,70.

90

Miscible Displacements", SPE.J.,(Dec 1964)'3SQJ

C.M. Marle,"Multiphaée Flow in Porous Media", IFP
Publications, Editions Technip(1981). : '

R.G. Hawthorne, "Two-phase Flow in Two-dimensional.
Systems - Effects of Rate, V1scos1ty and Density on
Fluid Displacement in Porous Media"

Trans.AIME, 219, (1960),81.

E.J. Peters and‘D L. Flock, "The Onset of Instabilit
During Two- phase Imm1sc1ble Displacement in. Porous
Media", SPE.d. (Apr 1981) 249.

Fred I. Stalkup Jr. Status of Miscible Displacement”
JPT, (Apr 1983), 815 '

R.J. Blackwell, J.R. Reyne W.M. 'Terry, "Factors
Influencing the Efficiency of M1sc1ble Displacements”
Trans.,AIME(1959)216,1.

C Van- Der Poel, "Effect of Lateral D1ffus1v1ty on
Miscible D1splacement in Horlzontal Reservoirs”
SPE.J, (Dec 1962),317.

D.L. Katz, D. Cornell, R. Kobayashi, J.R. Elenbaas and
C.F. Weinaug, "Handbook of Natural Gas Engineering”,
Mc Graw-Hill Book Company, INC. New York, 1959.

R.H. OQlds, B.H. Sage, W.N. Lacey, "Partial Volumetric
Behaviour in the n-Butane - Decane System", Fundamental
Research on Occurrence and Recovery of Petroleum.
API(1948 1949),25-43. .

B.H. Sage, W.N. Lacey, “Some Properties 'of the L1ghter
Hydrocarbons, Hydrogen Sulfide, and Carbon Dioxide"
Monograph on APl Research Project 37, API(9155),229- 241

B. H Sage W.N. Lacey, Thermodynam1c Propert1és of the
Lighter Paraffin Hydrocarbons and Nitrogen", Monograph
on APl Research Project 37, API1(1950),203- 219,

J.Jd. Rathmell, F.I. Stalkupk R.C. Hass1nger, "A

Laboratory Investigation of Miscible Displacement by
Carbdn Dioxide", 46th Annual Fall Meeting of SPE of
AIME,New Orleans,La., Oct. 3-6, 1971.SPE No 3483.

M. Alonso, Y. Morineau, P. Simandoux, A.D. Bradshaw and

- D.W.Bennion, "A LabOratory Investigation of the Enriched

Gas Displacement Process in Vertical Model"
JCPT, (Jan-March 1973) 47.

T.K. Perkins, D.C. qohnston. "A Review of Diffusion and

<



28.

29.

30.

31.

g1

G.E. Archie, "The Electrical Resistivity Log as an Aid
in Determining Some Reservoir Character1st1cs
Trans.AIME,v. 146,1942,54.

P.M. Sigmund, "Predict1on of Molecular Diffusion at
Reservoir Conditions. Part I - Measurement and
Predictions of Binary Dense Gas Diffusion Coefficients”
J.C.P.T,(April-dune 1976),48.

J.0. Hfrschfelder C.F. Curtiss and R.B. Bird,
"Molecular Theory of Gases and L1qu1ds John Wiley and
Sons INC, New York, 1964.

.L I. Stiel and G. Thodos, "Lennard-dJones Force Constants
Predicted From Critical Properties”,

J.Chem.Eng.Data, 7,235(1962).



APPENDIX 1: Definition of Dispersion Coefficient in Porous
| Media "

In érder to dif;lfentiate diffusion in porous media
“from fhat.in an open ®system (ég:capillary tube) we need to
assess what‘characte}izes a porous medium. A porous mediy‘(
can be idealized by a bundle 6f interconnected tortuous flow
channels and wifh a reduced area open.to flow.

We will first consider molecular diffusion in porous‘\
media by draw1ng the analogy between Fick’'s law and Ohm’'s
law. Tpe convective mixing portion of the total dispersion
will then be considered: and an effective dispersion

coefficient will be defined.

il Analogy Between Fick's law and Ohm’'s law.

Consider the case where two sjngle-componeht miscible
. fluids of equal densities and molecular diffusivities are
brought into contact in a linear system. The equation

governing the diffusion is given by Fick’'s law:

== =-Do A

gouls dpci - | (24)
dt co a2 | :

wheré.
dmi/dt = rate of mass transfer of componenf i
Do = molecular diffusivity
A = area open to diffusion
b = density of the diffusing fluid
‘Ci = mass fractioﬁ of component i in d{ffusing

mixture
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distance traveléd by»tﬁe diffusing gomponent
= time 7 |

now the case of conduction in a linear syétem
exaﬁple wifh water. Thé equation governing

electricity is given by Ohm’'s law:

(25)

ag A ap
dt Rw  dx
whére.
‘ dqg/dt = intensity of the current
Rw = resistivity of water
A = area open to flow
P'= potential |
x = distance traveled by the charges
t = time

One may then make the following ana]ogy

P

rate of

transfer”
-0

 ra$e of changg;

of potenttal
condqct1on.

' F1cK’s Iaw . Ohm's .law
\ - i .
“dmi/dt = dq/dt
3 A
dDC/dx E dP/dx
" Do E 1/Rw
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.| Molecyla- Diffusion in Porous Media.

In this section weawillAsolve for the effec' e
resistivity of a porous med i um saturated'wiéh water. Using
the analogy“between Fick’s law and Ohm’'s law, we Qill then
obtain the eff :.ctive molecular diffusivfty}in porous dediaf‘

Consider a porous medium of porosity, @, saturated with
water. An idealized system may be characterized by a series .
of tortuous flow paths as 1llustrated in Figure 31.'

A macroscopic average path lenoth can be: obta1ned given by:
' X =z=a X where, a is a tortuosity factor (26)
and thé average area open to flow is §iven by:
A = {0 A X)X = 0A/a ' (27)
Such a system is equ1va]ent tc a single straight flow path
{see F1gure 31).. Writing Ohm’'s law for the equ1va1ent~

systém:

dq = = }—\-'— . _C}f. . . | | . (28)
‘dt Rw ax’ . '

 substituting for A’ and X'

-

T ax

t

The factor a?@ is termed the bematjon resistivity
. factor, F, and can be determined by Archie’s equation for
sana:(28) | |
F=0. sz/e)2 b (30)

Maklng the analogy be&ween F1ck’s law and the
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FIG 31
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following equivalence statements can be formulated:

in the absence -

of o a
porous medium: Do 2 1/Rw
For a porous
medium: - D g 1/FRw
’ o
hence, Do _ 1/Rw
D 1/FRw

" The effective molecular diffusion coefficient in porous
media* is then given by: |
. B 'pg. ) :
D= 2 . (31)

-
o

¢

3) Convective Mixing in Porous Media.

It has been shown that a porous medium can be
',gcharacgenizéd by a bundle of interconneégéd,flow channels.
'HOwever, dfsSimi]ar flow Channels will result in different
average inters{itia] velocities. Consequently, particles of
fluid will fravél ét‘different_speeds in different flow
channels. If theée particles have different compositions, an
additional mixipg will occur at thé intersection of these

diffusion coefficient, we are considering the total
cross-sectional area instead of the area open to flow.

»
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channels. ‘This additional mixing has been termed convective
mixing. &n empirical experimental relationship describing

this phenomenon has been found(27) and is given by:

Kconv - 0 - vd - dp ' (32)

‘where,

Kconv = effective convective diffusion

- coefficient
Vd = average darcy velocity
dp = average-particle diameter

¢ = factor accounting for the inhomogeneity of
the medium, the Fatio‘of.the particle diameter
to the lateral dimensions. the particle size

distribution and the particle shape.

4) Effective Dispersion Coefficient in Porous Media.

Tﬁe effective dispersion coefficient in porous media is
found by simply superimposing the effects of molecular

diffusion and convective mixing, and is given by: .

.- va - oap B (33)

Where 'in cgs units we have: .
K = effective dispersion coefficient. cm/sec
Do= molecular diffusion coefficient, cnf/sec

F o= formation'resistivity.factof‘



vd average darcy yelocity, cm/sec

dp

average particle diameter, cm.

Note agafn; tbat in this definitién of the ef%ective
diépersioﬁ coefficient, the total cross-sectional area is
used instead of the area open to‘flow. The equation .
governing dispersion in porous media is then given by:

. %z-x,\%:_c L (34

\
.

where A is the total cross-sectional area.



APPENDIX 2. Effect of Molecular Diffusion and Convect ive
Mixing in Multicomponent Systems

The purpose of this\dichssion‘is to assess the effect
of components diffusing at different rates in a miscible
displacement. In ohder to examfne_thié effect. a comparison
w1 be made of the composition profiles obtained by
~considering different diffusion coefficients for different
diffusing speties.wés opposed to a common diffusion
coefficient for all compénenfs[ The differential equation
.’deSCribing the‘ccnposition change of each conponeht in a
- diffusing mixture as a function of time and position wif]
first be consideredf “or the sake of simplicity, a
one-dimensional first--ontac: miscible displacement in an
infinite porous medium will be considered.lfor which

4

analytical solutfons*to the differential equation are
lavai]able. | * | i |

A method for estimating diffusion coefficients in a
mu 1t icomponent d%ffusing mixture will be discussed. This
method follows the procedure outlined by Sigmuqd(?,ZQ).’An

example will be presented ip order to illustrate the above

.stated effect.

99
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1 Cohtinuity ggyatigg;' ) s

Consider a first-contact miscible displacement in a
one-dimensional open systém (porosity=1}). Assuming that no
change in volume occurs upon mixing, the differential
equation describing the composition change of each éomponent
in a diffusing mixture of n+1 components with respect to

time and space is given by:

-%—(c;vn Z o;xgc"> gi‘ (35)
x k=1 » i=1,n _

where,

Ci = molar concentration, gmole/cc

Dii = main diffusion coefficient, cm/sec
'D21 = is a measure of the coupling or
izk -

interaction that takes place between
the n+1 diffusing species, cﬁ?sec

Vb = bulk flow velocity, cm/sec

X space variable, cm

t .

time variabie. sec
The effect of coupling can be convenieﬁt1y taken into
account by defining an effective diffusion coefficient, Dim,

for each component i and Equation (35) .can be written as:

A\
9 im OCL , L oci 36
ax \P'™ax Vb €1 \at > . (36)
. i=1l,n
\\

1f one assumes a constant average density fc~ ‘he'diffus§ng

. — . \\
mixture, f, and that Dim is independent: of :ntration and
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is determined at the average density 5, for constant bulk

flow velocity Equation (36) is further simplified to:

3%yi dyi avi ‘ : - (37)

bim =5z - P ax T it .

i=1,n

"where, Yi = mole fraction of component i = Ci/p
Assuming flow in a porous medium where - convective

mixing is not negligible, the effective diffusion )

éoefficient of component i.becomes (refer to Appen&ix 1):

Dim . 5 . vad - dp S (38)

K1m=T ‘ )

where, -

F = formation resistivity factor

@ = porosity
Vd = darcy velocity, cm/sec
dp = average particle diameter, cm

Dim = molecular diffusion coefficient of

N component i, cnt/ sec

Kim = dispersion’qbefficient of component i,
_enf/sec ) i, -

o = factor aCCountfng for the ihhoﬁogeneity of

the medium the ratio of the particle diametes to

the lateral dimensions, the particle size |

| distribution and the barticIé shape.
Equation (37) becomes:

| g 3L v
Klma——!—-Vdé—x—-.—Qa . . ‘ (39)
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or
v vy ) dvi , '
VKlmaT;--Vé—;‘—=§-r . , (40)
~where, K im = Kim/@

'V = average interstitial velocity, cm/sec
. (
If one considers an infinite ltnegr porous medium where a
flyid of initial composition Yid displaces another of

composition Yi5, the solution to EqUétion (40) is given by:

(¥lo - vi0) (41)

N |-

Yi Y + errc (/ XD___ .
1e - Yio 5 T — .
\y Kim t /

\ o : .
'Where, XD = X - Vt = distance from initial interface,

cm
n+l ’
In general | Yie # 1.0, since the components diffuse at
i=1

different rates, and the results should be normal1zed using

the relationship: ‘ > o
. . Yle ;
e -
): Yie
i=1

2) Estimation of the Effective Molecular Diffusion

Coeffic1ent Dim. . o S _ “\‘f

Suppose the dlsplacement is conducted at some average-
operating condition of pressure and temperature. Let Vi be -
the mole fraction of component i in the average diffusing
mixture. VT is defined as: s | |

' - 4 + ' ' '
i = Yio ; Y10 o (43)
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The average molar denefty’of the diffusing mixture is given

by:'

= T

YT et S (44),

ol
_ " ]
W~ %

L

Let pc5 be the critical moﬂar density of the system studied
at the conditions of pressure P and temperature T. The |
reduced average molar densjty is defined by:

pr = % , | (45)
From the generalized Feduced density correlation for
predicting dense fluid,ditfusion coefficients(7): ‘
for every pa1r of components i.j . the mutual diffusion
coeff1c1ent 013 can be calculated from the following

w»

 ‘expression:
E%J___D%.l = a + bPr + cPr? + dpr? (46)
where,

pij'z'avenage molar densitybof.binary system (i,3)
in the d1ffu51ng mmxture = (Pi Yi 4 Rj 73)/(77 + Y3)
" Pi = molar dens1ty of component iin i j mixture of
. composition Yi/(YT + Y3), Y3/(Y7 + 73)
Gvijr=‘mutua] diffusion coefficient of binary system
g = g R
.NQ;jv;jvz,ie the Zero‘pressure‘limit of the

“50¢ is un1quely defined only if we cons1der a ternary system
at constant pressure and temperature. In a complex
hc-system, Pc is only an approximation based on the
representation of the phase behaviour of the system on'a
pseudo-ternary dtagram : _

LN
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density-diffusivity product and is estimated from
Chapman-Enskog dilute gas theory(30)

The constant a, b, c, and d take on the following values:

a-= 0.99589
b = 0.096016
c ¥ -0.22035
d = 0.032874
p{jD;j can be estimated from the foliowing formula:
V2o
ol 0is = 0'001‘83?-3?7(;1‘_25;;:%) il (471)

where, Mi,Mj = molecular weight of components i and j,
respectively ‘
T.= temperature, K®

R = universal gas constant

A82.D57Acc.atm/Kfmole

oij = collision diameteb for Lennard-Jones
pdtential, A o
@ij = collision integral function.

9ij and ®ij can be estimated from Stiel and Thodos

correlation(31):

o 1y , S
Qij = q (Tij) - (48):
. : . _ ko1 ' S ‘ .
\113 “ehy T L o | (49) -
oij = 0.1866 pvc’’pZe®s | T (50)
£ij : 65.3 pTc pzd®s. - i (51)

'k



105
where, £ij = energy parameter k®-
K
n(l")= tabulated as a function of 16
PpTc = pseudo critical temperature of binary
system 1,3 = (Y3 Tei + Y3 Tcj)/ (Y7 + Y3), K

ch = pseudo critical pressure of binary system
' 1.jlé,(7? Pci + 73 ch)/(?? + 73), atm
PVe = pseudo molar volume of binary .system i, j
= (;? i o+ 73 —ZE)/(V? + 73). cc/gmole
plc = pseudo compressibility of binary

system i,j = pPc pvc/R pTc
Finally, the effective diffusion coefficient Dim can be

‘esttmated from the wrlk effective diffusxv1ty Equation(7)

Dim - — L= ¥i (52)
. . - n+l . . S
g , T Yk/Dik
k=1 k#i :

_sgillVire tabulated as a function of T in Table I-M, page
1126, of refgrence(30{, " R

-
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SAMPLE PROBLEM: First-contact Miscible Displacement of
Methane-decane by Methane-butane

The following example illustrates the éffect_oflJ
components diffusing at different rates on the composition
profile as obposed to a éommon diffusionacoefficient for all
éomponents. A three-component hc?system will be édnsideféd,
rmefhane - n-butane - n-décane, whose phase behaviour can be
represented rigorously on a ternary diagram at some fixed
conditions of pfessure_pnd temperature. It will be assumed
that the assumptions made for‘tﬁe calculation of the
composition profiles using Equation.(Al) are applicable. The
effective diffusion cbefficient for each.component wi'll be~¥
estimated following the method previously outlined. In order
tqvcompare the two cases, the respectivg.composition paths
will be’plotted on the ternary diagraﬁ. Cal¢u1ation'of the
composition profile for the case where a common_diffu§ion
vcoeffi_ci_ent is assymed for all the diffusing species is not
necessary since the COrfesponding composition path on the
' terhary diagram will be simply the stFaightvline joihing thé -
pOints’representing the.displéced_and displacing fluid

compositions.

106
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v

Assume that the following parameters and conditions
apply:
al Equatién-(41) applies, that is the composition profile of

each component'is given by:

Yi Yio + L erfe al E (YIO Yio) '
ie = Yio + = - \
2 ~2/Kim € i=1,3 :
. . Yie - )
Yi (XD, t) = 3 . ’
ZY1e o
i=1

b) V, the average interstitial velocity, is small enough for
convective mixing to be neglected. (Molecular diffusion is
controlling, V=0) | |

c)»Averagé'operating conditions: # = 13783 kpa, T = 71c _

| d) ﬁorosity =@ = 0.3 | &

e) Fcrmatidh resiStjvity factor is estimated from Archie’'s
‘eqdation | | .
f}) Time = 1 year. "

Initial Fluid Compositions

XDCKO XD>0

componen t- i o Displacing Displaced
| | fluid  fluid
- +
_ _ Yio . _Yio .
cWd 1 0.5200  0.200
C4H10. 2 0.480 . .0.000

C10H22 3 : ‘ 0.000 " 0.800
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11'Estimation of gjfective“Diffusgon Coefficients, Dim.

.a) Average density of diffusing mixture:

Average diffusing mixture composition: .

Y1 = 0.360
Y2 =-0.240 :
Y3 = 0.400.
and obtéin:

» P = 0.00789 gmole/cc
b)‘Density of critical mixture:

critical mixture composition:

Yic = 0.665
Y2¢ = 0.320
Y3c = 0.015
and obtain: )

| pc = 0.60815 g?ole/cc
c) Reduced average density of diffusing mixture:.
| or = p/ocC and obtain:
. “er = 0.9681
using Equation (46) obtain:

.. v.." .
._T_...._,_-plj_ 13- 0.91215
p1j Dij
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Critical properties of components 1, 2 and 3

_component  critical critical critical molecular
| pressure - temperature molar. weight
vo lume
j “-Pe (atm) Te (K) ve « MW
_\ ' * (cc/gmole)

y - 45.78 190.5  99.392 16
', - 37.48  425.0  225.24 58

3 21.69 618.0 506.12 @ 142

Pseudo critical properties of binary system (i, i)

binary : pseudo' pseudo : pseudo ? pseudo
" system  critical  critical critical  critical
pressure temperature molar compres
| . volume -sibility
(i,3). pPPc ' pTc ~ pve plc
tatm) (K) .(cc/gmdle)
(1,2) 42.45 284.3 149.73 0.2725
(1,3) 33,10 415.5  360.83 0.3503

(2,3 '27.60 545.6- 457.0 0.2818

i ‘(\



Estimation of energy parameter, collision parameter

and average molar density of components (i,j)

in average diffusing mixture

binary energy collision
system parameteh ‘ diameter
(i,3)  K/eij] 913

8 (K) )
{1.2) 0.00581 4.708"
(1,3) 0.00161 4.5684

(2,3) 0.00268

Estimation

~ 6.5574

V.

average

" molar

\

density
pij
(gmole/cc)
0.00801
0.00742
0.00613

of collision integral Rij

binary K/€ij
system

(i,3) W)
(1,2) 0.00581
(1,3) . 0.00161

(2,3) . 0.00268

T (K/€ij)T

2.00
0.55
0.92

i j=01Y "y

1.075
1.966
1.501

110



"Estimation of mutual diffusion coefficients 2ij

binary
system
(i,3)
(1,2)
(1,3)
(2,3)

ptj DYj
{£Q 47)

(gmole/cc) .cnf/sec

0.4977E-5
0.2585E-5
0.1014E-5

“~

Dij

{EO 46)
{cnf/ sec)
50.4E-5
31.8E-5-
15.1E-5

Estimation of effective diffusion coefficients, Dim

component
(i)

|

Dim

- (EQ 52

(erf/ sec)
36.9 E-5
22.6 E-5
22.0 E-5
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S

Estimation of effective dispersion}coefficient in porous

media, Kim

component | Kim=Dim/F K’ im=Dim/FQ
i (cﬁ/sec) | (enf/sec)

1‘ , 5.27 E-5 | 17.57 E-5

2 3.23 E-5 10.77 E-5

3 - ” 3.14 E-5 10.47 E-5

F: the.formation resistivity factor is estimated from

- Archie’s equation for sands, F = 0.62/d¢ = 0.62/0.09 = 7.0

2) Composition Profiles of Each. Component i Using Equations
(41) and (42). s

The. composition profiles are given by: .

. < 1 XD + -
Yie = Yio + = erfc [———— )\ (Y10 - Yio)
. 2 (2/K1m t> :

1=1,3

with the following normalization we obtain:

The concentration distributions as.a function of length
traveled with respect tc the initial interface is shown on

Table 4.
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Figure 32‘represénts the phase behaviour of the methane
- n-butane - h-decane system at P=13783Kpé and T=71c. Also,
the composition paths of the two cases where, Case !
éorresponds-to the ;ituation where the species are diffusing
with different diffusivities, and Case 2 is the case for a
common diffusivity, are drawn: It may be noted that Case 1
cofresponds to the'case where molecular diffusion is the
éontrolling process. On the other hand, Zase 2 corresponds
to the situation where convective mixing is the controlling
. process. 1f one examines equation¥.(38):
xmcl%ﬂ+c-va-dp-
a) fof.sméll darcybvelocity vd, vd=0:
 9vd dp<<Dim/F and Kim = Dim/F (molecular diffusion
'.Q 4 : : | - controls)
b) for high darcy velocity Vd : |
gvd dp>>Dim/F and Kim = dVd dp (convective mixing

. controls)
We may be&ark that "in this case, Kim is the same for
each component. that ;s components will diffuse with a
common diffusivity. | | .
‘At"normal reservoir conditions, molecular diffusion is
the controlling process. For the case studied, the effect of
components diffusing with diffeéént diffusivities resulted
in a ;omposition path that-did not crosé the phase envelope.
'Hence. miscibility would not be expectéd to be lost dUé to

this effect. Also the criterion defining first-contact’
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FIO 32
COMPRARISON OF COMPOSITION PATH
ON THE PHRSE DIAGRAN

CASE 11 COMPONENTS DIFFUSING NITH DIFFERENT
EFFECYIVE DIFFUSIVITIES

- CASE 21 COMPONENTS DIFFUSINO NlTﬁ A COMRNON
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miscibility (line joining the points representing the
compositions of the displacing and displaced fluids should
r'hot cross.the phase envelope) is still»applicable'despité
this effect. Lét'us consider the casé‘where'tbg‘disp}acing'4'
fluid composition is such, so that'the line joining the
point representiqg-thé-composition of the displacing_fluid'
to the point repreSentinq tﬁé ¢ompo§ition_ofrthe displaced .
- fluid barely crosses the phase envelope (see Case 2 of
Figure 32). It may be concludéd that this is the case of a
multiple-confact miécible d%splacement; Howeve?. the efféqt
of coﬁponents_diffusing with different’diffusivities will
tend to move the compositionbpatﬁ awa& frdm the phase )
envelope. Hence, such a displacement should be more

appropriately termed a first-contact miscible displaCemeﬁt.\

~ s

—



