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CARBON DIOXIDE MINIMUM MISCIBILITY PRESSURE
FOR SAUDI ARARIAN CRUDES

INTRODUCTION

Petroleum reservoirs scldom yield more than 40/
of their omginal odl in-place after the primary and
waterflooding stages. Carbon dioxide flooding is a
successful enhanced oil recovery (EOR) technique
whose technical and ¢conomic viability has been
established in a oumber of pilot and field-wide
projects [1=3].

The high solubility of carbon dioxide in crude oils
wsually causes significant increases in their volumes
and reduction in their viscosities [4] which are the
key factors in improving ofl recovery. However,
under conditions where complete miscibility between
COy amd a crude oil is achieved, much higher
recoveries can be obtained. OF these conditions, a
threshold pressure referred to as the CO, minimum
miscibility pressure (MMP) which is dictated primari-
Iy by oil composition and reservoir temperature
[5=7] must be met. The CO; MMP is therefore an
important [actor to be considered when the feasibil-
ity of a proposed COy, flooding project is assessed.
Mot only should a candidate reservoir be able to
withstand an average pressure greater than the CO,
MMP, but this pressure should be economically
attainable in that reservoir.

Saudi Arabian reservoirs, with one quarter of the
world's il reserves, will require EOR at their future
stage of development. The economic and technical
success of CO, flooding of these reservoirs depend
on the degree of CO, miscibility with Saudi Arabian
oils as characterized by the MMP, Although the
petroleum literature does present correlations to
predict the MMP, their validity has not been assessed
for Saudi Arabian oils due to lack of published data
on CC, MMP for ihese odls. This study was
conducted to generate such data and rest those
correlations.

Mechanism of C0, Crude (8 Miscibility

In & miscible COy injection process, the injected
C0y 15 vsually not miscible with the reservoir oil at
first contact, However, répeéated contact by the
iajected COx with the reservoir oil leads to dynamic
miscibility {multiple-contact miscibility) through
vaporization and condensation processes. Depending
on the operating conditions, mainly temperature and
pressure, one of these processes will be the dominant
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cause of miscibility as dictated by phase equilibria.
Al high reservoir temperatures and pressures, the
gas—oil range hydrocarbons, C, through C,,, are
vaporized into the €O, gas phase transitionally
miscible with the uncontacted reservoir oil. At low
reservoir temperatures and for the same pressure
level, OOy condensation into the reservoir ofl makes
the COprich oil transitionally miscible with the
uncontacted reservoir oil. In both cases, breakdown
of the miscible front through dispersion is constantly
replenished as CO, contacts the undisplaced oil.
Even though CO, miscible displacement could bhe
achieved for a wide spectrum of reservoirs, for some
crude oil compositions and reservoir conditions
multipic-contact miscibility may not be achieved at
all. In these cases, incremental oil reoovery can sill,
nevertheless, be obtained by simple viscosity reduc-
tion and swelling of the oil.

DETEEMINATION OF
MINIMUM MISCIBILITY PRESSURE

1. Experimental Methods

Because of the nature of multiple-contact miscibi-
lity, conventional core flooding techniques are im-
practical due to the great core lengths required. A
long, metal tubing packed with sand or glass beads
and saturated with the oil is, thus, used (o faclitale
multiple contact conditions, This slim tube technique
has become a standard ool to obtain OO0, MMP data
8).

The achievement of multiple-contact miscibility is
difficult to quantify because slim tube experiments
do pot directly indicate the achievement of miscibi-
lity, but rather exhibit recovery efficiencies charac-
teristic of a miscible displacement [9]. Unfortunately,
there are po standard critenin of miscible displace-
ment accepiable to the petroleum industry.

Holm and Josendal [10, 11] defined miscible-type
di:.pl.in:m:nts as those that recover more than S0%:
of pil-in-place at CO, breakthrough, and more than
4% when the pas—oil ratio reaches 40 000 SCF/
STB. Yellig and Metcalfe [7, 12] defined miscible
displacements as those in which recovery at 1.2 pore
volumes CO; injection 15 very near the maximum
recovery obtained in a senies of displacements, and in
which transition-zone fluids appear in a capillary
sight glass al the end of the slim tube,

Tee Arabion fownal for Soence and Empleserimp, Voltome 14, MNursher 3,
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Orr eral. [B] stated that neither definition is
completely satisfactory for comparing resolts from
different laboratories, although both are reasonable
for comparing a series of runs performed in the same
slim tube at-the same displacement rate. Yellig and
Metcalfe's definition requires a subjective judgement
about transition zone appearance. Holm and
Josendal's definition would not pecessanly produce
the same MMP in different laboratories because oil
recovery from a slim wbe depends not ooly on
CO/oil-phase behavior, but also on displacement
rate and the level of dispersion [13], which in turn
depends on displacement rate and the particle
diameter of the packing material [14].

In this study, the miscible displacement criteria
employed are a combination of the definitions of
Holm and Yellig, climinating the subjective judge-
ment of the appearance of the transition zone, and
eliminating the need po determine the ultimate
recovery which is influenced by the slim tube packing
and displacement rate. A gas—oil ratio of 40 000
SCFSTB i taken as the only cnterion for the
ultimate recovery. Therefore, miscible displacement
is achieved when oil recovery at 1.2 pore volumes
C0, injection is very near the maximum recovery
{over 90% original oil in place) attained in a series of
displacements, while the gas—ail ratio is close o
40000 SCF/STB.

2, Empirical Correlations

Several coreclations to estimate CO, MMP have
appeared in the literature, These correlations are
useful for screening candidate reservoirs but are not
sufficiently accurate for a specific use,

The following are some selected correlations:

1. In 1976, a simple formula was presented by the
WNanonal Perroleum Council (NPC) based on ol
gravity, reservoir temperature, and reservoir
depth [15).

2. Cronguist [16] developed a correlation based on
an empirical fit of 58 data points predicting the
miscibility pressure as a function of reservoir
temperature, molecular weight of G, fraction of
the crude and the mole percentage of .methane
and nitrogen present in the crude. The crude oils
tested were ranging from 23.7 1o 447 AP] gravity

with reservoir lemperatures ranging from 71 to
248°F.
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3. Yellig and Metealfe [12] presented a correlation
to estimate minimum miscibility pressure as a
function of reservoir temperature only. Their
correlation showed that lemperature increases
MMP by approximately 15 psi °F ! over the range
of 95 to 192°F. Their correlation does not account
for changes in oil composition.

4. Johnson and Pollin's [17] correlation accounted
for oil gravity, molecular weight, reservoir
temperature and injected gas composition.

5 Im 1982, Holm and Josendal [11] denved a
correlation which showed better agreement with
MMP data than that of Yellig and Mewcalfe, Their
correlation was based on  temperature  andd
C,, molecular weight,

6. Alston, er al. [18] derived a correlation bascd on
their own data on pure CO,; and live oil systems.
Their correlating factors were the reservoir lem-
perature, the molecular weight of the reservoir
oil's C,, fraction, the ratio of volatile 10
intermediate components, and OOy purily.

7. Recently, Orr and Silva [19] modified Holm and
Josendal's correlation by calenlating a weighted
compaosition  parameter and determining  the
corresponding C0; density. This density 15
utilized as the CO, density at MMP.

LARDRATORY STUDY
1. Crude Oil Samples

Samples of three standard stock tank crude oils
were used in this study, These oils, commercially,
referred to as Arab Light, Arab Medium, and Arab
Heavy, are blends of different Saudi Arabian crudes,
Table 1 lists the compositional analysis along with
pertinent physical properties of these samples.

Arab Medium and Arab Heavy are mainly
produced from sandstoné reservoirs while Arab
Light is mainly produced from carbonate reservairs.
Saudi Arabian réservoirs have temperatures ranging
hetween 120 and 240°F with the majority falling
between 160 and ZI0°F. The pressures of thesc
reservoirs nocmally range  between 2600 and
3600 peig.

‘The fact that oil blends are used instead of specific
resepvoir oils should not diminish the applicability of
the results since most Saudi  Arabian oils
have compatible compositions and properties,
Furthermore, this study was intended to establish
a range of probable MMP for such oils.
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Table 1. Propertics of Ol Samples Used in the MMFP Tests

Components, Mol Amb Light  Arb Medium  Arab Heavy
Carbon Dioxide 0,16 il 0oz
Hydrogen Salfide {0,040 0. 0.06
Mitrogen £, 06 (.00 0,0
Methane 0, 0 .00 0,00
Ethars .10 0.0 0,00
Fropane 0.08 .15 .12
i-Butane 0.x .36 0,14
n-Butans 2.18 204 .60
i-Pentane 1.9 1.80 0=
m-Fentane 4,00 334 1.57
Hexanes 626 5,56 3.53
Heptanes Plus #5.10 Bl 93.13
Molecular Weight, ., 240400 269,00 208,00
Density, C,,, gem™ 08790 0.59%4 0.9136
Bpecific Gravity, 60°F 08679 0.8871 0.0080
Gravaty, "AFI 3.5 28.0 24.2
Viscosity 170°F, ep 2.1 d.43 7.50
Vissosicy 210°F, cp 1.99 .3 4.52

Reservoir oils normally contain quantities of
natural gas, mostly methane, in solution. Literature
data [7, 10] indicates that the presence of methane in
these “lve™ oils will not alter their COy-miscibility
characteristics appreciably. CO, will merely displace
methane from the oil phase creating a small bank of
methane-rich gas which moves ahead of the CO,
front. When most of the methane is removed from
the oil, further contact by CO, will result in
extraction of heavier hydrocarbons. The methane-
rich bank will breakthrough immediately before OO,
and a small decrease in ofl recovery will result,
Therefore, the MMP obtained in this study using
dead (stock tank) oil samples could be slightly lower
than those if recombined oils were used.

1, Displacement System

A schematic of the apparatus used in this study is
shown in Figure 1. The 42 ft long stainless steel slim
tube was packed straight and in the vertical position
with glass beads before it was bent into & spiral coil
9.75 inches in diameter. Characteristics of the glass
bead pack are listed in Table 2. The slim tube is
mounted horizontally inside an air bath with i3 inlet
connected to 3 high-pressure transfer cells containing
the three oil samples and a fourth cell containing
99.5% pure OO, with less than 20 ppm water
content, Oil or OO is pumped out of its cell by
mereury injection using a Ruska mercury pump.
Systcm pressure is maintained by back-pressure
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regulator whose setting is controlled by a hand pump
and a high-pressure nitrogen supply. Slim-tube oil
and gas cffluent are separated at one atmospheric
pressure and the gas production is metered by a
wel-lest meter whose water content is pre-saturated
with COy. All valves, filters, and other fittings used
in the apparatus are stainless steel.

3. Test Procedure

A run is preceded by cleaning the slim tabe of any
residual oil using one and a half pore volumes of
benzene and petroleum ether each followed by 3
hours of nitrogen flow for drying. Permeability is
measured during nitrogen flow. The tube is then put
under vacuum for 24 hours before saturating with oil
at the desired run pressure. The air bath temperature
B set &l the desired run temperature and then
allowed enough time 1o stabilize. The majority of the
runs were performed at 170°F with the remaining

Table Z. Charascteristics of Slim Tube
amd Glass Bead Pack

Intermal Daameter 105 in
Length HE T |}

Pors Volume : 4.53 in®
Permeability : 1.0 darcies
Packing : Glas Beads
Porosity L 42E%

Diameter Range of Packing : 100-120 Mesh Size

The Areblan Jourmal for Sdlence and Engimeering, Valumes 14, Wumber 2.
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4 5 4
B
“ 3 X
" 2
ﬂ
13
i 12
1. Hercury Pump 9, Back Fressure Regulater
2, Gauges 10, 1/8° Transparent Plastic Tube
i, High Pressure Cells 11, Cradusted Glass Separator
b, Stainless Steel Filters 12, Graduated Cylinder
5. Stainless Steel Check Valve 13, Wet Test Meter
6. Constent Temperature Air Bath 14, Mitrogen Cas Resecvoir
7. Slim Tube Coil 15, High Press. Nitrogen Supply
B. Bleeding Lines 16, Hand Punp

Figure 1. Diagram of Laboratory Ser-Up for Stim-Tube Displacement Tests.

174 The Arabian Journal for Soence and Engineering, Vohume 14, Number 2. April 1959



rans performed at 195°F. A run b:Fim by €O,
injection at & constant rate of 0.25 cm’min™ and is
continued until 2 producing GOR of 40 000 SCF/STE
is obrained, at which point the oil recovery is termed
the ultimate oil recovery. For every oil ftested,
several runs were performed at increasing pressures
until miscibility is achieved as judged by the criteria
defined eaclier.

RESULTS AND DISCUSSION
1. Displacement Results and MMP

A tdal of 10 runs were conducted on Arab Light
erude oil at 170°F and under pressures ranging from
1500 o 2800 psig. Table 3 lists the recovery data
from these runs both at CO, breakthrough and at run
termination. This data is also plotted in Figure 2. The
trends in both curves of Figure 2 show that miscibility
is achieved at a pressure of 2450 psig as no significant
improvement in either recovery is obtained at higher
presures, 1 i also noted that wransition from
immiscible to miscible displacement takes place over
& narrow pressure range of approximately 100 psi.

Results for the 9 runs performed on Acab Mediam
crude oil at I70°F are listed in Table 4 and plotted in
Figure 3, while those for the 10 runs on Arab heavy
crude at the same temperature are listed in Table 5
and plotted in Figure 4. Results for both ails show
similar trends as those for the Arab Light with
MMF's of 2675 and 3100 psig, respectively. As
expected, the C0, MMP increased with the oil

g
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g i
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TEST PRESSURE (P%515]
Fipure 2. OOy MMF Test Results for Arab Light Crude.,
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Tabde 3. Arab Light Slim Tube Recovery

Results ot 170°F

Pressure Recovery Efficiency, % Displacement
g Breakthrough  Ulimate  Proeess Type
15000 b | 51,1 Immiscible
1750 b i 60,5 Immiscible
2T Gl 755 Immiscible
2250 TG BS54 Immiuscibhis
2300 Bl.1 E9.5 Tmmiscitde
2350 2.5 1.4 MNear Miscible
2400 Hia 027 Mear Miscible
2450 LN 934 Mizable
2500 516 G35 Miscible
=00 0.7 0l f Mizahble

"MMP i 2450 paig.

Tahle 4. Arab Medivm Slim Tube Recovery

Results at 170°F

Presure Pecovery Bfficiency, % pyicseement
P2 Breakthrough Ulimate  Proces Type
1750 5.2 574 Immiscihle
0D 4.6 0.5 Temnmizeible
2250 TG B0.3 Immiscible
2400 TR £8.3 Ienmisealsle
2500 821 91.2 Immizcible
26K) 214 9313 Near Miscible
FA LI B3 3.7 Muscible
2500 EX.8 W7 Miscible
H000 E3.8 7 Miscible

“MMP is 2675 peig,

Tahle 5. Arab Heavy Slim Tube Recovery

Results at 170°F

Pressure Recovery Efficiency, % Displacement
pig Breakthrough Ultimate  Frovess Type
1750 35,6 £2.1 Ienmiscible
2000 0.4 5§.2 Immiscible
2250 61.3 .2 Immiscible
2500 4.0 833 Lenoaigcibile
2750 79.9 8.8 Imamiscible
2000 819 91.5 lmmiseible
3000 B34 93.1 Near Miscible
3100 B8 94.7 Miscible
3300 B0 94,6 Miscible
3500 84.0 94,7 Miscible

“MMEP i 3100 peig

April J95% The Arabian Journal far Scierce ond Eapineering, Folume 14, Namiber 2.
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density since denser oils contain smaller concentra-
tions of the CO.-extractable fraction needed for
miscibility. Similarly, both breakthrough and wulti-
mEle recoveries At any pressure in the immiscible
displacement regime increase as the oil density
decreases as depicted in Figures 5 and 6, respec-
tively. In the miscible displacement regime,
however, cach recovery is unaffected by the pressure
and is virtually equal for all three oils tested. This i
once again expected, since in the abhsence of viscous
fingering, which is a characteristic advantage of the
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o BREANTHWANGH RECVERY
a ULTIMATE RECTWERY
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Figure 3. COy MMP Tesi Results for Arab Medium Crude,
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Figure 4. €Oy MMP Tesi Renults for Arab Heavy Crude.
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slim tube technique, oil recovery in miscible displace-
ment is less affected by oil viscosity or density,
Breakthrough and ultimate recoveries in linear and
ideal miscible processes, such as solvent injection,
are usually very close and near 100%. The fact that
some incremental recovery, approximately 10%., s
obtained after breakthrough in CO, flooding is
attributed to continued extraction of residual oil,
Also, the oil left in the pack, about 6%, at the end of

-
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Figure 5. Effect of Pressiere on Breakihrough Recovery of
the Dhifferent Soudi Aroblan Crudes,
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Figure & Effect of Pressure on Ulimate Recovery of the
Different Saudi Arabian Crudes.
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displacement is believed 10 be immobile heavy
residues after extraction of light fraction by CO,.

Since the composition of an oil i a more relevant
factor in miscibility phenomenon than its density, a
correlation between the CO; MMP for an oil and the
molecular weight of its heptanes-plus fraction was
sought. As Figure 7 indicates, the MMP for an oil
increases at a given temperature as its Gy, fraction
becomes heavier,

Figure 8 shows the progress of Arab Light oil
recovery with CO, injection for three different
pressures. It s observed that whether the displace-
ment is miscible or immiscible, no significant in-
cremental recovery is achieved beyond 1.2 PV of
COy, injection, Similar observations were made for
Arab Medium and Arab Heavy runs. This justifies
our crterion of 1.2 PV injection as a limit in
miscibility determination. However, up to 1.3 PV
were injected in most runs in order to satisfy the
gas—oil ratio crterion of 40 000 SCFSTE.

2, Temperature Effect on MMP

Scven runs were conducted using Arab Light and
Arab Medium crudes at 195°F. Those two crudes
were sclected for temperature effect investigation
since they had showed more prospective for CO,
miscibility. The MMP for Arab Light was found to
be 2675 psig, an increase of 12.4 psi *F~, and the
MMP for Arab Medium was 3050 psig, an increase

g 1
] & at 170 oEm pam
& AT 1985 DEG. Fad,

MMP
cio

i Py

Znn ™ 22 T80 P g
MEPTANES-PLUS MOLECULAR WEIGHT

Figure 7, Effect of O4) Hepiones Plus Molecular Wetpht on
MMP,
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of 15 psi °F~'. These MMP-temperature gradients
fall between those concluded by Johnson and Pollen,
10.5 psi *F~', and Yellig and Metcalfe, 15 psi *F .
However, it has to be noted here that those
investigators assumed their gradients Lo be applicable
to all oils regardless of their properties.

Figure 9 shows the ultimate oil recovery versus
pressure for the Arab Light crude at the two
temperatures tested. It is interesting to note that in

o
=]

= L i= .
1 @ AT 1TS0 P3G
& AT ZR5Q PO
4 + AT 2900 PEH

e

QL RECOVERY {% S0IP)
=]
1

S.ag I ﬁ.!li ) ﬂllﬂ- I ﬂii 1.1|t ) 0,40
€O, PORE VYOLUME INJECTED
Figure 3. Siim Tube Displacement Data for the Arab Light
Criede at I70°F.
&

O ULTIMATE FOCOVERY AT U170 DES FEs
& WLTIMATE MECOVERY AT 1953 CEE Fas

LEL]

3
i

P

O RECOVERY (% O0IF]

ﬂ T L T ¥ T T T T
2000 2700 e T gBoE 3000
TEST PRESSURE {P31G]
Figure 8, Temperature Effect on COy MMP for Arab Lighe
Crude,
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the miscible-displacement regime, e.g. 2800 psig,
the ultimate oil recovery is independent of lempera-
ture: while under immiscible pressures, e.g. 2300 psig,
a higher temperature causes smaller ultimate recovery.
This can be explained by the fact that solubility of
€O, in oil, decreasing with increasing iemperatures,
infheences recovery in immiscible displacement only.
A similar observation is made for the Arab Medium
runs as shown in Figure 10.

3. COy Density For Miscible Displacement

Comparison of results also shows that for a parti-
cular crude the CO. density at the MMP is constant
for both temperatures. The CO, densitics for the
Arab Light and Arab Medium crudes at the MMP
are 0.50 and 0.57 g cm™, respectively. This fact was
also confirmed by other investigators [10, 19]. It is
ipparent that the ability of the CO, phase to extract
hydrecarbons from the il phase improves when
both phises have closer densitics. This explains the
higher COy density required to achieve miscibility
with Arab Medium crude. The same principle was
used to predict the MMP for Arab Heavy crude at
195°F, Using the CO, density of 0.65gmem™?
computed at 170°F and MMP of 3100 psig, the MMP
for Arab Heavy at 195F was computed to be
3700 psig. This value along with experimentally
determined values for Arab Light and Arab Medium
at 1TFF arc also plottea 1n Figure 11,

] & LTIMATE BECOVERY AT 70 DDS FiH
& ULTIEATE FECOHWEST AT 198 DEG FaH,
&
.
£3]
= & R
$g
g
=
L= i e
H T T T T L) T L L}
HOD F3-] 2800 2900 h 5 T 3353

TEST PRESSURE (PSIG)

Figure I0. Temperahure Effect on C0, MMP for Arab
Medinum Crude,

Ter Arnzhign fowwnal for Scleace and Enginesvieg, Volums 14, Number 2.

4, MMP From Correlations

The accuracy of the existing literature correlations
discussed carlier was tested against the findings of
this study. Table 6 lists the MMP values for the three
crudes as predicted by five of these correlations
along with the results of this study. Alston e al. [15]
correlation was excluded because it deals with
impare CO, streams. It is apparent that every corre-
lation has its own limitations and none can be used
with enough confidence when high accuracy is
desired. However, Cronquist's correlation consist-
ently produced the least errors. It is interesting to
note that Holm and Josendal’s, which is based on
dead oil samples, did not do as good as Cronguist's.
Mevertheless, a correlation that employs our results
and any data from similar future investigations
should be more suitable for Saudi Arab crudes,

CONCLUSIONS

1. Saudi Arabian crude cils are capable of achicving
miscibility with CO, at normal reservoir pressures
and temperatures.

2. Higher oil density or temperature causes increase
in COMMP for Saudi Arabian crudes. The
MMP-temperature  gradients  varied  from
12.4 psi °F for Arab Light to 24 psi °F predicted
for Arab Heavy.

3. The 0y density at miscible conditions remaing
apparently constant for a Saudi Arabian crude,

¢ .
{ & mec pommas
+ TELLW B METCALFE
g | * vouu s sesewoa
1o crussusr
R4 Jowmsow BPLm g O

2000

Facd

PREDICTED MMP [PSIG)
TroQ
'l

L

jL-100 -]

L — T i T T ¥ T
E1i=r:3 o Ta I BAOD 4300
FEPERIMENTAL MMP [PSg)

Figure 1. Accuracy of Seréening Guides for Prediciing
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Tabde 6. Accuracy of Litersture Correlations for Predicting ©0, MMP for Saudi Crusdes

Prediced MMP Fredicted MMP Predicted MMP
ARAB LIGHT ARAE MEDIUM Relative Mlawimum
- ARAR HEANVY :
Correlaton 1 Ernor Error
AUITEF  ALISST  AUITF  ALLSSF AL INF % (psig)
(rsig)  (psig) (psig)  (psig) psig)
Thas Soudy 2450 2160 el T L] 300 i 0
WP Formula 1460 1535 3260 3355 420 944 1225
[15]
Yellig and 220 2500 L] 2500y o |1 9=19 i
Metcalfe [12]
Holm and 2650 X500 3N . ] =30 £40
Josendal [11]
Crongquist [15) 2565 2937 2873 3300 3628 5-17 525
Johnson and 2117 X80 P 2642 2419 11=22 681
Pallin [17)

*Corrclation docs mot cover this ramgs,

and the ultimate recovery with miscible displace-
ment & independent of temperature.

4. Mone of the published MMP correlations proved
to be satisfactory for Arabian crudes even the one
based on dead oil samples. Cronguist's correla-
thon gave the least errors.

5. The slim tube apparatus, test procedure, and
miscibility criteria cmploved in this study were
found to be satisfactory with regard to aceuracy,
reproducibality, and convenience.
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