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ABSTRACT

The literature contains a large number of reports which use o0il displacement
results from dynamic systems to infer the CO,-0il phase behavior relevant to the
multiple-contact miscible (MCM) process in d% flooding. However, reports with
direct measurements of pertinent phase-equilibria data are less available,
especially for mixtures containing heavy hydrocarbons. For example, just a few
papers in the literature use static, multiple-contact PVT measurements to directly
address the phase behavior in the MCM process, and none of these examines a highly
asphaltic crude oil. A quantitative understanding of the MCM phase behavior,
including the effects of heavy components, is needed to calibrate equations of
state in reservoir simulators used to predict CO, flood performance. This study
provides direct experimental data for several z-oil systems containing heavy
hydrocarbons.

In Part I of this study, compositional effects due to the chemical nature of
the heavy hydrocarbons are explored using synthetic oils which model the phase
behavior observed for natural reservoir fluids. The phase behavior of three CO, -
synthetic oil systems are reported at temperatures near 40°C and pressures up fo
240 atm. The three synthetic oils were made using selected aromatic and/or paraf-
finic components, and include thirty mole percent heavy hydrocarbons. The two-
phase liquid~liquid region present at high CO, levels is examined, and the composi-
tions and densities of both liquid phases aTFe determined. The results show that
heavy paraffins are more readily extracted into the CO,-rich liquid phase in the
presence of aromatics. As a consequence of the enhaliced extraction, aromatics
impair CO,'s ability to selectively solubilize lighter components from a mixture of
hydrocarbons.

Part II of this study focuses on multiple-contact CO,-o0il phase behavior for
mixtures of a highly asphaltic crude oil. The oil was %rookhaven reservoir oil
modified to resemble o0il contacted by CO, during a typical flood. Single-contact
experiments were performed to construct a P-X diagram. Forward multiple-contacts
were performed to determine the phase behavior at the flood front in the MCM pro-
cess, while swept zone multiple-contacts were performed to determine the phase
behavior near the well-bore and perhaps relevant to the vaporization huf-n-puf
process. Compositional, density, gas-liquid ratio, and percent phase volume data
were measured for both a CO,-rich and an oil-rich phase in each multiple-contact.
Swelling indexes are presentéd for all contacts.

The single-contact results show no liquid-liquid-vapor three phase region or
liquid-liquid critical point at temperatures greater than 111 °F. A critical CO
level must be reached before substantial hydrocarbon extraction occurs. The for*=
ward multiple-contacts show that CO, is multiple-contact miscible with the o0il by
the vaporizing-gas drive mechanism 3t about 1809 psia and 111.9°F. Precipitation
of a tar-like, highly aromatic solid is associated with the development of misci-
bility. The swept zone multiple-contacts show a cumulative liquid volume produc-
tion of about 35% OOIP after the second CO, contact, with further contacts re-
covering essentially no additional oil. The residual oil is composed of very
heavy, highly aromatic hydrocarbon.

ix



WORK STATEMENT

The contract with the U.S. Department of Energy required the performance of
five tacks. Three of these tasks relate to displacement studies and are addressed
in Volume II of this Final Report. The remaining two tasks relate to phase be-
havior studies as summarized below: ;

TASK III

To perform basic phase equilibria measurements for single contact mixtures of
carbon dioxide and oil which will broaden the study of miscibility mechanism(s)
associated with CO2 displacement.

(a) Measurements of the swelling index and saturation pressure will be made for
mixtures of CO, and two Appalachian crude oils over the entire CO, composi-
tional range. “Variations of temperature and pressure which are fypical of
Appalachian reservoir conditions and which extend above and below the critical
locus for CO2 will be examined.

(b) Measurements of the swelling index, saturation pressure, phase compositions,
and phase densities will be made for mixtures of €O, and several synthetic
crude oils over the entire CQ, compositional range. %he synthetic oils will
be composed of selected paraffinic, aromatic, and naphthenic hydrocarbons.
Temperatures and pressures which extend above and below the critical locus for
002 will be examined.

(¢) Measurements of the swelling index, saturation pressure, phase compositions,
and phase densities will be made for mixtures of CO, and Brookhaven reservoir
0il. The entire CO, compositional range will be efamined. Temperatures and
pressures which extend above and below the critical locus for CO, will be
examined. Lower molecular weight hydrocarbons will be reconstituted “with dead
Brookhaven oil to study compositional effects. Conditions which lead to the
development of multiple liquid phases or the precipitation of a solid phase
will be probed.

TASK 1V

To perform basic phase equilibria measurements for multiple contact mixtures
of carbon dioxide and oil which will probe the role of phase behavior in the CO2
displacement process.

(a) Phase behavior studies will be made with mixtures of fresh crude oil and an
“enriched" CO, phase which has been extracted from a single contact mixing of
CO2 with crude oil.

(b) Phase behavior studies will be made with mixtures of fresh CO, and a "strip-
ped" crude oil which has been extracted from a single contact mixing of CO2
with crude oil.

(c) Phase compositional and/or density effects will be examined as pertain to the
study of miscibility mechanism(s) associated with CO2 displacement.



Full details of these completed contract requirements are presented in Volume
I of this Final Report, with two exceptions: (1) work performed in support of
subtask IIla has been previously reported (Monger and Khakoo, 1981), and (2) some
of the work performed in support of subtask IIIb, specifically results for syn-
thetic oils containing haphthenic hydrocarbons, have been previously reported
(Monger and McMullan, 1983).

Xi






PART I - PHASE BEHAVIOR STUDIES WITH CARBON DIOXIDE IN SYNTHETIC OIL SYSTEMS
| INTRODUCTION

Carbon dioxide is gaining popularity as an enhanced oil recovery fluid (Holm,
1982), and as the preferred solvent for several industrial extraction processes.
Use of CO, is usually attractive because it is relatively available, inexpensive,
and environmentally safe. In enhanced oil recovery applications specifically, the
CO2 property most germane to the oil displacement mechanism is its ability to
becCome miscible with reservoir oil through in situ multiple contacts. Two types of
mass transfer occur. Carbon dioxide dissolves in and subsequently swells the oil,
and in some cases, the composition of the displacing CO,-rich phase is altered by
hydrocarbon enrichment to the point that it is first-Contact miscible with the
original in place oil. Considerable research efforts continue to delineate the
phase equilibria which pertain to the development of multiple contact miscibility
between CO, and oil (Gardner, et al., 1981). One variable which appears to affect
the phase %mhavior is the aromatic content of the oil (Monger and Khakoo, 1981).

Advances in computer implemented equations of state are making the prediction
of CO,~hydrocarbon phase behavior easier and more reliable. An important consider-
ation”in using an equation of state with CO.-reservoir oil mixtures, is the charac-
terization of the heavy hydrocarbon components. One characterization method which
appears to accurately match experimental data in the critical point region for rich
gas-reservoir oil mixtures, is based upon assigning separate paraffinic, aromatic,
and naphthenic cuts (Williams, et al., 1980). One of the aims of this study is to
provide experimental data to assist similar modelling efforts for CO,-reservoir oil
mixtures. Experimental phase equilibrium data for mixtures containing CO, and
heavy hydrocarbons, particularly aromatics, are scarce, and the behavior of multi-
component CO,~hydrocarbon systems is not readily deduced from the phase equilibria
of binary or“ternary systems.

EXPERIMENTAL SECTION

The apparatus used in this study is schematized in Figure 1. The Ruska P-V~T
set-up incorporated a viewable 192 cc through windowed equilibrium cell (Model
2329-800-16800), housed in a temperature controlled air bath (Model 2320-801-00),
and manifolded to a temperature controlled 1000 cc positive displacement pump
(Model 2236-WIII) filled with mercury. The cell and pump were also manifolded to
storage reservoirs. Temperature was maintained to * 0.3°C with an Omega Model
157-713 J temperature controller. Temperature was monitored to #* 0.05°C using an
Omega Model 199 digital thermometer employing numerous Pt - resistance probes.
Pressure was measured with a Heise Bourdon tube gage to * 0.5 atm at the maximum
pressure tested, based upon calibration versus an accurate dead weight tester.
Volumes were calculated from pump displacements measured to 0.01 cc and cathe-
tometer readings measured to * 0.1 mm. The overall performance of the P-V-T
apparatus was checked versus the reported pressure-volume isotherm for the binary
system n-decane-CO, at 160°F, and was found to agree within 1% of the reported data
(Reamer and Sage, %963).

A Mettler -~ Paar DMA 45 digital density meter with a DMA 512 remote cell for
high pressure/temperature measurement was also connected to the P-V-T cell. 1In
addition, side ports on the cell incorporated Precision Sampling high pressure/
temperature sampling yokes which permitted syringe collection of microliter size



A - Positive Displacement Pump G - Mercury Reservoir

B - Pressure Gage H - Sompling Yokes
C -P-v-T Cell | - Mercury Level Indicator
D - Air Both J - Line Filter
E ~ Densitometer K - Flash Separator
F - Cothetometer L - Wet Test Meter
TC - Temperature Controller M - Storoge Reservoirs

— To Vent, Vaccum, or Compressed Gas

Figure 1. Schematic of experimental apparatus.



samples of equilibrated phases for direct chromatographic analysis using a Hewlett-
Packard 5880 gas chromatograph (see Part II). Correlating analyses of equilibrated
phases were made by flash liberation and recombination methods. The high pressure
syringe sampling technique provided the more reliable estimate of C0Q, and pentane
content, with minor disturbance of the sample mixture. The analyses o% flashed oil
samples gave more accurate results for the heaviest hydrocarbons, but the sample
mixture was consequently sacrificed. Pressure control was generally better than
£ 1 atm during either type of phase sampling, as well as during phase density
determinations.

In a typical experiment, synthetic oil and CO, were volumetrically charged at
constant temperature and pressure from pressurizéd storage reservoirs into the
P-V-T cell. The cell was then brought to run temperature and equilibrated over-
night. The cell's contents were mechanically mixed and P-V-T measurements were
recorded as a function of increasing pressure by injecting mercury into the cell.
Additional steps were also taken to minimize the contamination of manifold mercury.
The mixing plus equilibration time required to obtain stabile readings for each
data point was usually less than 45 minutes. Although temperature was accurately
known, the day to day repeatability was somewhat impaired by changes in room
temperature, despite cold junction compensation in the temperature controller. To
avoid adverse effects on temperature equilibration during a run, no adjustments
were made to improve temperature repeatability. All but 6 cc of the cell volume
could be observed with an external cathetometer view site calibrated to 0.1 cc.
Because the upper 6 cc of the cell was not visible through the cell windows, data
were not collected at saturation conditions. The bubble-point and dew-point
pressures used to construct phase envelopes were determined from least squares
analyses of the pressure dependence of the volume percent of vapor or liquid phase.
The least squares method was simple and highly reproducible; however, the predicted
bubble-points were usually about 2% higher than values suggested by other curve
fitting relations such as the "Y" correlation.

The CO, and the various hydrocarbons examined in this study were the highest
purity provided by the manufacturer, and were used without further purification,
except for flashing the CO, from the main storage cylinder prior to liquefication,
and some filtering of hy&%ocarbons. The CO, used in this study had a stated
minimum mole purity of 99.5%. The hydrocarbéns used were obtained from various
vendors and were typically 99% pure.

RESULTS AND DISCUSSION

To overcome the inherent difficulties in measuring or modelling how hydro-
carbons distribute between phases in the myriad system of a natural oil, synthetic
oils were created using selected aromatic and/or paraffinic compounds. Analogous
components were not chosen on the basis of equivalent carbon number. Selections
were instead based upon a match of physical properties (density, melting point,
normal boiling point), and whether phase equilibria data for binary and ternary
systems were available (Zarah, et al., 1974; Yang, et al., 1976). Table 1 shows
the compositions of the three oils that were examined, and Table 2 contrasts
various properties of the oils. The low molecular weight portions of the oils were
similar in that each oil contained 20 mole percent pentane and at least 30 mole
percent decane. Analogous component substitutions largely appear in the high
molecular weight portions of the oils. For example, the squalane content of the
paraffinic oil (oil 1) is replaced with biphenyl in the paraffinic-aromatic oil
(0il 2). The seven component oil (oil 3) is a 50-50 blend of oil 1 and oil 2.



OIL 1
20% Pentane

50% Decane

20% Eicosane

10% Squalane

Table 1

SYNTHETIC OIL COMPOSITIONS (MOLE PERCENT)

OIL 2

20% Pentane

30% Decane
20% n-Butylbenzene

20% 2-Methylnaphthalene

10% Biphenyl

0IL 3

20% Pentane

40% Decane
10% n-Butylbenzene

10% Eicosane
10% 2-Methylnaphthalene

5% Squalane
5% Biphenyl



Table 2

PROPERTIES OF SYNTHETIC OILS

Molecular Weight (g/g-mol)

Density (g/cc)

(21.1°C, 1 atm)
(21.1°C, 102 atm)
(37.8°C, 102 atm)

Viscosity (cp)

(21.1°C, 1 atm)

Carbon Content (%)

(saturated)
(unsaturated)

0IL 1

183

0.756
0.763
0.752

2.27

100

OIL 2

128

0.823
0.830
0.819

1.13

33
47

OIL 3

156

0.780
0.787
0.776

1.54

80
20



The raw experimental values of pressure and volume from the isotherms examined
for CO, - o0il 1 mixtures are presented in Table 3. Figure 2 shows the complete
phase énvelope at 39.1 °C generated from least squares analyses of the data in
Table 3 corrected to 39.1°C using room temperature data reported for the same CO, -
0il 1 mixtures (Monger and McMullan, 1983). Several features of this phase én-
velope are common with those reported for CO,-crude oil mixtures, exhibiting Type
II phase behavior (Stalkup, 1983a). These are simple bubble-point behavior for
mixtures with moderate amounts of COZ’ a region of liquid-liquid immiscibility for
mixtures with high amounts of CO,, ‘and a three phase liquid-liquid-vapor region
which is small on a pressure scale but easily observed on a volume scale. Two
additional features of the synthetic o0il phase behavior contrast with what is
routinely reported for natural crudes (Stalkup, 1983a). No solid phase was ob-
served and the size of the liquid-liquid phase region is notably smaller. Both of
these distinctions are likely due to the absence of C + components in the syn-
thetic oil (Orr, et al., 1981). Figure 3 shows the Complete phase envelope at
40.1°C generated for mixtures of CO, with oil 2. The raw experimental values of
pressure and volume which were analyzed by least squares to construct Figure 3 are
presented in Table 4. The data were again smoothed to the same temperature using
room temperature data reported for the same CO, - o0il 2 mixtures (Monger and Mc-
Mullan, 1983). In contast to what is observed for oil 1, complete miscibility
between CO, and oil 2 is achieved above a measured bubble-point pressure of 85 atm.
Figure 4 gﬁows the complete phase envelope at 38.2°C generated for mixtures of CO
with oil 3. The raw experimental values of pressure and volume which were analyzeg
by least squares to construct Figure 4 are presented in Table 5. Type II phase
behavior is exhibited with the size of the liquid-liquid phase region greatly
reduced. The open circle at 100% CO, in Figures 2, 3 and 4 is the extrapolated
vapor pressure of pure CO, (Newitt, €t al., 1956). This is a hypothetical wvapor
pressure since CO2 is supefcritical.

The asterisks in Figure 2 for oil 1 and Figure 4 for oil 3 indicate the condi-
tions at which samples of both CO,-rich liquid and oil-rich liquid were taken for
phase analyses. 0il 2 is single Phase at these conditions. For oil 1, at 38.5°C
and 96.5 atm, the total 90.0 mole percent CO, sample mixture exhibited a density of
0.768 g/cc and a molar volume of 75.4 cc/g-m6l. For oil 3, at 38.7°C and 95.3 atm,
the total 90.0 mole percent CO, sample mixture exhibited a demsity of 0.791 g/cc
and a molar volume of 69.8 cc/g-mol. The results of the liquid-liquid phase an-
alyses are presented in Tables 6 and 7. The density and volume percent values
listed in Table 6 represent raw experimental data. Other data listed in Tables 6
and 7 are smoothed by material balance calculations. The data show that for both
sample mixtures the phase which predominates on a mass and volume basis is the less
dense, CO,-rich liquid phase. For oil 1, the CO,-rich liquid phase extracts 38.2
mole percént or 31.7 weight percent of the oil. “For oil 3, hydrocarbon extracton
by the CO,-rich liquid phase is significantly improved to 78.2 mole percent or 76.4
weight pefFcent of the oil.

Table 8 presents liquid-liquid equilibrium ratios calculated from the liquid
phase compositions listed in Table 7. The results in Table 8 show that for both
0il 1 and oil 3, CO, is the only component that preferentially partitions into the
CO,-rich liquid phase. All of the hydrocarbon components concentrate in the oil-
ri€h liquid phasé. This is perhaps surprising for the aromatic components, since
the o0il 2 phase envelope (Figure 3) shows that CO, and the aromatics are completely
miscible at the samp!ing conditions. The resuf%s in Table 8 also show that the
aromatic components ii 0il 3 greatly enhance the ability of the C02-rich liquid



MEASURED VALUES OF PRESSURE AND VOLUME FOR ISOTHERMS OF CO

Table 3

- OIL 1 MIXTURES

2
PRESSURE PHASE TOTAL MOLAR VAPOR LCOZ LOIL
(atm) REGION VOLUME (cc/g-mol) (volume %) (volume %) (volume %)
28.5 MOLE PERCENT C02, 40.0°C
12.2 LOIL + V 545.5 66.74 0 33.26
13.5 LOIL + V 488.3 62.43 0 37.57
14.4 LOIL + V 451.6 59.59 0 40.41
16.1 LOIL + V 390.5 53.02 0 46.98
24.7 LOIL + V 227.7 16.31 )] 83.69
28.7 a 196.9 a 0 a
50.0 LOIL 191.3 0 0 100
97.8 LOIL 189.7 0 0 100
149.1 LOIL 188.6 0 0 100
196.6 LOIL 187.7 0 0 100
240.0 LOIL 186.9 0 0 100
51.9 MOLE PERCENT COZ’ 42.1°C
36.5 LOIL + V 276.3 52.52 0 47.48
43 .4 LOIL + V 217.1 37.57 0 62.43
52.3 LO L + Vv 166.3 15.07 0 84.93
63.7 £OIL 145.7 0 0 100
93.6 LOIL 143.8 0 0 100
141.1 LOIL 142.8 0 0 100
190.2 LOIL 141.9 0 0 100
237.4 LOIL 141.1 0 0 100
76.5 MOLE PERCENT COZ’ 40.4°C
70.7 LOIL + V 144.6 44,65 0 55.35
75.3 LOIL + Vv 124.1 31.60 0 68.40
80.8 LOIL + V 101.3 7.74 0 92.26
82.9 I‘O Lt v 99.4 6.80 0 93.20
93.2 i 97.0 0 0 100
131.9 LOIL 95.9 0 0 100
161.7 LOIL 95.1 0 0 100
189.2 LOIL 94.5 0 0 100
217.1 LOIL 94.0 0 0 100



69.
76.
81.
84.
84.
93.
120.
155.
190.
231.

79.
79.
79.
80.
80.
93.
119.
157.
194.
237.

95.
102.
108.
115.
123.
130.
138.
154.
174.
196.
229.
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Table 3 (cont.)

84.3 MOLE PERCENT COZ’ 40.7°C

Logg * V 175.8 70.42
L + 139.8 59.05
LI + v 112.3 42.94
Loy i Loy * 97.6 28.02
LOIE 4+ L% + ¥ 92.3 12.27
L~ 4CP 85.8 0
org. * Fcoz
82.9 0
01L
LT 81.7 0
L 80.8 0
10IL 79.8 0
OIL :
89.7 MOLE PERCENT CO,, 39.1°C
L + L + V 106.0 52.42
Lgii + ngg +V 100.3 43.26
LOLE + Logs + ¥ 94 .4 33.02
I 4 1002 + v 88.3 19.40
a 82.4 a
Lorr * Leoz 76.8 0
oIl | ¢ 73.6 0
orf. * Loz
71.6 0
01L
L 70.3 0
101k 69.1 0
01L '
90.0 MOLE PERCENT CO,, 39.1°C?
Lors * Leog 75.9 0
1OIL 4 ¢ 75.0 0
orr T Lcoz
L + L 74.2 0
o1 * Lcoz
oIl g 73.6 0
o1t T Lcoz
oIk 4 72.9 0
o1 T Lcoz
oIl , ¢ 72.4 0
o1 * Tcoz
71.9 0
o2
L 71.2 0
o2
L 70.5 0
o2
L 69.8 0
1.€02 68.9 0
o2 :

cC o

2.92
17.07
23.67

[~ NN

10.29
17.96
27.16
39.29

56.95
57.45
100
100
100

59.26
59.21
59.36
60.08
61.03
67.06
100
100
100
100
100

29.58

40.95
57.06
69.06
70.66
76.33
100
100
100
100

37

39
41

43

.56
38.

78

.82
.31
43.

03

.05
42.

55

40.74
40.79
40.64
39.92
38.97
32.94

cCOoOOoCOOo



- Table 3 (cont.) o

93.9 MOLE PERCENT CO,, 42.1°C
88.4 L. +L 88.8 0 77.34 22.66
89.2 Lgii + ngg 83.8 0 77.32 22.68
90.3 Lo+ LSO2 83.7 0 77.21 22.79
105.7 Lok + 1502 72.2 0 78.48 21.52
130.6 LIk 4 1802 67.5 0 86.33 13.67
160.6 LTL + 1002 64.7 0 93.18 6.82
195.5 Ecoz 63.0 0 100 0
232.6 Lo02 61.8 0 100 0

3Near bubble-point. Possible L/V interface in cell's dead volume.
Duplicate run.
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Figure 2. Phase equilibria for mixtures of CO2 and oil 1 at 39.1°C.
Closed circles are data points; open circle is extrapolated

CO2 vapor pressure; asterisk indicates liquid-liquid sampling
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Table 4

MEASURED VALUES OF PRESSURE AND VOLUME FOR ISOTHERMS OF CO, - OIL 2 MIXTURES

2
PRESSURE PHASE TOTAL MOLAR VAPOR LIQUID
(atm) REGION VOLUME (ce/g-mol) (volume %) (volume %)
24.7 MOLE PERCENT COZ’ 41.2°C
20.8 LOIL +V 223.3 42.63 57.37
23.5 LOIL +V 187.4 30.84 69.16
29.0 LOIL + V 144.9 8.76 91.24
31.4 a 135.3 a a
66.4 LOIL 131.3 0 100
110.0 LOIL 130.4 0 100
160.1 LOIL 129.4 0 100
216.2 LOIL 128.9 0 100
49,7 MOLE PERCENT COZ’ 39.9°C
47.6 LOIL + V 152.6 36.13 63.87
50.5 LOIL + Vv 134.2 25.69 74.31
56.4 LO L + Vv 109.8 6.08 93.92
69.1 ie. 104.4 0 100
94.0 LOIL 103.7 0 100
141.7 LOIL 103.0 0 100
178.6 LOIL 102.4 0 100
223.2 LOIL 101.8 0 100
74.9 MOLE PERCENT 002 39.9°C

75.2 LOIL + Vv 83.2 8.81 91.19
76.3 LO L + V 80.3 4.10 95.90
108.1 EOIL 77.5 0 100
132.3 LOIL 76.8 0 100
147.1 LOIL 75.7 0 100
212.2 LOIL 75.2 0 100

11



61.
67.
71.
75.

99.
145.
187.
229,

58.
66.
77.
79.
92.
124,
163,
199.
235.

73.
75.
76.
79.
107.
144.
189.
230.

78.
81.
82.
108.
148.
185.
225.
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Table 4 (cont.)

81.5 MOLE PERCENT CO

81.8 MOLE PERCENT COZ’ 40.7°C

88.9 MOLE PERCENT CO

92.8 MOLE

12

199.
166.
138.
109.
84.
71.
70.
69.
68.

230.
173.
95.
80.
72,
71.
70.
69.
68.

145.
112.
91.
68.
65.
63.
61.
60.

NODOFRWWULONO O PWWO PO W

SN N OoOWNWOo

2!

2’

40.6°C

79.74
74.18
65.59
49.89
23.39

OO OO0

b

83.82
75.78
36.43
15.96

[ =3 = o R o

38.9°C

78.62
63.02
43.76

OO0 Ow

PERCENT C02, 40.0°C

83.
74.
70.
63.
60.
58.
57.

~N WU WO

37.97
22.98
12.07

ocoOoCo

20.26
25.82
34.41
50.11
76.61
100
100
160
100

16.18
24,22
63.57
84.04
100
100
100
100
100

21.38
36.98
56.24

100
100
100
100

62.03

77.02

87.93
100
100
100
100



82.
83.
100.
149.
188.
232.

S W OhWoo

Table 4 (cont.)

94.8 MOLE PERCENT CO,, 39.8°C
L.+ 69.2 9.49
OIL, 66.3 a
L 62.4 0
rOIL 58.5 0

0IL

L 56.7 0
1L 55.1 0
0IL .

90.51

100
100
100
100

8Near bubble-point. Possible L/V interface in cell's dead volume.
Duplicate run.
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Figure 3. Phase equilibria for mixtures of CO2 and oil 2 at 40.1°C.

Closed circles are data points; open circle is extrapolated

002 vapor pressure.
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Table 5

MEASURED VALUES OF PRESSURE AND VOLUME FOR ISOTHERMS OF CO2 - OIL 3 MIXTURES

PRESSURE PHASE TOTAL MOLAR VAPOR LCOZ LOIL
(atm) REGION VOLUME (cc/g=mol) (volume %) (volumé %) (volume %)
31.9 MOLE PERCENT COZ, 38.0°C
15.3 LOIL +V 435.5 67.45 0 32.55
18.3 LOII, +V 344.4 57.59 0 42.41
23.0 LOIL + Vv 253.4 40,85 0 59.15
27.4 LOIL + V 197.0 22.95 0 77.05
30.9 a 163.3 a 0 a
64.9 LOIL 156.2 0 0 100
114.0 LOIL 155.4 0 0 100
163.8 LOIL 154.5 0 0 100
212.1 LOIL 153.8 0 0 100
245.4 LOIL 153.2 0 0 100
50.7 MOLE PERCENT COZ’ 38.2°C
29.1 LOIL +V 343.0 68.16 0 31.84
34.1 LOIL +V 271.1 58.65 0 41.35
41.2 LOIL + V 199.4 41.41 0 58.59
48.3 LOIL +V 148.3 17.64 0 82.36
55.9 a 128.0 a 0 a
58.2 LOIL 127.9 0 0 100
102.6 LOIL 126.9 0 0 100
144.1 LOIL 126.2 0 0 100
191.0 LOIL 125.4 0 0 100
238.8 LOIL 124.7 0 0 100
70.0 MOLE PERCENT C02, 38.5°C
53.6 LOIL +V 175.2 56.62 0 43,38
55.9 LOIL +V 158.9 50.65 0 49.35
58.4 Loyp * V 142.6 43.38 0 56.62
61.2 LOIL + V 126.4 34.51 0 65.49
63.1 LOIL + V 115.5 25.86 0 74.14
66.1 a 99.2 a 0 a
96.8 LOIL 93.2 0 0 100
134.4 LOIL 92.5 0 0 100
184.2 LOIL 91.7 0 0 100
232.0 LOIL 90.9 0 0 100
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73.
74.
74.
75.
75.
106.
129.
162.
197.
233.

77.
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77.
77.
85.
110.
146.
194.
232.

85.
91.
99.
129.
157.
188.
215.
226.
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Table 5 (cont.)

82.6 MOLE PERCENT COZ’ 38.0°C

103.
97.
90.
84.
78.
75.
74.
73.
72.
71.

89.7 MOLE

83.
81.
78.
76.
74.
71.
68.
65.
63.
61.
60.

90.0 MOLE

71.
70.
69.
67.
66.
65.
64.
64.

16

U PSP =

40.19
33.84
25.72
16.30

o NoNoRellel)

PERCENT COz, 38.4°C

oo~ WO NSy

31.02
26.48
21.80
16.06
10.35

CcCOoOCOoOoOw

PERCENT CO,, 38.7°C”

WO~ NW

[eN=NolvloNeRo ol

[eNoNoNeRol ol ool i)

45.95
50.42
55.22
60.85
66.42

82.00
100
100
100
100

63.89
81.23
100
100
100
100
100
100

59.81
66.16
74.28
83.70

100
100
100
100
100

23.02
23.09
22.98
23.09
23.23
23.36
18.00

[« e}

36.11
18.77

COoOOO0O0O



73.
76.
77.
78.
78.
92.
135.
174,
198.
235.

79.
80.
83.
92.
117.
160.
203.
235.

3Near bubble-point.

OO ~NNO 0
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LorL *aLcoz

+V
+ v
L01}: * Leog
£€02
£€02
£€02
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Co2

0IL
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L
01
£‘002

icoz
rco2
o2

Duplicate run.

Table 5 (cont.)

90.3 MOLE PERCENT CO

154.
124.
104.
84.
69.
63.
59.
57.
56.
55.

95.2 MOLE PERCENT C02, 38.2°C

84.
74.
69.
64.
59.
56.
54.
52.

17

WrWMNMNO-=PDON~O

OO~ WW

2’

90.66
84.63
69.59
41.76

CoOoOooOooOow

39.04

ococooococow

38.0°C

[N =}

20.26
48.51

96.03
100
100
100
100

58.35

98.21
99.43
100
100
100
100

Possible L/V interface in cell's dead volume.

el
WO o

(= = N = R o)

.34
.37
.15
.72
.05
.97
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Figure 4. Phase equilibria for mixtures of CO2 and oil 3 at 38.2°C.

Closed circles are data points; open circle is extrapolated
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Table 6

PROPERTIES OF LIQUID PHASES

OIL 1 0IL 3
o,  TorL Leo,  Torr
2

Density (g/cc)
(38.6°C, 97.1 atm) 0.749 0.779
(37.4°C, 95.2 atm) 0.785 a
Volume (%)
(38.5°C, 96.5 atm) 60.7 39.3
(38.7°C, 91.2 atm) 83.9 16.1
Molar Volume (cc/g-mol)
(38.5°C, 96.5 atm) 66.4 95.6
(38.7°C, 91.2 atm) : 68.7 79.1
a. Insufficient sample for direct measurement; density by material

balance = 0.797 g/cc.
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Table 7

LIQUID PHASE COMPOSITIONS (MOLE PERCENT)

OIL 1 OIL 3
COMPONENT LCO2 Lorr LCOZ LotL
co, 94.44  80.32 90.87 84.82
Pentane 1.53 3.01 1.95 2.25
Decane 3.15 9.02 3.68 5.90
n-Butylbenzene e . 0.92 1.47
Eicosane 0.65 4.96 0.84 1.96
2-Methylnaphthalene . L 0.89 1.66
Squalane 0.23 2.69 0.41 1.05
Biphenyl 0.44 0.86
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Table 8

LIQUID-LIQUID EQUILIBRIUM RATIOS?

COMPONENT OIL 1 OIL 3

CO2 1.176 1.071
Pentane 0.508 0.867
n-Butylbenzene o 0.626
Decane 0.349 0.624
2-Methylnaphthalene o 0.536
Biphenyl o 0.512
Eicosane 0.131 0.429
Squalane 0.086 0.390

Mole fraction of component in C02-rich liquid phase

3 MHole fraction of component in oil-rich liquid phase
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phase to extract paraffinic hydrocarbons. This dramatic result is evident from a
comparison of the oil 1 and oil 3 data for any of the paraffins, but is most pro-
nounced for eicosane and squalane.

The expected relationship between a hydrocarbon's molecular weight and its
solubility in the CO,-rich liquid phase is also illustrated by the data in Table 8
(Zarah, et al., 1974; Yang, et al., 1976). Table 8 lists components in order of
increasing molecular weight. For both oil 1 and oil 3, the liquid-liquid equi-
librium ratio decreases with increasing hydrocarbon molecular weight. Thus co
exhibits the ability to selectively extract lighter components from a mixture o%
hydrocarbons. Table 9 presents liquid-liquid selectivities calculated from the
liquid phase compositions listed in Table 7. The results in Table 9 show that
selective extraction by CO2 is significantly impaired by the presence of aromatic
components.

CONCLUSIONS

1. Several features of the phase behavior exhibited by mixtures of CO,, with
complex reservoir fluids can be modelled using synthetic oils create% from
a small number of hydrocarbon components. This facilitates studies of oil
compositional effects in €O, flooding, because experimental data can be
more easily verified by material balance.

2. No solid phase was observed for CO, -synthetic oil mixtures, and the
liquid-liquid phase regions which were observed were notably smaller.
Both of these distinctions are likely due to the absence of C30+ com-
ponents.

3. The ability of supercitical CO, to extract hydrocarbons is influenced by
the presence of aromatic components. Phase equilibria results suggest
that both heavy paraffinic and heavy aromatic hydrocarbons must be present
to demonstrate this compositional effect. This improves our understanding
of the CO, multiple-contact miscible displacement process, because natural
reservoir®fluids contain heavy hydrocarbons of both chemical types.

4. Paraffins, especially heavy paraffins, are more readily extracted into the
CO.-rich liquid phase in the presence of heavy aromatics. As a con-
sefuence of the improved extraction, aromatics impair C€O,'s ability to
selectively solubilize lighter hydrocarbon components. Both effects are
beneficial in enhanced oil recovery operations using CO,, because an
efficient €O, flood depends upon extensive hydrocarbon extraction into a
COZ-rich phase, with no selectivity requirements.

5. The phase behavior results provide an explanation for laboratory displace-
ment experiments which showed that when a highly paraffinic crude oil was
enriched with heavy aromatics, the CO, miscibility pressure was lowered
and oil recovery was improved (Holm and”Josendal, 1982).

22



Lighter Component

TABLE 9

LIQUID-LIQUID SELECTIVITIES®

Decane
Decane
n-Butylbenzene
n-Butylbenzene
Decane
Decane
n-Butylbenzene

n-Butylbenzene

Heavier Component 0IL 1 0IL 3
Eicosane 2.66 1.46

2-Methylnaphthalene L 1.16
Eicosane . 1.46

2-Methylnaphthalene o 1.17
Squalene 4.08 1.60
Biphenyl o 1.22
Squalane . 1.60
Biphenyl i.22

Mole fraction lighter component)

(Mole fraction heavier component COZ-rich liquid Phase

(Mole fraction lighter component)
liole fraction heavier component’oil-rich liquid phase
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PART II - MULTIPLE CONTACT PHASE EQUILIBRIA EXPERIMENTS WITH MIXTURES
OF CARBON DIOXIDE AND BROOKHAVEN RESERVOIR OIL

INTRODUCTION

The ultimate oil recovery resulting from both primary and secondary immiscible
flooding processes is generally within the range of 20 to 40% of the original oil
in place. The ultimate recovery achievable by immiscible flooding is a function of
three factors:

(1) volumetric sweepout of the reservoir by the injection fluid,
(2) capture of the displaced oil at producing wells, and

(3) displacement efficiency of the injection fluid in the reservoir portion
that is swept (Stalkup, 1983a).

Of these three factors miscible flooding greatly improves the third. The
displacement efficiency of immiscible floods is a function of the rock wettability
and the interfacial tension (IFT) at the oil/ water or oil/gas interface (Stalkup,
1983a). Of the two, miscible displacement affects the IFT more significantly;
although, it has been reported in the literature that in certain miscible processes
the rock wettability is also affected (Ehrlich, et al., 1983). Two fluids are
miscible when they mix together in all proportions and the mixture remains single
phase. Since only one phase results from the mixing, there are no interfaces and
consequently no IFT between the fluids (Stalkup, 1983a). Because of no IFT between
the fluids, 100% recovery of the oil contacted can be obtained in miscible floods.

There are two classifications of fluids used in miscible displacements:
(1) first-contact miscible (FCM), and
(2) dynamic or multiple-contact miscible (MCM) .

The FCM solvents mix directly with reservoir oils in all proportions and their
mixtures always remain single phase. Propane and liquid petroleum gas (LPG) are
the solvents most commonly used in the FCM process. The MCM solvents develop
miscibility in-situ by mass transfer of oil and solvent components through repeated
contacts with the reservoir oil. The fluids most commonly used in the MCM process
are enriched natural gas, high pressure natural gas, flue gas, nitrogen, and carbon
dioxide (COZ) (Stalkup, 1983b).

There are two main mechanisms in the MCM spectrum. One is the condensing-gas
drive process which develops miscibility by the transfer of intermediate-molecular-
weight hydrocarbons (C, - C.) from the injected gas into the reservoir oil.
Natural gas with appreciable concentrations of C, - C6 hydrocarbons is normally the
injection fluid. The other is the vaporizing-gas drive process which develops
miscibility by the transfer of intermediate-molecular-weight hydrocarbomns from the
reservoir oil into the injected gas. MHigh pressure natural gas, flue gas, and
nitrogen are normally the injection fluids (Stalkup, 1983b). The mechanism which
best describes the use of CO2 is not completely understood.
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Through the use of pseudoternary diagrams, Hutchinson and Braun (1961) discuss
the mass transfer mechanisms by which MCM operates. In the condensing-gas drive
process (Figure 5), the oil is enriched with the intermediate-molecular-weight
hydrocarbons from the injection gas causing the oil's composition to move along the
bubble-point curve to the plait point. In the vaporizing-gas drive process (Figure
6), the injection gas is enriched with intermediate-molecular-weight hydrocarbons
from the oil causing the gas's composition to move along the dew-point curve to the
plait point. Miscibility is developed once the composition of the oil or injection
gas reaches the plait point. Significant IFT reduction is obtained for composi-
tions which approach but do not reach the plait point, thus the MCM process 1is
effective despite the adverse affects of dispersion or viscous fingering.

The mechanism by which CO, develops miscibility is not completely understood.
At reservoir temperatures greater than 120°F, CO, appears to develop miscibility by
the vaporizing-gas drive mechanism. This is re%erred to as Type I phase behavior
(Stalkup, 1983a). In Type I phase behavior, only vapor and liquid phases coexist
on the P-X diagram. At reservoir temperatures less than 120°F, CO, appears to
develop miscibility by a combination of the vaporizing-gas and condensing-gas drive
mechanisms. This is referred to as Type II phase behavior (Stalkup, 1983a). 1In
Type I1 phase behavior, a three phase region is found on the P-X diagram. In this
region there are two distinct liquid phases and a vapor phase (Stalkup, 1983a). It
is reported in the literature that a solid asphaltic phase has been seen in both
types of phase behavior (Monger, 1984; Shelton and Yarborough, 1976). Carbon
dioxide has a distinct advantage over natural gas, flue gas, or nitrogen, because
it can achieve miscibility at substantially lower pressures making CO, flooding
amenable to a broader spectrum of reservoirs (Stalkup, 1983a). This abfiity comes
from the fact that the vaporizing-gas drive gases extract mainly 02 - C6 while CO2
extracts hydrocarbons as deep as C30 (Holm and Josendal, 1974).

There are many papers in the literature that report the phase equilibria
observed in static, single-contact pressure-volume-temperature (PVT) measurements
of CO,-0il systems. Also, a large number of papers use oil displacement results
from dynamic systems to infer the CO, and oil phase behavior relevant to the MCM
process. There are, however, just a é%w papers in the literature which use static,
multiple-contact PVT measurements to directly address the phase behavior in the MCM
process. These papers are briefly discussed in the next paragraph. A good under-
standing of the multiple-contact phase behavior is needed to calibrate the equation
of state (EOS) used in reservoir simulators to predict CO2 flood performance.

Coats and Smart (1982) examined the compositions that resulted from multiple-
contact vaporization of a crude oil with a predominately methane gas. In their
experiment, they contacted the oil with the gas, allowed the system to equilibrate,
then sampled and removed the vapor phase at constant pressure. The compositional
data from their experiment were used to calibrate an E0S. Shelton and Yarborough
(1976) did multiple-contact work using rich gas which behaves somewhat like CO..
The results from their vaporization experiments showed that the oil-rich phase wis
stripped of its C fraction. In their single-contact work, they reported the
precipitation of a tar-like solid for both CO, and the rich gas. There was no
multiple-contact work done with CO,. Menzie “and Nielsen (1963) did multiple-
contact work in determining the success of oil recovery by CO, vaporization. They
contacted oil with CO, at a 1:1 volume ratio at run conditichs. The contents in
the cell were agitatéﬁ and allowed to come to equilibrium. The vapor phase was
then removed from the cell at constant pressure. The amount of hydrocarbons pro-
duced from the vapor phase was measured. Menzie and Nielsen found that the higher
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the pressure the greater the amount of hydrocarbons produced. They also measured
the density of the produced liquid and the liquid left in the cell after each
contact. Their results showed that the density of both liquids increased after
each contact. Gardner, et. al., (1979) did forward and swept zomne multiple~contact
work using CO,. Forward contacts consist of contacting the CO,-rich phase, which
results from & previous mixing, with fresh reservoir oil. Forward contacts repre-
sent what is happening at the flood front where miscibility is developed. Swept
gone contacts comsist of contacting the oil-rich phase, which results from a
previous mixing, with pure CO,. The swept zone contacts represent what is happen-
ing in the near wellbore vicinity where the residual oil is being stripped by fresh
CO.. Their work was done with Wasson crude at 105°F which exhibited Type II phase
beﬁavior. They performed multiple-contact experiments at 2000 psia and 1350 psia
using a 2:1 volume mixture of CO, or the predominant CO,-rich phase to the oil at
run conditions. Single-contact ré&sults show that at 2000“psia and high CO, concen~
trations only two liquid phases appear plus a small amount of precipitate.” Certain
overall cell compositions at 1350 psia produced a lower liquid, upper liquid, and
vapor plus a small amount of precipitate. The results of their forward contacts at
2000 psia indicate that miscibility was obtained after the second forward contact
with the cell being completely filled with the upper liquid phase plus a small
amount of precipitate. Gardner, et al. warn against interpreting the phase
behavior results as what is happening at the flood front because the effects of
dispersion had not been taken into account. The forward contact results showed
that miscibility appeared to be developed by the vaporizing-gas drive mechanism
involving two liquid phases, while swept zone contacts showed the CO, stripping
away at the residual oil phase. Significant precipitation was noted in %he forward
contacts, and the precipitate had a high affinity for the glass window of the PVT
cell. No such precipitate was seen in the swept zone contacts. The multiple-
contact experiments at 1350 psia were similar to those at 2000 psia. The forward
contacts were different in two ways. The upper phase which was a vapor decreased
with successive contacts, and the amount of precipitate increased from contact to
contact. It was noted that the precipitate still had a high affinity for glass.
Very little compositional data was taken in either set of experiments. Turek, et
al., (1984) presented data from both single- and multiple-contacts using CO, and
several West Texas reservoir oils. In their single-contact work, they foun% the
absence of a liquid-liquid critical point and no liquid-liquid-vapor region at
temperatures above 110°F. The forward contacts were done by filling the PVT cell
with CO. and recombined reservoir oil to give an overall composition of 90 mole%
co,. Tﬁe system was allowed to come to equilibrium and the phases were sampled.
Thé oil-rich liquid phase was then removed at constant pressure, and a second
recombined o0il volume equal to the first was charged into the cell. Additional
contacts were conducted in the same manner. The sampling consisted of measuring
the density, viscosity, and composition of each phase. The swept zone contacts
were conducted by filling the cell with recombined reservoir oil and adding CO

incrementally until the overall composition was in the liquid-liquid region. After
equilibration at a fixed pressure and sampling, the CO, -rich liquid phase was
removed from the cell at constant pressure. Carbon dioxi&e was then added to the
cell to create the second swept zone contact. The sampling consisted of measuring
the density, viscosity, and composition of each phase. The results of the forward
contacts show that the amount of C, - C. in the CO.-rich phase increases from
contact to contact. Also, there is an increase in the % fraction in the CO,-rich
phase from contact to contact. Unfortunately, there is no detailed compositTon of
the C fraction to determine which hydrocarbons are in the CO,-rich phase. The
results of the swept zone contacts show that the residual oil-rich phase will have
a high viscosity and a composition of approximately 80 mole% CO2 with the remainder
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being heavy hydrocarbons. Miscibility was not obtained in the forward contacts
which were carried out to five contacts. Also, there was no mention of a solid
precipitate in the forward contacts.

Most of the previous work performed to infer MCM phase behavior used oil
displacement results and effluent compositions. Only two papers report the use of
static, multiple-contact PVT measurements to directly address the MCM phase
behavior. O0Of the two papers, only one presents compositional data. There are no
papers in the literature in which a highly asphaltic crude o0il was used in the MCM
experiments. This study was undertaken to contribute additional static, multiple-
contact PVT measurements and compositional data to the literature and to investi-
gate the MCM phase behavior for a highly asphaltic crude oil. Another unique
feature of this study is that the oil used was modified to resemble the composition
of the reservoir oil that would be contacted by the CO, during a flood. This
modification consisted of flashing the oil at 60 psia and 32°F. This was done
because when CO, first contacts the o0il, it vaporizes and/or exchanges place with
the methane and to a lesser extent C, - C4 (Holm and Josendal, 1974). It has been
reported by different investigators %hat in non-gravity-stable floods the methane
and to a lesser extent C2 - C6 bank ahead of the flood front (Tiffin and Yellig,
1982; Leach and Yellig, 1979 Holm and Josendal, 1982). This is because the
methane is more mobile than the CO,. Also, it has been reported via personal
correspondence that the methane banis behind the flood front in gravity-stable
displacements. This is because the density of the methane is less than that of the
CO, at reservoir conditions. Single- and multiple-contact constant-composition,
pressure traverses were performed in a Ruska through window PVT cell. Swelling
indexes were calculated for each of the pressure traverses in order to determine
the maximum swelling of the oil-rich phase and to determine the maximum extraction
by the CO,-rich phase. Detailed compositional analyses of the resulting phases
were made “for forward contacts to give some insight into how CO, develops misci-
bility. The compositional analyses were used to conclude how aeep the CO,-rich
phase would extract hydrocarbons and to what extent those hydrocarbons woilld be
extracted. Also, detailed compositional analyses of the resulting phases were made
for the swept zone contact to determine the composition and the amount of the
residual oil left in the reservoir during the development of miscibility and in
immiscible floods. Immiscible flooding behavior is likely to describe the huf-
n-puf method of o0il recovery (Patton, 1979). To some extent this study also
addresses the precipitate that results during the development of miscibility.

EXPERIMENTAL SECTION

Flashing The 0il

The o0il used in this study came from the Brookhaven field located in South
Central Mississippi. Brookhaven o0il is a highly asphaltic, black crude. This oil
was selected because phase behavior data is lacking on crudes of this nature, and
the phase behavior results could be compared to a wealth of oil displacement data
already available (Whitehead, et. al., 1981). In addition, an ample supply of the
0il was available. The stock tank oil has a gravity of 34.3° API and a molecular
weight by freezing point depression of 246 g/g-mole. The reconstituted reservoir
0il has a GOR of 276 SCF/STB at 83°F. The reservoir o0il was reconstituted by
Whitehead, et. al. (1981) and stored in a spherical transfer vessel at 1500 psia
which is well above the bubble point pressure of 1000 psia.

29



The oil used in the PVT experiments was modified to resemble the composition
of the reservoir oil that would be contacted by CO, during a flood. The modifica-
tion consisted of performing a flash vaporization of the reconstituted reservoir
0il at approximately 60 psia and 32°F. The flash vaporization was accomplished
through the use of a 2400 cc transfer vesser (Figure 7).

The following procedure was used in flashing the oil. The transfer vessel was
cleaned using toluene and hexane. The piston was pushed to the top of the vessel,
and the vessel was filled with hydraulic fluid. A Ruska double barrel, positive
displacement pump was connected to the bottom of the vessel while the top of the
vessel was connected to the spherical transfer vessel which contained the reconsti-
tuted reservoir (RR) oil. The hydraulic fluid was pressurized to a pressure
slightly greater than that of the RR oil to ensure that the piston was at the top
of the transfer vessel. RR oil was then allowed to flow through the top of the
transfer vessel to flush out any air or impurities trapped in the flow lines.
After about 10 cc of oil were caught in a beaker on the downstream side of the
transfer vessel, a reference volume of 250 cc of RR oil at 1500 psia and room
temperature was drawn into the transfer vessel. The transfer vessel was discon-
nected and then put into an ice-water bath. It remained in the ice-water bath from
four to six hours to obtain temperature equilibrium. A pressure drop of approxi-
mately 1100 psi was observed due to the cooling of the vessel's contents. Once
temperature equilibrium was obtained, the vessel was extracted from the ice-water
bath, and all the hydraulic fluid was removed from the vessel. Ice was packed
around the top of the transfer vessel to counteract room temperature effects. The
transfer vessel was rocked while the hydraulic fluid was withdrawn so phase equili-
brium could be obtained. The pressure on the vessel was about 60 psia after the
hydraulic fluid was removed and phase equilibrium was obtained. The transfer
vessel was then connected to the double barrel Ruska pump and the gas resulting
from the flash vaporization was removed at constant pressure. The modified oil was
then transferred into the oil reservoir on the back of the PVT apparatus. Approxi-
mately 200 cc of Brookhaven "Flashed" (BF) oil at 1000 psia and room temperature
were obtained from the flash. This procedure was repeated several times during the
course of the experimental work with good reproducibility, as confirmed by gas
chromatographic analyses of the BF oil. 0il compositions will be presented in
"Results and Discussion".

PVT Apparatus and Procedure

Apparatus

The existing PVT apparatus used in this study is shown in Figure 8. The Ruska
PVT set-up housed two viewable 191 cc through window equilibrium cells in a temper-
ature controlled air bath. The cells were manifolded to two temperature controlled
1000 cc positive displacement Ruska pumps. The cells and pumps were also mani-
folded to storage reservoirs. The air bath temperature was maintained to ¥ 0.5°F
of run temperature with an Omega Model 157-713 J temperature controller. Ruska
pump temperatures were maintained using a Neslab Exacal 100 glycol bath circulator
with an Endocal 150 flow through cooler. The temperature of the pumps, cells, air
bath, and other PVT equipment was monitored to % 0.1°F using an Omega Model 199
digital thermometer employing numerous Pt-resistance probes. Pressure was measured
with an analog or digital Heise Bourdon tube gauge to * 5 psi at the maximum
pressure tested of 5000 psia, based upon calibration versus an accurate dead weight
tester. Volumes were calculated from pump displacements measured to * 0.01 cc and

30



PRESSURE GAUGE

/ VALVE
METERING [ A
VALVE [ RECOMBINED
y RESERVOIR OIL
N N
PISTON : ~— 0 RINGS
\ \
\
N : HYDRAULIC
\ | FLuiD
N N
- \___v\ B
L VALVE
T_g

Figure 7. Transfer Vessel

31



-

N et

pr———————

r=——=

|

» |

!

1

|

]

r.________..___c‘a
o O RS o

A - Positive Displacement Pump G - Mercury Reservoir
B8 - Pressure Gage H - Sampling Yoke
C - P-V-T Cell | = Mercury Leve! Indicator
D - Air Bath J - Line Filter
E - Densitometer K - Flash Separator
F - Cathetometer L - Wet Test Meter
TC - Temperature Controller M - Storage Reservoirs

— To Ven!, Vacuum, or Compressed Gos

Figure 8. Schematic of Phase Behavior Equipment

32



cathetometer readings measured to 0.1 mm. The maximum working pressure of the PVT
apparatus was 4000 psia. The overall performance of the PVT apparatus was checked
versus the reported pressure-volume isotherm for the binary system n~decane-CO, at
160°F, and was found to agree within 1% of the data reported by Reamer and Sage
(1963).

Procedure

The PVT experiments were done for single~ and multiple-contacts. Single-
contact experiments for mixtures covering the entire CO, compositional range were
performed at approximately 111°F and 141°F. These two %emperatures permitted the
investigation of both Type I and Type II phase behavior (Stalkup, 1983a). Also,
these temperatures coincide with preexisting sandpack displacement data (Whitehead,
et. al., 1981). In addition one CO,-BF o0il mixture was examined at room tempera-
ture. All single-contact experiments employed the following procedure. The clean
respective flow lines and cell were first evacuated using a vacuum pump. A vacuum
of approximately 100 - 150 pm as measured by a McLeod vacuum gauge was obtained.
The cell was then volumetrically charged with BF o0il from the o0il reservoir at
known pressure and temperature. The flow lines were again cleaned using toluene
and hexane and evacuated. Carbon dioxide was then volumetrically charged into the
cell from the CO, reservoir at known pressure and temperature to make the desired
total composition. The mole percents of CO, and BF o0il were calculated using the
appropriate molecular weight and density ag the pressure and temperature of the
charge. The air bath was turned on at least 12 hours before the start of a con-
stant-composition, pressure traverse (run) to ensure temperature equilibrium in the
PVT cell. A run was then performed as described below to a maximum pressure of
about 3500 psia. The system was then allowed to settle overnight to let the
mercury precipitate out of the oil-rich phase. All but approximately 50 cc of the
mercury was withdrawn at about 1 cc/min from the cell into the pump the following
day. The slow withdrawal rate minimized contamination of the manifold mercury with
sample which would then be lost from the cell. Stable pressure and volume readings
were taken after mercury withdrawal. This was done to keep track of the mercury
balance in the cell. Additional CO, was then charged into the cell, thus making a
new total composition in the cell. %fter three runs, the contents of the cell were
removed to terminate the growing carry over error in the cell’'s mercury balance.
The cell was cleaned with toluene and hexane and dried with compressed air or
nitrogen. This entire process was repeated several times to complete the single-
contact PVT experiments.

The following procedure was used for completing each run. A manifold compres-
sibility check was done to account for pressure effects on the mercury outside the
cell and to check for leaks in the flow lines. The bottom of the cell was opened
and mercury was injected into the cell until the pressure increased by 50 to 70
psi. The indicated pump volume was then recorded. To obtain phase equilibrium in
a reasonably short time, the bottom of the cell was closed, and the contents of the
cell were thoroughly mixed by rocking the cell in a horizontal position. Rotating
the cell to a horizontal position increases the surface area available for mass
transfer and the rocking increases it even more by creating waves. The mercury in
the cell also enhanced the mixing, so that phase equilibrium was obtained with 10
min of cell rocking. The system was then completely inverted and then turned
right-side-up. The bottom of the cell was then opened so pressure measurements
could be taken. Pressure, pump temperature, and cell temperature were recorded
every 5 min. until a stable reading was obtained. The interface was then measured
using the cathetometer. This procedure was repeated until the pressure was near
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2000 psia, and then pressure increments of 500 psi were employed until a maximum
pressure of approximately 3500 psia was obtained.

The multiple-contact experiments were done at approximately 112°F. This
temperature was selected because available oil displacement results at this temper-
ature did not show an atypical "S" appearance in the oil recovery versus pressure
curve (Monger, 1984). The procedure was similar to the single-contacts, except
that sample mixtures were created on a phase volume basis at a prescribed pressure
and temperature instead of a mole CO, and BF oil basis. The forward and swept zone
contacts were performed at approximately 2:1 volume mixture of the CO, -rich phase
to the BF o0il or the CO, to the oil-rich phase, respectively. A 2:1 volume mixture
was chosen to reflect that the CO, or the CO,-rich phase is at least twice as
mobile as the oil or oil-rich phasé. The conditions at which the 2:1 volume mix-
tures were made were approximately 1800 psia and 111°F. Sandpack displacements
(Monger and McMullan, 1983) and the minimum miscibility pressure correlations of
Yelling and Metcalf (1980), and Holm and Josendal (1982) predicted that 1800 psia
is at or above the minimum miscibility pressure of the oil at 112°F. Also, 1800
psia is approaching the upper limit of the high pressure/temperature compositional
sampling equipment.

The multiple-contacts were started with an initial mixture of 94.6 molej CO
and 5.4 mole% BF o0il because this mixture was in the two phase region of the P-
diagram. In the forward contacts, the CO,-rich phase was sampled and metered into
an evacuated cell at constant pressure. fter the CO,-rich phase was charged into
the evacunated cell, the oil-rich phase was sampled. “The CO,-rich phase was then
contacted with fresh BF o0il. A pressure traverse was conducted as described above
to a maximum pressure of about 3500 psia. The system was then allowed to sit at
high pressure and run temperature for at least 12 hours to let the mercury settle
out of the oil-rich phase. By withdrawing mercury from the cell at 0.5 to 1.0
cc/min, the pressure was lowered to approximately 1800 psia for sampling and charg-
ing an evacuated cell with the CO,-rich phase for the second forward contact.
Three forward contacts were done in:%his manner. In the swept zone contacts, the
CO,-rich phase of the initial mixture was sampled and removed at constant pressure
ana the oil-rich phase was trapped in the cell. The mercury was then removed from
the cell at about 1 cc/min. until approximately 50 cc remained in the cell. The
0oil-rich phase was then contacted with pure CO, and a run was conducted as de-
scribed above to a maximum pressure of approxifmately 3500 psia. The system was
allowed to sit at high pressure and run temperature for at least 12 hours so the
mercury could settle out of the oil-rich phase. Following sampling and removal of
the CO,-rich phase at constant pressure, the mercury was withdrawn from the cell
leaving aproximately 50 cc in the cell. The cell was then charged with pure CO
for the second swept zone contact. Two swept zone contacts were completed in this
manner.

Sampling

Sampling consisted of measuring the density and composition of each phase.
High pressure and low pressure sampling were performed for all of the multiple-
contact PVT experiments.
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High Pressure Equipment

High pressure density measurements were made with a Mettler - Paar DMA 45
digital density meter with a DMA 512 high pressure/temperature remote cell. The
DMA 512 cell was manifolded to the PVT cells and the temperature on the DMA 512
cell was maintained by a second Neslab Exacal 100 glycol bath circulator with an
Endocal 150 flow through cooler. The high pressure compositional sampling was
performed using a modified Precision Sampling high pressure/temperature sampling
yoke and syringe (Figures 9 and 10). The yoke was inside the air bath and con-
nected to both PVT cells (Figure 8). The plumbing was arranged such that the
phases could flow through the DMA 512 cell and the sampling yoke, thus minimizing
the amount of phase lost by sampling multiple-contact mixtures.

High Pressure Procedure

Before the phases were sampled and/or metered into an evacuated cell, the flow
lines that contained the DMA 512 cell and the sampling yoke were evacuated. The
DMA 512 cell and the sampling yoke were then filled with the phase. Approximately
2 cc of the phase were bled out of the flow line downstream of the sampling yoke to
ensure that a representative sample of the phase was in each apparatus.

The following procedure was used to obtain high pressure/temperature composi-
tional samples. The syringe was inserted into the yoke and locked in place. The
yoke was then opened by releasing the set screw and pushing back on it causing the
yoke needle to unseat from the forward packing. The syringe was then opened by
unlocking and pulling back on the barrel assembly unseating the needle from the
needle packing. The sample flowed into the syringe barrel pushing the plunger
back. To ensure that a good sample was taken, the plunger was pushed in several
times and then allowed to remain back for several seconds. The syringe and yoke
were then closed. The sample was visunally observed to ensure single phase quality
and then injected into a Hewlett Packard 5880 gas chromatograph. Several samples
of each phase were analyzed to increase the quality of the data. The working life
of the syringe and the yoke was limited. The yoke required rebuilding after about
every fourth sampling session, while the syringe required rebuilding after and
sometimes during each sampling session. A sampling session consisted of sampling
both phases that resulted from a run.

The gas chromatograph took approximately 90 min to completely analyze a
sample. Cell sampling conditions were reestablished during this time with pressure
adjustments every 10 - 15 min. The frequency readout of the density meter and the
temperature of the DMA 512 cell were also recorded. The frequency, pressure, and
temperature were used to calculate the high pressure/temperature density of the
phase.

Low Pressure Equipment

Low pressure sampling of the phases was performed using a low pressure sepa-
rator system constructed for this study (Figure 11). Gas resulting from a phase
flash was measured to * 0.01 liters with a GCA/Precision Scientific wet test meter
calibrated within the manufacture's specifications. The accuracy of the wet test
meter was within * 0.5% of the total volume. A metering valve was used to regulate
the flow rate of the phase. The liquid was measured to * 0.5 cc with a graduated-
conical tube. The liquid was then transferred into a vial with septum cap and
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placed in a refrigerator for later compositional analysis. The gas was sampled
during the flash process using a low pressure tee and a 10 cc, low pressure Preci-
sion Sampling Pressure-Lok syringe. The low pressure sampling tee was composed of
a 1/4 in. stainless steel Swage-Lock tee with a HP 5880-8754 septum on the perpen-
dicular section of the tee. Low pressure density measurements were conducted using
a 0.25 cc Precision Sampling Pressure-Lok syringe, a sample vial with a septum cap,
and a Mettler Analytical balance.

Low Pressure Procedure

The following procedure was used to obtain low pressure samples. A stable
pressure reading was obtained before starting the controlled flash. The metering
valve was then opened letting the phase flash into the graduated-conical tube.
After about 0.2 liters of gas had passed through the wet test meter, approximately
10 cc of the low pressure gas was collected. Approximately 5 cc were pushed out of
the syringe to ensure that a good sample would be shot into the gas chromatograph.
The rest of the low pressure gas sample was injected into the gas chromatograph at
a fast rate so that the concentration of the gas molecules would be great enough to
give reliable results. Two low pressure gas samples were usually obtained during a
flash. The pressure was stabilized at the end of the controlled flash so that the
amount of phase flashed could be calculated.

All low pressure liquid compositional sampling was done using a 10 microliter
Hamilton syringe. The sample was removed from the refrigerator and warmed to room
conditions. A two microliter sample was then injected into the gas chromatograph.

The following procedure was used in measuring the low pressure density of the
liquid samples obtained from flashing the phases. The sample vial with a septum
cap was weighed. The syringe was then filled with 0.25 cc of sample and weighed.
The sample was then injected into the sample vial, and the empty syringe was
weighed. This was usually repeated four times until the desired volume was ob-
tained in the sample vial. The sample vial was then weighed, and the density was
calculated from the recorded volumes and weights. The results of this method
agreed well with those obtained from the DMA 45 density meter. The advantage of
this method was that none of the sample was lost.

Compositional Analysis

Chromatographic Analysis

The chromatographic analysis was done with a Hewlett-Packard 5880 gas chro-
matograph equipped with two thermal conductivity detectors (TCD). The cryogenic
gas used by the 5880 was liquefied carbon dioxide. The columns used in the gas
chromatograph consisted of 9 ft. long, 1/4 in. outside diameter stainless steel
high performance columns packed with 80/100 mesh, Chromosorb-w beads coated with
10% OV-101. The columns were conditioned by heating them from room temperature to
350°C at a rate of 50°C/half-hour and then cooling them to room temperature at the
same rate with the carrier gas off. Once at room temperature, carrier gas flow was
resumed and the same heating and cooling procedure was repeated. The columns were
disconnected from the detectors at all times during their conditioning. Once the
conditioning was finished, the columns were connected to the detectors, and the
carrier gas flow rate through each column was adjusted to 30 cc/min. The carrier
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gas used was 99.995% pure Helium equipped with a moisture trap.

Time/Temperature Program

Several time/temperature programs were used during the course of this study in
an effort to breakout the methane, carbon dioxide, and ethane fractions. The
time/temperature program, which gave the best results without operating outside the
instruments cryogenic limits, is presented below.

Initial Value = -45°C
Initial Time = 1.00 min.
Level 1
Program Rate = 0.25°C/min.
Final Value = -43°C
Final Time = 0.00 min.
Level 2
Program Rate = 10.00°C/min.
Final Value = 350°C
Final Time = 16.00 min.
Post Value = 350°C
Post Time = 10.00 min.
A standard Matheson gas sample, which contained C and CO , was injected
into the gas chromatograph to obtain the retention tines o? the llght components.

Two microliters of Hewlett-Packard Boiling Point Calibration Sample #1 (5080-8716)
was injected into the gas chromatograph to obtain the retention times of the C -C
components. These retention times were used to analyze the  gas chromatograpg
results. A new set of retention times were obtained every time new columns were
installed or when the time/temperature program was changed. Also, the retention
times were checked periodically to ensure that the gas chromatograph was operating
properly.

Hydrocarbon Type Analysis

The aromaticities of the liquid samples acquired from flashing the phases were
ained using natural abundance carbon-13 nuclear magnetic resonance spectrometry
C NMR), as described in Method 3 of Shoolery and Budde (1976). If time did not
allow delays between pulses, Method 2 was employed and a response factor determined
from She results of a control sample was used to correct for reduced sensitivity.
All C NMR measurements were performed by t?g Chemistry Department at LSU. The
procedure employed in making a sample for C NMR differed somewhat from that
described by Shoolery and Budde (1976) and is described below. Approximately 1.0
cc of the sample was mixed with 25 mg of chromium acetylacetonate (CrAcAc) and then
diluted with 0.4 cc of deuterochloroform solvent. If 1.0 cc of the sample could
not be sacrificed, the CrAcAc and solvent were proportioned to the amount of sample
available.
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RESULTS AND DISCUSSION

BF 0il and Carbon Dioxide

The BF o0il was modified by performing a flash vaporization of the reconstitu-
ted reservoir (RR) oil as described in the previous section. Several physical
properties of the BF o0il were measured and are shown in Table 10. The physical
properties consisted of densities measured at different pressures and tmeperatures,
the gas-liquid-ratio (GLR) measured above the bubble point, and the shrinkage
factor measured at 1000 psia and 72°F. The method used to calculate these physical
properties 1is described in a later section. Table 10 also shows the molecular
weight and the aromatic carbon content of the BF oil.

Table 11 compares the composition of the RR oil (Whitehead, et. al., 1981) to
that of the BF oil calculated from high pressure/ temperature samples and from
recombining the BF o0il flash liberation results. The compositional results in
Table 11 show that methane was the main component lost in the modification of the
RR oil. Also, the close agreement between the high pressure/temperature (HP/T)
results and the recombination of BF o0il flash liberation (RF) results is well
within experimental error.

Through the course of this study the RR o0il had to be flashed several times to
obtain a sufficient volume of BF oil. Table 12 compares the compositional results
obtained from two different flash vaporizations. The results illustrate that good
reproducibility was obtained. The differences in component mole percents are
largely due to inherent experimental errors of the gas chromatograph. The method
used to analyze gas chromatographic measurements for the BF o0il is presented in a
later section.

The carbon dioxide used in the PVT experiments was supplied by LSU Plant
Stores. Gas chromatographic analysis of the CO, gas showed that it was composed of
0.4 mole percent methane and 99.6 mole percent” carbon dioxide. This methane con-
tent was neglected when calculating the amount of CO2 metered into the PVT cell.

Single-Contact Experiments

Analysis of Data

A modified Ruska computer program was used to calculate the total sample
volume, the oil-rich phase volume, and the CO,-rich phase volume. A listing of the
program can be found in the Appendix. The program required the following informa-
tion:

1. PVT system calibration constants,
2. Initial cell pressure, cell temperature, and known volume of mercury in
the cell,
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Table 10: BF 0il Physical Properties

Temperature (°F) 100 150
Pressure Density Density
(psia) (g/cc) (g/cc)
2500 0.8414 0.8291
1800 0.8380 0.8259
1200 0.8351 0.8234
500 0.8318 0.8176
-
GLR = 29 BBL.
Shrinkage Factor = 0.995 g%L @ 1000 psia & 72°F
Molecular Weight = 186.4 —E
g-mole

Aromatic Carbon Content = 11.9%
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Table 11: 0il Composition Comparison

BF 0il (HP/T)

Component RR 0il Mole % BF 0il (RF)
C1 11.4 2.760 2.275
C2 4.1 4.150 3.007
C3 2.1 3.974 3.784
C4 3.5 7.821 7.919
C5 1.8 4.315 5.004
C6 2.8 5.322 6.961
C7 6.1 6.333 7.027
C8 6.7 8.207 8.038
Cg:C1g 6.9 11.618 10.695
Cll’CIZ 7.1 8.697 8.779
C13:Cy4 8.6 6.790 7.279
C1c5C1q 9.8 5.068 5.507
C17,C18 9.7 4.387 4.546
C11C005Coy 7.8 3.822 4.023
CppsCpa1CogsCos 6.2 3.596 3.394
Cpg1Cy71C0g 3.0 1.730 1.556
Cyg:C30:Ca; 0.7 1.328 0.994
Cy, .01 0.361 0.225
C33 0.370 0.170
C34 0.282 0.116
C35 0.297 0.079
C36+ 8.773 8.621

HP/T - Results obtained from high pressure/temperature sample
RF - Results obtained from recombining the flash liberation data
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Table 12: Comparison of Reconstituted Reservoir 0il Flashes

Mole %

Component  Flash 1 Flash 2
C1 2.687 3.099
C2 5.219 3.721
C3 4.659 3.444
04 8.401 6.254
C5 4,324 4.673
C6 4.353 5.654
C7 5.795 7.076
C8 7.503 7.665
C9 5.622 5.560
C10 5.509 5.231
011 4.954 4.497
C12 4.186 4.343
013 3.886 3.826
C14 3.174 3.309
C15 2.827 2.786
C16 2.305 2.470
017 2.451 2.520
018 2.254 2.131
C19 1.085 1.305
C20 1.284 1.367
021 1.112 1.206
022 0.995 1.099
C23 1.147 1.323
024 0.716 0.826
C25 0.624 0.584
C26 0.586 0.680
027 0.529 0.553
C28 0.665 0.613
ng 0.490 0.530
C30 0.425 0.470
C31 0.392 0.465
032 0.361 0.424
C33 0.318 0.411
C34 0.286 0.388
C35 0.272 0.410
C36+ 8.603 9.093

Molecular

Weight

(g/g-mole) 184.3 192.1

44



3. Indicated pump volumes from a manifold compressibility check,
4. Run title,
5. Average pump and cell temperatures,

6. Cathetometer readings (at cell position upright or inverted), cell pres-
sure, indicated pump displacement, and pump code (l=manifold compressibi-
lity, 2=opening the cell for the first time, 3=recording a run, and
4=changing the cell or pump temperature).

Briefly, the program calculated voluems as a function of pressure and temperature.
The cell capacity was determined from the calibration constants. A material
balance on the mercury was run to generate the volume of mercury in the cell,
Total sample volume was computed as the difference between the cell capacity and
the volume of mercury in the cell. Phase volumes were determined by converting
cathetometer readings to cell volumes and subtracting the contribution(s) from the
mercury plus any denser phase in the cell.

Graphs of total sample volume versus pressure and percent phase volumes versus
pressure were prepared to determine simple bubble-point and apparent-critical
pressures. Simple bubble-point pressures identify the phase boundary between the
liquid-vapor and single liquid phase regions. The apparent-critical pressure is
here defined as the pressure at which the total sample compressibility changes from
the compressibility of a 1liquid-gas system to a liquid-liquid system. The
apparent-critical pressure does not distinguish between distinct phase regions, but
rather indicates changes in the chemical and physical properties of the CO,-rich
phase which are believed to be related to o0il displacement efficiency (Hofm and
Josendal, 1982). Graphs and tabulated values of volumetric data can be found in
the Appendix. The simple bubble-point pressure was determined by drawing a smooth
curve through the percent phase volume points and reading the pressure at 100%
oil~rich phase volume and 0% C02—rich phase volume from the extrapolated curves.
The apparent-critical pressure was determined by drawing straight lines through the
percent volume data points in the liquid-gas compressibility region and those in
the liquid-liquid compressibility region. The apparent-critical pressure was taken
as the pressure at which the lines of the oil-rich phase or the lines of the CO_-
rich phase intersected. The pressure was then checked against the total sample
volume versus pressure curve to ensure that the selected value was in the changing
slope region of the curve. Attempts were made at calculating the simple bubble-
point and apparent-critical pressures using various exponential curve fits to the
total sample volume data. Good agreement between the graphical and calculated
values was obtained for bubble point, but no agreement was obtained for apparent-
critical pressures. Bubble-point and apparent-critical pressures were not con-
firmed by direct experimental observations because the upper 6 cc of the PVT cell
are not visible through the cell windows. Indirect methods of determining bubble
point pressure are common in the industry.

The swelling of the oil by CO, was also investigated. A dimensionless swell-
ing index was derived, so results from different runs could be compared. The
swelling index is similar to the formation volume factor and is calculated as

, . _ volume of oil-rich phase
swelling index = volume of BF oil @ P, T.
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The oil-rich phase is analogous to CO, -saturated 0il, while the BF o0il is analogous
to CO.-free oil. The swelling indéx calculation given above differs from that
givenzgy Holm and Josendal (1974). They calculate the swelling index as the volume
of CO. saturated oil divided by the volume of stock tank oil charged into the cell.
The swelling index calculation presented in this study is more representative of
the volume effects of CO, on the oil because it takes into account pressure and
temperature effects on the CO free 0il. The oil-rich phase volume at run pressure
and temperature was calculatéd by the PVT program. The BF o0il volume at the same
pressure and temperature was calculated using the compressibility of the BF oil at
the run temperature and the volume of BF oil that was charged into the cell.
Compressibility functions for BF oil at the average run temperatures of 111.0°F and
141.4°F were calculated from second degree polynomial least squares curve fits of
the total sample volume data determined from 100% BF oil runs at 111°F and 143°F.
Swelling indexes were plotted against pressure and smooth curves were drawn through
the data points. The curves were forced to intersect at the bubble-point pressure
to follow the physical constraint that the point of maximum swelling should occur
at the point where the first bubble of free gas appears as the pressure of the
system is lowered.

Results and Discussion of the Single-Contacts

Single-contact experiments were conducted at approximately 141.4°F and 111.0°F.
Figures 12 and 13 show the phase envelopes generated at these average tempera-
tures. For both temperatures, simple bubble-point behavior was observed for cell
compositions less than 70 mole percent CO,. Examples of the pressure-volume
behavior recorded for these moderate CO, concentration mixtures are included in the
Appendix. Typically, a sharp break occurs in the pressure-volume relationship at
the bubble point. At higher pressures, a single dark liquid phase was present in
the PVT cell. At lower pressures, a colorless vapor phase appeared on top of the
dark liquid phase. At cell compositions greater than 70 mole percent CO,, the
system remained two phase with a change in the overall sample compressibility. The
total sample compressibility changed from a gas-liquid type to a liquid-liquid type
at pressures ranging between 2100 psia and 1900 psia for the 141.4°F runs and
between 1440 psia and 1325 psia for the 111.0°F runs as can be seen in Figures 12
and 13. Visual observations during the runs at both temperatures indicated that a
second liquid phase develops during mercury injection into the cell to increase the
pressure, but upon equilibration the second liquid phase disappears. The formation
of a black precipitate plus a small amount of a colorless granular precipitate was
also noted. The colorless granular precipitate may have been cell window effects.
Both of the above observations were noted in conjunction with the €O, -rich phase
assuming a very dense appearance. The dense CO -rich phase resembled f%g and could
not be distinguished as a liquid or gas, thus i% was termed a fluid (F). As can be
seen in the P-X diagrams (Figures 12 and 13), no liquid-liquid-vapor (L-L-V)
region and no 1liquid-fluid critical point were observed. To determine if the
CO_-BF o0il system was capable of creating a three phase L-L-V region, a run of 89.3
mo%e percent CO, composition was performed at 79.8°F. The total sample volume
versus pressure “and percent phase volumes versus pressure graphs are shown in
Figure 14. At pressures less than about 873 psia, a dark oil-rich liquid phase
was observed in equilibrium with a colorless vapor phase. Above this pressure, and
additional straw-colored CO,-rich liquid phase formed. The three phase L-L-V
region was present over a small pressure range with the vapor phase vanishing at
about 950 psia. The oil-rich and CO,-rich liquid phases persisted to the maximum
pressure investigated. The second 1fquid phase was also observed at room tempera-
ture for a 94.6% 002 - 5.4% BF oil mixture, but disappeared at approximately 105°F
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as the cell temperature was elevated to 111°F for a subsequent rum. The above
observations indicate that at run temperatures below approximately 105°F COZ-BF oil
mixtures exhibit Type II phase behavior while at run temperatures above approxi-
mately 105°F Type I phase behavior is observed (Stalkup, 1983a).

The swelling index graphs for the 141.4°F runs appear in Figures 15 - 19.
These plots illustrate that for cell compositions less than 70 mole percent CO,, the
0il was swollen to a maximum value at the bubble point. Slight decreases in the
swelling index at higher pressures reflect the fact that CO, saturated BF oil is
more compressible than the BF oil. For cell compositions ‘greater than 70 mole
percent CO,, the oil swells to a maximum value and then hydrocarbon extraction into
the CO_.-rifh phase causes the swelling index to decrease at a much faster rate than
expectéd from compressibility differences. Although, the pressures at which
maximum swelling occurs for high CO concentration mixtures do not numerically
match the apparent critical pressures shown on the phase envelope (Figure 12),
qualitative agreement is seen. Figure 20 compares the maximum swelling versus
pressure for the 141.4° F runs. The curve shows that as the mole percent CO
increases, the maximum swelling pressure and swelling value increase until the cel%

composition reaches 68.5% CO,. A rapid decrease then occurs for the maximum
swelling pressure and swelling value as the cell composition increases to 78.8%
CO0.. As the €O, concentration further increases, the maximum swelling value

de€reases, but thé maximum swelling pressure remains approximately constnat. The
apparent-critical pressure is also approximately constant with increases in CO2
concentration (Figure 12).

The swelling index graphs for the 111.0°F runs are presented in figures 21 -
27. The same trends are seen in these graphs as were discussed for the 141.4°F
graphs. Figure 28 shows the maximum swelling versus pressure for the different CO
concentrations investigated at 111.0°F. The curve shows that the maximum swelling
pressure and swelling value increase until the cell composition reaches 68.5% CO,.
A decrease again occurs for the maximum swelling pressure and swelling value as tﬁe
cell composition increases to 78.8% C€O,. With further increases in the mole
percent of CO,, the maximum swelling va%ue decreases while the maximum swelling
pressure changes only slightly. Similar qualitative agreement is seen between the
apparent critical pressures (Figure 13) and the maximum swelling pressures for the
111.0°F runs as was observed for the 141.4°F runs within experimental error.

The reason the maximum swelling value and the pressure of maximum swelling
start to decline after the CO, concentration exceeds 68.5% is that the CO, concen-
tration is great enough for ghe vaporization process to become significant. For
increasing CO, concentrations greater than 68.5%, the oil is swollen less and more
hydrocarbon is extracted into the CO.-rich phase. This can be seen by comparing
the swelling index graphs for each run temperature. Figure 29 is a plot of CO
density versus pressure for the run temperatures. The density of CO, at the
maximum swelling pressures for CO, concentra:ions greater than 68.5% is approxi-
mately 0.35 g/cc for the 141.4°F funs and 0.32 g/cc for the 111.0°F runs. These
density values are in agreement with the reported CO, density range of 0.25 to 0.35
g/cc required for the start of substantial hydfocarbon extraction (Holm and
Josendal, 1982). Holm and Josendal (1982) state that hydrocarbon extraction
increases as the pressure increases because the €O, solvency (density) also
increases. This is reflected in the high C0O, concentration results at both run
temperatures. The maximum swelling value for €ach composition is approximately the
same for both temperatures except at 68.5% C02, where the maximum swelling value at
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141.4°F is greater than the value at 111.0°F. On the basis of swelling index
definition, the maximum swelling values should be the same. It seems likely that
the maximum swelling values at 68.5% CO, are different because the CO,, concentra-
tion is very close to the turning poié% concentration necessary for substantial
hydrocarbon extraction (Monger and Khakoo, 1981). The swelling index results are
more applicable to immiscible CO, flooding processes like the huf-n-puf method of
0il recovery. The data indicate” that for maximum swelling of the BF oil, the CO

concentration in the reservoir should be approximately 68.5 mole percent. If oi

vaporization is desired, the carbon dioxide concentration and the reservoir pres-
sure should be as high as field operations will allow.

Multiple-Contact Experiments

Analysis of PVT Data

The computer program used to analyze the raw PVT data from the single-contact
experiments was also used to analyze the data collected in the multiple-contact
experiments. No apparent-critical pressure calculations were made for the multiple-
contact experiments. Swelling indexes were calculated using the method described
for the single-contact experiments. Since the multiple-contact experiments were
conducted at an average run temperature of 111.8°F, only the compressibility func-
tion for 100% BF o0il at 111°F was used. Swelling index calculations for the
forward contacts were identical to the procedure outlined for the single-contact
experiments because a known volume of BF 0il was contacted with the CO,-rich phase
of a previous mixing. In the swept zone contacts, the volume of BF o0il was calcu-
lated from the.volume and the swelling indexes of the oil-rich phase left in the
cell upon removal of the CO,-rich phase. The volume of BF o0il had to be calculated
using the above method becaiise a known volume of the oil-rich phase from a previous
mixing was contacted with pure CO2 in the swept zone contacts.

Analysis of Density and Flash Data

The high pressure/temperature phase densities were calculated using the
frequency readout of the DMA 45 density meter, the pressure and the temperature at
which the readout occurred, and the following equations

Density = £ ; B

A = 3.1884 + 1.4269%107°T + 1.020%107°1°

B = 14.9353 + 5.8257%1073T + 4.4427%107°1% + 4.53%1078(p - 100)
where,

f - DMA Frequency

T - Temperature (°C)

P - Pressure (psia).
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Density calculations for the liquid collected from a flash liberation of the phases
were performed at room temperature and pressure as described previously. Briefly,
these calculations were performed by weighing several known volumes of the sample,
dividing the weight by the volume, and averaging the results. This method of
measuring the sample density was as accurate as using the low pressure DMA 45 cell
and had the added advantage that none of the sample was lost.

Low pressure density measurements required flash liberation of the phases.
The phase's gas-liquid ratio (GLR) and shrinkage factor (SF) were calculated from
the wet test meter gas volume, the measured liquid volume, and the volume of the
phase flashed. The GLR was calculated by dividing the wet test meter gas volume by
the measured liquid volume, and the SF was calculated by dividing the measured
liquid volume by the volume of phase flashed.

Analysis of Compositional Data

Two types of compositional data were taken. One type was the gas chromato-
graphic data which characterized the hydrocarbon components of the phase on a
molecular weight distribution basis. The other type characterized the hydrocarbon
chemistry of the phase on the basis of aromatic carbon content.

Raw chromatographic data were collected from high pressure/temperature samples
of the phases and from low pressure gas and low pressure liquid samples obtained
from flash liberation of the phases. The analysis of the gas chromatograph (GC)
results required that area counts be grouped into units corresponding to the reten-
tion time brackets established by the results of a qualitative standard. The
methane through pentane and carbon dioxide areas were usually picked by peak recog-
nition. The standard sample's retention times were used to pick C,.-C areas.
Sometimes the ethane's GC response was included in the carbon dioxide's GC response
because of the large quantity of CO, in the phases. To account for the ethane, the
C,, C,, and C_ areas were multiplied by the C2 to C,, C2 to C,, and €, to C. area
ratios, respecCtively. The area ratios were c¢alculated from %he BF 0il's GC re-
sponse. The three calculated C, areas were averaged, and the average value was
subtracted from the CO,'s area. “Methane was not used to calculate the ethane area
because it is believe% that the methane banks in the €O, -rich phase. Propane
through pentane were used because it is believed that they maintain approximately
the same ratio in both phases. For every sample shot, all of the area counts for
each of the components were totaled and entered into a computer data file.

The ASTM procedure for determining the percentage of hydrocarbons detected by
the gas chromatograph was used to account for the heavy hydrocarbon components
unseen by the GC (ASTM Book of Standards, 1976). The ASTM procedure treats area
percents as weight percents. The concept that area percents are equal to weight
percents is not precisely correct, but it is a fairly good approximation. This
concept was used throughout the chromatographic analyses because time did not
permit the calculation and utilization of response factors. The area corresponding
to heavy components, C3 42 was calculated from the C. to C area and the ASTM
determined percentage oz hydrocarbon detected. The (? to (? area was used as

opposed to including gaseous components because the %ASTM procedure requires a
portion of the sample to be laced with an internal standard containing C -C

Since, the mixing of sample and internal standard could best be accompfééhed at
room conditions, the ASTM percentage of hydrocarbons detected was necessarily based
on the C_. to C area. The ASTM procedure was performed on flash liberated liquids
from all“of the oil-rich phases and the BF oil.
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A Basic program was written to calculate the weight percent of each component,
the moles of each component based on a 100 g mixture, the mole percent of each
component, and the molecular weight of the sample. The program was written such
that the run title, sample name, fraction of hydrocarbons detected, and up to 10
data files could be entered from the key board. The multiple data file entry
utility proved to be an important feature of the program because it facilitated
analysis of combinations of sample shots which generated averaged chromatographic
results. The averaging was performed using results obtained for the same mixture
and phase which had similar molecular weights and weight percents of carbon
dioxide. The results were averaged to smooth the data to yield a more representa-
tive profile of the components in the phase. A listing of the computer program
(GCA) can be found in the Appendix.

Another Basic computer program was writtem to calculate the phase chromato-
graphic composition from the recombination of flash data. The weight percents of
the gas's components and of the liquid's components were entered into a computer
data file. The run title, data file name, gas density, liquid density, gas volume,
and liquid volume were entered through the key board. The program was written such
that new values of densities and volumes could be entered without reentering the
run title and data file name. This facilitated sensitivity checks of the chroma-
tographic compositional results over the accuracy range of the volume and density
measurements. The results were then plotted on a pseudoternary diagram and the
composition that mapped closest to the two phase envelope was chosen to be the most
representative of the phase.

The hydrocarbon type analyses were performed by conducting an aromatic carbon
mass balance on each phase from contact to contact. The weight of aromatic carbon
in the phase was calculated by first multiplying the grams of phase by the C6
weight percent to restrict the mass balance to stock tank oﬁ% (STO) components, an
then by the percent of aromatic carbon as determined by C NMR. Percent error
calculations were performed for both total STO and aromatic masses using the
following equation

_ Mass Charged - Mass Calculated o
Percent Error = Mass Charged 100%.

Percent errors between 169% were considered to be within experimental error. Per-
cent errors greater than 6% or less than -6% indicate that the aromatic carbons
precipitated out of the phase or that the experimental results are incorrect. The
percent of aromatic carbon was determined accord}gg to the procedure outlined by
Shoolery and Budde (1976). 1BSJ'.nce the samples for ~~C NMR analysis were prepared at
room conditions and the C NMR test was conducted at room conditions, it was
assumed that the C + weight fraction was most representative of the sample's hydro-
carbon content. f% was also assumed that the weight of hydrogen and various trace
elements could be neglected because the general formulas for hydrocarbons average
about 10 g of carbon to 1 g of hydrogen.

Results and Discussion of the Forward Contacts

Starting with the initial mixture, Figure 30 illustrates volume percent com-
positions and resulting percent phase volumes at approximately 1809 psia and
111.9°F for each of the forward contacts.
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Visual observations during the first forward contact (FFC) resembled those
seen in the high CO, concentration single-contact runs except there was a notice-
able increase in the” amount of black precipitate. The second liquid phase appeared
to be condensing out.of the CO,-rich phase as mercury was injected into the cell to
increase the pressure, but upén equilibration the second liquid phase disappeared.
The amount of precipitate appearing on the cell window increased as the pressure
increased with the majority of precipitate coming out of solution after the cell
pressure exceeded 2500 psia. The amount of precipitate became so great at high
pressures (> 3000 psia) that the laboratory lights had to be turned off to view the
interface. An increase in the surface tension was noticed at high pressures because
small bubbles would appear on top of the oil-rich phase next to the cell window.
It usually took 5-10 min. for these bubbles to burst.

Visual observations during the second forward contact (SFC) run were similar
to those seen in the FFC, except that more of the black precipitate came out of
solution. The precipitation of the solid phase completely covered the cell window
at 3468 psia. The cell appeared to be completely filled with a single-phase, dark
liquid. The cell was allowed to remain upright at high pressure and run tempera-
ture for 12 hours. With the laboratory lights off, the interface location could be
estimated. The precipitate resembled tar balls, and mercury was unable to displace
it during flash liberation of the oil-rich phase. During cleanup procedures, it
was observed that large globs of a tar-like substance adhered to the cell windows.
This indicated that the precipitate had a high affinity for glass. The precipitate
was easily dissolved with toluene. The color of the oil-rich phase as viewed
through the high pressure/temperature syringe was a dark red. The same dark red
color was observed viewing the liquid collected from flash liberation of the oil-
rich phase through a microliter syringe. In the initial and FFC mixtures, the
oil-rich phase was black and did not transmit light when viewing the phase in the
glass barrel of the high pressure/temperature syringe.

The amount of precipitate observed in the third forward contact (TFC) sur-
passed that in the SFC. The black, tar-like precipitate almost covered the cell
window at 2463 psia. When the pressure was increased to 2760 psia, the cell window
turned black, and the interface was completely lost. The cell was allowed to
remain upright at high pressure and run temperature for about 30 hours. The cell
window remained black. It is believed that miscibility was obtained, and that the
black, tar-like precipitate was a byproduct. Even during compositional sampleing,
the precipitate completely covered the cell window. It was confirmed, however,
that there were two phases at sampling conditions by viewing the high pressure/
temperature samples through the syringe barrel. The color of the oil-rich phase
was dark red, but lighter than that of the SFC. This was evident for samples in
both the high pressure/temperature syringe and the low pressure microliter syringe.
The precipitate had a high affinity for glass because mercury injected into the
cell to keep cell pressure constant during flash liberation of the phases could not
be seen. Upon lowering the pressure for compositional sampling, the phases seemed
to occupy about the same voluems as they did before the precipitate came out of
solution.

The bubbles that appeared on top of the oil-rich phase next to the cell window
in the FFC also appeared in the SFC and TFC but at progressively lower pressures.
This apparent increase in surface tension appeared to coincide with increased
precipitation, thus reflecting the solid phase immiscibility. The bubbles are also
related to the phase densities becoming almost identical. 1In all three forward
contacts, the development of the non-equilibrium second liquid phase upon mercury
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injection occurred at the pressure where the percent oil-rich phase volume was
maximum.

Figures 31 - 33 show the total sample volume versus pressure and percent phase
volumes versus pressure graphs for the forward contacts. The graphs of percent
phase volumes show a break in the curve at approximately 1290 psia. The graphs
also indicate that the percent volume of oil-rich phase is maximum at the break.
The maximum value increases from 43% in the FFC to 44% in the SFC to 58% in the
TFC. The break in the percent phase volume curves has a mechanistic explanation.
Below the break, at lower pressures, the oil-rich phase volume is increased by CO
swelling and condensation of hydrocarbons from the CO,-rich phase. Carbon dioxide
density at 1290 psia and 111.9°F is about 0.34 g/cc. "This value is within the CO
density range required for the start of substantial hydrocarbon extraction as
reported by Holm and Josendal (1982). Above the break, at higher pressures, the
percent oil-rich phase volume decreases as a result of this substantial hydrocarbon
extraction. The rate at which the oil-rich phase shrinks, increases from contact
to contact because the hydrocarbons carried over with the CO,-rich phase of a
previous contact assist the extraction process further to recover more extractable
hydrocarbons. This explanation is confirmed in the chromatographic compositional
analysis of the oil-rich and C02-rich phases.

The same CO, swelling and hydrocarbon extraction trends can be seen in the
swelling index gfaphs of the forward contacts (Figures 34 - 37). Figure 37 shows
that maximum swelling increases with advancing contacts, and that the maximum
swelling pressure is about 1236 psia for all three contacts. Carbon dioxide
density at 1236 psia and 111.9°F is approximately 0.29 g/cc. This value is within
the density range for hydrocarbon extraction to become significant (Holm and
Josendal, 1982). The effects of CO, swelling and hydrocarbon condensation are
better illustrated by the swelling indé€x curves. The increase in the rate at which
hydrocarbon extraction occurs as the pressure is increased for each contact is also
indicated by the crossing of the FFC and SFC swelling index curves at approximately
2950 psia.

The physical properties of the CO, -rich phase in the forward contacts are
shown in Table 13. The high pressure/témperature demsity, GLR, and SF were mea-
sured at approximately 1809 psia and 111.9°F. The demsity of the liquid from a
flash liberation was measured at room conditions. The high pressure/temperature
density increases from 0.7350 g/cc for the initial mixture to 0.7720 g/cc for the
TFC, with the FFC and SFC densities falling between. There is also an increase in
the flashed liquid densities. This increase occurs because more hydrocarbons of
higher molecular weight are extracted into the CO,-rich phase. The GLR decreases
and the SF increases as the contacts advance. This indicates that there are less
gaseous components and more liquid components in the CO,-rich phase for each suc-
cessive contact. This is to be expected because CO, is éﬁe major gaseous component
in the mixture and a certain amount of it remains in the oil-rich phase of the
previous contact.

Table 14 shows the physical properties of the oil-rich phase for the forward
contacts. The trends observed for the oil-rich phase are the reverse of those seen
for the CO,-rich phase. The high pressure/ temperature density decreases as the
contacts advance for two reasons. First, the oil-rich phase is increasingly en-
riched with intermediate molecular weight hydrocarbons and CO,. Second, very high
molecular weight hydrocarbons are removed as the solid phase precipitates out.
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The same trend of decreasing density with advancing contacts is seen for the
flashed liquid densities. The GLR increases as the contacts advance and the SF
decreases as the contacts advance. Both indicate increasing amounts of CO2 and
volatile hydrocarbons.

Table 15 shows the molecular weights calculated from high pressure/temperature
and recombination of flash sample results for the CO,-rich phase in the forward
contacts. The molecular weight increases as the contalts advance because the mole
percent CO, is decreasing as the contacts advance. The agreement between the high
pressure/ %emperature results and recombination of flash results are within ex-
perimental error. The chromatographic compositions of the CO,-rich phases in the
forward contacts are given in Table 16 and shown in Figure 38. “ It can be seen that
the €O, concentration decreases from contact to contact. The light hydrocarbons
appear "to be banking in the CO —rich phase as the contacts advance because the
relative concentrations of C, - are increasing from contact to contact. Ex-
amination of the compostion of tﬁe liquid collected from flashing the CO,-rich
phase in forward contacts (Table 17 and Figure 39) indicates that the C,~ - C9
concentration is increasing while the C1 concentration is decreasing. This
explains why the molecular weight of the Qﬁashed liquid from the CO,-rich phase
decreases as the contacts advance (Tables 15 and 17). It seems likély that the
C 4 fraction is returning to the oil-rich phase because the overall mixture is
approaching miscibility as the contacts advance.

Molecular weight calculations for the oil-rich phase in the forward contacts
show that the molecular weight decreases as the contacts advance (Table 18).
Comparing the high pressure/temperature results to the recombination of flash
results, poor agreement is seen for the initial mixture with the agreement becoming
better for the FFC, SFC, and TFC mixtures. The agreement is never better than
about 7 g/g-mole, but does improve with increased formation of the solid phase.
Perhaps the recombination of flash molecular weights are always greater than the
high pressure/temperature molecular weights because the high pressure/temperature
syringe restricts the flow of the very high molecular weight hydrocarbon compo-
nents. The heavy molecular weight components are not as easily drawn into the
syringe during sampling or expelled from the syringe when the sample is injected
into the gas chromatograph. The recombination of flash results thus seem more
representative of the true oil-rich phase composition. The fact that the recom-
bination results map closer to the two phase envelope on a pseudoternary diagram
confirms this choice.

Table 19 and Figure 40 show that for the oil-rich phase, the CO, and C, - C
concentrations increase as the contacts advance while the methane concen%ration
remains approximately the same. The reason the C concentrations increase is
that these components are condensing from the %0 —r1ch phase into the oil-rich
phase as miscibility is approached. Since more of éhese CO,, liked hydrocarbons are
in the oil-rich phase, more CO, dissolves into the oil-rich“phase. The mass trans-
fer is working in both direc%ions to make the two phase compositions identical,
thus creating miscibility. The C concentration decreases from contact to con-
tact because the heavy molecular”weight hydrocarbons precipitate out of the oil-
rich phase. The oil-rich phase enrichment in C, - C 4, Components and the precipi-
tation of C g+ components are also evident in compositional results for the liquid
obtained frdom flashing the oil-rich phase (Table 20 and Figure 41). This explains
why the molecular weight of the liquid from flashing the oil-rich phase decreases
from contact to contact (Tables 18 and 20).
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Table 15: CO.~Rich Phase in the Forward Contacts - Molecular Weight

2
Molecular Weight (g/g-mole)
Mixture High Pressure/ Recombination Liquid From
' Temperature of Flash Flash
Initial 46.4 46.2 161.5
First Forward Contact 47.3 ——— mmme-
Second Forward Contact 50.0 -— ===
Third Forward Contact 55.6 52.8 147 .4
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Table 16: Composition of the COZ-Rich Phase in the Forward Contacts

(Mole Percent)

COMPONENT  Initial?  FFC SFC Trc?
c-1 0.516 0.984  1.495  1.585
02 96.155 92.059 87.272 81.724
c-2 0.207 1.413  1.038  1.384
c-3 0.194 0.690  1.027 1.475
C-4 0.394 0.937  1.628  2.328
Cc-5 0.202 0.442  0.862  1.132
c-6 0.286 0.461  0.895 1.228
Cc-7 0.364 0.474  1.170 1.660
c-8 0.369 0.646  1.234  1.711
c-9 0.274 0.456  0.774  1.300

C-10 0.232  0.323  0.645  0.943
c-11 0.181 0.265  0.490  0.760
c-12 0.140 0.176  0.372  0.590
c-13 0.122  0.139  0.309  0.501
C-14 0.096 0.101  0.220  0.397
c-15 0.075 0.068  0.162  0.296
c-16 0.056 0.049  0.125  0.246
c-17 0.052 0.050  0.113  0.230
c-18 0.030 0.043  0.063  0.148
c-19 0.020 0.028  0.038  0.069
C-20 0.017 0.033  0.027  0.051
C-21 0.012 0.022  0.016  0.061
C-22 0.007 0.021  0.010  0.04S
c-23 0.007 0.016  0.006  0.050
C-24 0.004 0.013  0.003  0.022
C-25 0.002 0.016  0.002  0.016
C-26 0.001 0.016  0.001  0.013
c-27 0.001 0.014  0.001  0.010
c-28 0.001 0.016 0.001  0.009
c-29 0.001 0.017  0.001  0.007
C-30 0.001 0.015  0.001  0.005
c-31 0.001 0.000  0.001  0.002

Molecular

Weight 46.3  47.3 50.0 54.3

(g/g-mole)

a Composition calculated by combining the high pressure/temperature
results with the recombination of flash liberation data results on an
1:1 basis.
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Table 17: Composition of the Liquid Collected from Flashing
the COZ-Rich Phase in the Forward Contacts

(Mole Percent)

Component  Initial TFC
C-4 0.813 1.647
C-5 2.504 2.298
Cc-6 4.172 5.072
c-7 7.859 11.860
C-8 12.394 16.673
c-9 10.885 12.253

c-10 10.966 10.908
Cc-11 9.323 8.837
c-12 8.351 6.796
C-13 7.082 5.737
C-14 5.650 4.509
C-15 4.515 3.347
C-16 3.476 2.698
Cc-17 3.392 2.526
C-18 2.422 1.583
Cc-19 1.634 0.716
C-20 0.732 0.515
Cc-21 1.002 0.584
Cc-22 0.643 0.446
C-23 0.742 0.413
C-24 0.463 0.172
Cc-25 0.228 0.118
C-26 0.163 0.099
c-27 0.156 0.063
Cc-28 0.128 0.042
C-29 0.112 0.040
C-30 0.098 0.028
Cc-31 0.099 0.014
C-32 0.000 0.005
C-33 0.000 0.003
Molecular
Weight  161.5 147 .4
(g/g-mole)
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Table 18: 0il-Rich Phase in the Forward Contacts - Molecular Weight

Molecular Weight (g/g-mole)

Mixture High Pressure/ Recombination Liquid From
Temperature of Flash Flash
Initial 78.0 127.8 291.7
First Forward Contact 89.8 96.4 218.0
Second Forward Contact 79.6 86.1 192.7
Third Forward Contact 70.4 78.8 175.5
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Table 19: Composition of the 0il-Rich Phase
in the Forward Contacts

(Mole Percent)

COMPONENT Initial FFC SFC TFC
C-1 0.664 1.227 0.559 0.739
co2 63.684 64.318 64.797 65.482
Cc-2 0.364 0.114 1.372 1.711
Cc-3 0.336 1.010 1.489 1.545
C-4 0.587 1.940 2.643 3.101
c-5 0.570 1.288 1.720 1.571
C-6 1.961 2.539 2.067 1.948
c-7 1.743 2.881 2.839 2.891
Cc-8 1.823 2.844 3.108 3.299
c-9 1.408 2.043 2.127 2.212

c-10 1.388 1.921 2.023 2.079
Cc-11 1.330 1.795 1.809 1.827
c-12 1.333  1.590 1.606 1.587
c-13 1.363 1.520 1.453 1.478
Cc-14 1.201 1.281 1.306 1.266
c-15 1.343 1.167 1.028 1.029
~C=16 1.134 1.015 1.015 0.938
c-17 1.179  1.057 0.988 0.934
c-18 1.108 0.868 0.776 0.762
€-19 0.782 0.535 0.586 0.408
c-20 0.750 0.665 0.468 0.454
c-21 0.809 0.489 0.436 0.392
c-22 0.782 0.461 0.391 0.336
c-23 0.685 0.517 0.463 0.393
C-24 0.573 0.289 0.232 0.201
c-25 0.507 0.302 0.248 0.206
C=26 0.478 0.269 0.223 0.185
c-27 0.508 0.232 0.181 0.156
c-28 0.470 0.297 0.225 0.184
€-29 0.418 0.222 0.181 0.154
C-30 0.396 0.189 0.149 0.125
c-31 0.368 0.215 0.133 0.112
c-32 0.305 0.181 0.116 0.094
C-33 0.679 0.177 0.107 0.085
C-34 0.090 0.167 0.088 0.067
C-35 0.333 0.168 0.084 0.061
C-36+ 6.548 2.206 0.969 0.000
Molecular
Weight 172.8 96.4 86.1 78.8
(g/g-mole)

2 A1l values are calculated from recombination of flash liberation data.

8§



Q41 & 24S v O4d 4 _ O
HIGANNN NOGXVD

00°0

00"}

00'¢

00°¢

~- 00+

- 00°G

~ 00°9

Q0 £
S1OVINOD JQydvmya0Od 3HL 30

A5VHd HOId—TI0O dHL 40 NOILISOdWOD

IN3IOH3d J10NW

Figure 40.

89



Table 20: Composition of the Liquid Collected from Flashing
the 0il-Rich Phase in the Forward Contacts

(Mole Percent)

COMPONENT  Initial FFC SFC TFC
C-4 0.000 1.279 1.872 2.063
C-5 1.006 2.429 3.291 2.542
c-6 5.326 5.533 6.864 5.232
c-7 4.803 8§.193 9.714 9.819
c-8 5.227 8.932 11.632 12.039
c-9 4.137 6.643 7.932 8.443

C-10 4.104  6.487 7.533 8.028
c-11 3.936 6.059 6.511 7.056
c-12 3.946 5.369 5.776 6.126
c-13 4.033 5.133 5.290 5.705
C-14 3.554  4.325 4,625 4.888
¢-15 3.974  3.941 3.688 3.973
c-16 3.358 3.428 3.422 3.622
C-17 3.490 3.568 3.385 3.607
C-18 3.278 2.929 2.527 2.944
c-19 2.314 1.807 1.803 1.574
C-20 2.220 2.246 1.452 1.755
c-21 2.395 1.652 1.329 1.474
c-22 2.315 1.556 1.166 1.299
C-23 2.209 1.745 1.323 1.517
C-24 1.697 0.977 0.667 0.776
C-25 1.501 1.020 0.695 0.795
C-26 1.414 0.910 0.627 0.716
c-27 1.505 0.782 0.519 0.603
c-28 1.391 1.002 0.643 0.709
C-29 1.238 0.750 0.532 0.596
C-30 1.172 0.638 0.435 0.481
C-31 1.090 0.726 0.380 0.433
Cc-32 0.902 0.613 0.318 0.364
C-33 2.011 0.598 0.285 0.326
C-34 0.267 0.563 0.232 0.260
C-35 0.985 0.568 0.222 0.236
C-36+ 19.383  7.448 3.313 0.000

Molecular

Weight 291.7 218.0 192.7 175.5

(g/g-mole)
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Figure 42 shows a pseudoternary phase diagram constructed from the phase
compositions in the forward contacts. The ternary diagram illustrates that the
third forward contact is close to obtaining miscibility (Hutchinson and Braun,
1961). If a tangent is drawn to the two phase envelope of the same slope as the
TFC tie line (commonly called a critical tie line), it is verified that the BF oil
is multiple-contact miscible with carbon dioxide by the vaporizing-gas drive
process at approximately 1809 psia and 111.9°F. The two phase envelope will get
smaller as the pressure is increased if the tmeperature is held constant. With
that in mind, miscibility may have been obtained at high pressure in the TFC as
suggested by visual observations during that run. Figure 43 shows the same
pseudoternary diagram, but the compositions of the initial and TFC CO,-rich phase
were computed differently than the results shown in Figure 42. The values used in
Figure 42 were computed by averaging the high pressure/temperature compositonal
results with the recombination of flash compositional results on an 1:1 basis and
are deemed to be the best estimate of the true phase compositions. The values used
in Figure 43 were computed from the high pressure/ temperature results only. The
values used to construct Figures 42 and 43 are tabulated in Tables 21 and 22,
respectively.

The results of the 13C NMR analyses of the forward contact phases are shown in
Table 23. The percent of aromatic carbon in the CO,-rich phase is higher for the
initial mixture than for the other contacts. A likély explanation of this result
is that the initial mixture extracts more of the higher molecular weight components
(Figure 39). Aromatic carbons are associated more with high molecular weight
hydrocarbons (Bunger and Li, 1981). The percent of aromatic carbon in the CO,-rich
phase is lower for the FFC than for the other contacts. A likely explanation of
this result is that hydrocarbon interactions in the oil-rich phase cause aromatics
to selectively concentrate in the oil-rich pahse (see below). This selective
concentration is limited by solid phase precipitation in the SFC and TFC. The
percent of aromatic carbon in the oil-rich phase decreases as the contacts advance
as a result of solid phase precipitation. Aromatic carbon percent for the oil-rich
phase in the TFC is somewhat higher than that for the SFC, although the difference
may be within the * 1% reproducibility of the measurements. A greater amount of
precipitate was noted in the PVT cell for the TFC, and some of that solid phase may
have been mobilized during flash liberation of the TFC oil-rich phase. This is not
easily substantiated by the PVT program volumetric calculations, because the pro-
gram's calculated total sample volume after the flash cannot account for the large
amount of precipitate coating the inside of the cell.

Figure 44 shows the results of the aromatic carbon and STO mass balances. It
is evident that the STO mass balance is within an experimental error of +6% for all
of the contacts. The aromatic carbon mass balance is within the same experimental
error for the initial and FFC mixfures. Since the aromatic carbon mass balance
depends upon the mass of STO, the "“C NMR results for the initial and FFC seem very
credible. Large amounts of precipitate were noted for the SFC and TFC. Figure 44
shows that the aromatic carbon percent errors for the SFC and TFC are very high.
This suggests that the precipitate has a very high aromatic carbon content and
agrees with the reported solid phase measurement of about30% aromatic carbon
content (Monger, 1984). It is believed that the aromatic carbons are largely
present in very high molecular weight, multi-ring structures suspended in the crude
0il (Bunger and Li, 1981). As the oil composition is altered during the develop-
ment of miscibility so that high molecular weight hydrocarbons concentrate in the
oil-rich phase, attractive molecular interactions between the multi-ring structures
cause the more paraffinic hydrocarbons to be expelled. It has been proposed that
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Figure 42. Best Estimate Pseudoternary Representation of the
Mole Percent Composition of the CO,-Rich Phase in
the Forward Contacts at @ 1809 psia and 111.9 °F
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Figure 43. Pseudoternary Representation of the Mole
Percent Compositions of the CO,-Rich and
0i1-Rich Phases in the Forward-Contacis
at approximately 1809 psia and 111.9 °F
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13

Table 23: C NMR Results in the Forward Contacts
Percent of Aromatic Carbon
Mixture COZ-Rich Phase 0il-Rich Phase
Initial 8.1 13.7
First Forward Contact 4.0 13.1
Second Forward Contact 6.9 7.3
Third Forward Contact 6.3 9.6
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this expulsion of paraffinic hydrocarbons enhances the development of miscibility
(Monger, 1984).

Results and Discussion of the Swept Zone Contacts

Starting with the initial mixture, Figure 45 illustrates the volume percent
composition and resulting percent phase volumes at approximately 1821 psia and
111.5° F for the swept zone contacts.

Visual observations during the first swept zone contact (FSZC) revealed that a
second liquid phase developed as mercury was injected into the cell to increase
pressure, but disappeared upon cell equilibration. This non-equilibrium second
liquid phase first formed at approximately 1350 psia and appeared to condense out
of the CO,-rich phase. As the pressure increased, the amount of the non-equilib-
rium secofid liquid phase decreased. The oil-rich phase appeared very viscous
because a dark film remained on the cell window during pressure and interface read-
ings. The film was thin enough to transmit light, and the non-equilibrium second
liquid phase washed it off the window above the interface. The film thus presented
no problems in interface reading. At 2500 psia, bubbles appeared on top of the
oil-rich phase next to the cell window indicating an increase in the surface ten-
sion. An increase in the interface's curvature was noted along with the bubbles.
No precipitate of any type was observed on the cell windows during the FSZC.

Visual observations during the second swept zone contact (SSZC) were very
similar to those in the FSZC; except that the appearance of the non-equilibrium
second liquid phase stopped at 3000 psia. The film on the cell window appeared to
be a little darker suggesting that the oil-rich phase in the SSZC was more viscous
than the FSZC. The film did not hamper interface reading. The bubbles and the
apparent increase in interface curvature were observed at approximately 2000 psia
which is 500 psia lower than the FSZC. Again, no precipitate was observed on the
cell windows. It thus appeared from visual observation that the system became more
immiscible with successive swept zone contacts.

Figures 46 and 47 show the total sample volume versus pressure and percent
phase volumes versus pressure graphs for the swept zone contacts. The graphs of
percent phase volumes show a slight break in the curves at about 1400 psia for the
FSZC and 1450 psia for the SSZC. At pressures below the break, the system exhibits
liquid-gas compressibility as the CO,-rich phase is being compressed. The signifi-
cant mechanism of mass transfer for most of this region is that €O, is forced to
dissolve into the oil-rich phase. At pressures above the break, %he system ex-
hibits 1liquid-liquid compressibility and extraction of hydrocarbons into the
CO,-rich phase becomes significant. Comparison of the FSZC and SSZC percent oil-
ri¢h phase volume curves shows that the two curves are identical to about 1400 psia
because the compressibility of the CO,-rich phase remains about the same in succes-
sive contacts. At pressures greater than 1400 psia, the SSZC curve shows somewhat
more swelling of the oil-rich phase because there are less extractable hydrocarbons
carried over in the oil-rich phase from the previous contact. The rate at which
the percent volume curves approach each other increases as the contacts advance.
(The percent phase volume graphs for the initial 94.6% CO, - 5.4% BF oil mixture
can be found in the Appendix.) This also indicates that there is less extraction
of hydrocarbon and more swelling of the oil-rich phase as the contacts proceed.
This explanation is confirmed by chromatographic compositional analysis of the
oil-rich and COZ-rich phases.
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The swelling index curves for the swept zone contacts are shown in Figures 48
and 49. TFigure 50 contrasts swelling observed for the FSZC, and SSZC, and the
initial mixture. The swelling index curve for the SSZC is almost flat showing less
competition between the CO, swelling and hydrocarbon extraction mass transfer
mechanisms. (Difficulties encountered with the oil-rich phase volume calculations
in the swept zome contacts may have somewhat exaggerated the difference between the
FSZC and the SSZC curves.) Both the FSZC and the SSZC curves show a small but
steady increase in the swelling index after a minimum value is reached at about
1800 psia; thus both swept zome contact curves approach, and the FSZC curve crosses
the initial mixture curve. The above observations indicate that with successive
swept =zone contacts, hydrocarbon extraction becomes so insignificant that ulti-
mately only minor swelling effects are produced by pressure changes.

Table 24 summarizes the physical properties of the CO,-rich phase in the swept
zone contacts. The high pressure/temperature density, GLR, and SF were measured at
approximately 1821 psia and 111.5°F. The density of the liquid obtained from a
flash liberation was measured at room conditions. The high pressure/temperature
density decreases as the contacts proceed because less hydrocarbons are extracted
into the CO,-rich phase. The density of pure CO, at these conditions is 0.695
g/cc. The %1ashed liquid density increases as tHe contacts proceed because the
small amounts of hydrocarbon that are extracted by the CO,-rich phase have in-
creasingly higher molecular weights. The GLR increases and t%e SF decreases as the
contacts proceed. both indicate that less hydrocarbons are extracted.

The physical properties of the oil-rich phase from the swept zone contacts are
summarized in Table 25. The high pressure/temperature density increases as the
contacts proceed because the amount of CO, and light to intermediate hydrocarbons
is decreasing. The same trend is seen in“the flashed liquid densities. Both, the
GLR and SF indicate that less CO, and volatile hydrocarbons are present in the
oil~rich phase for each successive contact.

Table 26 shows the molecular weights calculated from the CO,-rich phase
chromatographic data in the swept zone contracts. The agreement between the high
pressure/temperature molecular weights and the recombination of flash molecular
weights are well within experimental error. The trend illustrated by these results
of decreasing molecular weight with successive contacts, again indicates that less
hydrocarbons are extracted into the CO,-rich phase as the swept zone contacts
proceed. The molecular weight of pure 2 is 44.0 g/g-mole. The chromatographic
compositions for the CO,-rich phse in the Swept zone contacts are given in Table 27
and shown in Figure 5. It is evident that the CO, content increases while the
hydrocarbon content decreases as the contacts proceed because the hydrocarbons
available for extraction decrease from contact to contact. The data also show that
the initial mixture extracts mostly C, - C6 hydrocarbons, while the FSZC extracts
mostly C, - C 9 hydrocarbons. Thus tke average molecular weight of the extracted
hydrocarbons increases with successive contacts as confirmed by the flashed liquid
molecular weight results shown in Table 26. Table 28 and Figure 52 show the
chromatographic compositions of the liquids collected from flashing the CO,-rich
phase in the swept zone contacts. It is again evident that the initial mIxture
extracts more C, - C1 hydrocarbons while the FSZC and SSZC extract more C,. - C
hydrocarbons. fhis again illustrates that there are less extractable hydrocarbors
in each successive contact, and explains why the molecular weight of the flashed
liquid increases from 161.5 g/g-mole for the initial mixture to 188.6 g/g-mole for
the FSZC to 189.7 g/g-mole for the SSZC (Tables 26 and 28).
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Table 26: COZ-Rich Phase in the Swept Zone Contacts - Molecular Weight

Molecular Weight (g/g-mole)

Mixture High Pressure/ Recombination Liquid From
Temperature of Flash Flash
Initial 46.4 46.2 161.5
First Swept Zone Contact 45.1 45.7 188.6
Second Swept Zone Contact 444 45.5 189.7
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Table 27: Composition of the CO -Ricg Phase
in the Swept Zomne Con%acts

(Mole Percent)

Component  Initial Fsic SSZC
C-1 0.516 0.187 0.145
Cco2 96.155 97.905 99.301
Cc-2 0.207 0.103 0.022
c-3 0.194 0.067 0.020
c-4 0.394 0.129 0.039

) C-5 0.202 0.123 0.023
c-6 0.286 0.117 0.027
c-7 0.344 0.302 0.050
C-8 0.369 0.311 0.070
Cc-9 0.274 0.226 0.052

Cc-10 0.232 0.156 0.051
c-11 0.181 0.076 0.041
Cc-12 0.140 0.048 0.036
C-13 0.122 0.053 0.030
C-14 0.096 0.035 0.022
C-15 0.075 0.035 0.020
C-16 0.056 0.026 0.012
Cc-17 0.052 0.028 0.012
c-18 0.030 0.019 0.009
Cc-19 0.020 0.012 0.005
Cc-20 0.017 0.011 0.004
c-21" 0.012 0.008 0.003
c-22 0.007 0.007 0.002
c-23 0.007 0.004 0.001
C-24 0.004 0.003 0.001
Cc-25 0.002 0.003 0.001
C-26 0.001 0.002 0.001
c-27 0.001 0.002 0.001
C-28 0.001 0.001 0.000
Cc-29 0.001 0.001 0.000
C-30 0.001 0.000 0.000
Cc-31 0.001 0.000 0.000

Molecular

Weight 46.3 45.4 44.5

(g/g-mole)

2 Al1 values calculated by combining the high pressure/temperature
results with the recombination of flash liberation data results on a
1:1 basis.
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Table 28: Composition of the Liquid Collected from Flashing
the C02-Rich Phase in the Swept Zone Contacts

(Mole Percent)

Component  Initial FSZC SSZC
C-4 0.813 0.000 0.013
Cc-5 2.504 0.009 0.215
c-6 4.172 0.894 1.463
c-7 7.859 3.054 3.847
c-8 12.394 7.366 4.851
Cc-9 10.885 8.204 6.380

c-10 10.966 10.104 9.307
Cc-11 9.323 10.266  10.287
c-12 8.351 9.596 10.160
c-13 7.082 9.366 9.802
C-14 5.650 7.251 8.027
C-15 4.515 7.206 7.826
C-16 3.476 5.369 6.015
c-17 3.392 5.624 6.310
Cc-18 2.422 3.831 4.825
Cc-19 1.634 2.382 2.522
Cc-20 0.732 2.444 1.967
c-21 1.002 1.723 2.028
Cc-22 0.643 1.521 1.268
Cc-23 0.742 0.947 0.883
C-24 0.463 0.674 0.650
C-25 0.228 0.595 0.470
C-26 0.163 0.507 0.363
Cc-27 0.156 0.496 0.326
Cc-28 0.128 0.309 0.196
Cc-29 0.112 0.263 0.000
Cc-30 0.098 0.000 0.000
Cc-31 0.099 0.000 0.000

Molecular

Weight 161.5 188.6 189.7

(g/g-mole)
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The high pressure/temperature and recombination of flash molecular weights for
the oil-rich phase in the swept zone contacts are shown in Table 29. Poor agree-
ment is observed between the high pressure/ temperature molecular weights and the
recombination of flash molecular weights. The molecular weights calculated from
the recombination of flash data are lower than those calculated from the high
pressure/ temperature data. Recalling similar results for the initial mixture and
the forward contacts (Table 18), the agreement between high pressure/temperature
and recombination of flash results was much improved, and the high pressure/
temperature result were lower. Visual observations during runs and the appearance
of the liquid collected from flash liberation of the oil-rich phase revealed that
the oil-rich phase in the swept zone contacts was extremely viscous. It is be-
lieved that the high pressure/temperature sampling yoke and syringe lost CO, when
flowing the oil-rich phase. The high pressure/temperature syringe thus coliected
samples somewhat depleted of CO,. This may have occurred because the viscous
oil-rich phase interfered with tﬁe sealing of the packing in the high pressure/
temperature syringe or yoke. Mass balance calculations of the CO, and hydrocarbon
contents indicate that the recombination of flash data provide %he best chroma-
tographic composition for the oil-rich phase in the swept zone contacts. After a
thorough examination of the chromatographic results from the high pressure/
temperature syringe, the low pressure gas and liquid from flash liberation, as well
as the GLR, it was concluded that the recombination of flash data are the best
estimate of the true oil-rich phase composition in the swept zome contacts.

Table 30 and Figure 53 show the chromatographic compositional results for the
oil-rich phase in the swept zone contacts. Table 30 indicates that the mole per-
cent of CO. increases as the contacts proceed. The same trend is reported by
Turek, et. al. (1984) for their CO, cylcing (swept zone contacts) studies. Figure
53 shows that as the contacts proceed, the amount of C, - C hydrocarbons de-
creases, with the C fraction representing a greater portion of the remaining
hydrocarbons. These results illustrate €0,.'s preference for intermediate molecular
weight hydrocarbons. The C, - C,, decrease and the C increase also explain why
the calculated molecular weights increase as the contacts proceed (Tables 29 and 30
). The same compositional trends are evident from the flashed liquid compositions
(Table 31 and Figure 54). Figure 54 shows that nearly all of the C4 - C10 hydro-
carbons are recovered by the SSZC, and that the C 6+ fraction increases as the
contacts proceed. This again explains why the mofecular weight of the flashed
liquid from the oil-rich phase in the swept zone contacts increases as the contacts
proceed (Table 29 and 31).

Table 32 summarizes the cumulative oil production in the swept zone contacts.
The results of total hydrocarbon mass and liquid volume produced are presented as
the percent of original oil in place (00IP). Figure 55 is a graphical illustration
of these results. Both mass and liquid volume cumulative productions show that
CO.'s first contact with BF o0il in the initial mixture recovers most of the ex-
tractable hydrocarbons, with each successive contact recovering significantly less.
The curves in Figure 55 emphasize that maximum oil recovery is approached asymp-
totically with very little increase after the SSZC.

The results of the qﬁdrocarbon type analyses for the swept zone contacts are
shown in Table 33. The C NMR results for the CO,-rich phase in the swept zone
contacts indicate that about the same amount of aromatic carbon, which are associ-
ated with the heavy molecular weight hydrocarbons, are extracted into the CO,-rich
phase in each contact. Ihis is confifged by the chromatographic composi%ional
results (Table 28 and Figure 52). The C NMR results for the oil-rich phase are
difficult to interpret. They suggest that the percent of aromatic carbon increases
from 13.7% for the initial mixture to 18.0% for the FSZC, and then decreases to
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Table 29: 0il-Rich Phase in the Swept Zone Contacts - Molecular Weight

Molecular Weight (g/g-mole)

Mixture High Pressure/ Recombinaticn Liquid From
Temperature of Flash Flash
Initial 78.0 127.8 291.7
First Swept Zone Contact 214.7 153.7 375.8
Second Swept Zone Contact 232.2 162.1 412.3
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Table 30: Composition of the 0il-Rich Phase
in the Swept Zone Contacts

(Mole Percent)

Component  Initial FSZC S8ZC
c-1 0.664 0.912 0.667
o2 63.684 64.032 66.732
c-2 0.364 0.285 0.036
c-3 0.336 0.089 0.022
C~4 0.587 0.291 0.075
C-5 0.570 0.504 0.226
c-6 1.961 0.998 0.019
C-7 1.743 1.364 0.058
c-8 1.823 0.782 0.270
Cc-9 1.408 0.520 0.328

Cc-10 1.388 0.509 0.391
Cc-11 1.330 0.574 0.435
c-12 1.333 0.761 0.687
c-13 1.363 1.003 0.949
C-14 1.201 1.127 0.821
C~-15 1.343 1.056 1.141
C-16 1.134 1.201 0.989
c-17 1.179 1.311 1.220
C-18 1.108 1.048 0.930
C-19 0.782 0.943 0.896
C-20 0.750 0.882 0.924
c-21 0.809 0.810 0.765
Cc-22 0.782 0.761 0.877
Cc-23 0.685 0.936 0.631
C-24 0.573 0.506 0.573
C-25 0.507 0.508 0.620
C-26 0.478 0.504 0.602
Cc-27 0.508 0.420 0.649
C-28 0.470 0.525 0.507
C-29 0.418 0.442 0.475
Cc-30 0.396 0.361 0.401
C-31 0.368 0.310 0.345
C-32 0.305 0.270 0.274
C-33 0.679 0.223 0.234
C-34 0.090 0.174 0.172
C-35 0.333 0.138 0.152
C-36+ 6.548 12.921  14.912
Molecular
Weight . 127.8 153.6 162.1
(g/g-mole)

a All values are calculated from recombination of flash liberation data.
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Table 31: Composition of the Liquid Collected from Flashing
the Oil-Rich Phase in the Swept Zone Contacts

(Mole Percent)

Component  Initial FSZC §8ZC
Cc-5 1.006 0.000 0.000
c-6 5.326 0.125 0.000
C-7 4.803 4.141 0.019
c-8 5.227 2.374 0.605
c-9 4.137 1.580 0.961

Cc-10 4.104 1.546 1.218
c-11 3.936 1.743 1.355
c-12 3.946 2.311 2.143
c-13 4.033 3.045 2.957
c-14 3.554 3.422 2.560
Cc-15 3.974 3.207 3.556
c-16 3.358 3.647 3.082
c-17 3.490 3.980 3.803
c-18 3.278 3.181 2.898
c-19 2.314 2.863 2,793
c-20 2.220 2.678 2.881
c-21 2.395 2.461 2.384
C-22 2.315  2.312 2.733
Cc-23 2.029 2.843 1.968
C-24 +1.697 1.537 1.787
C-25 1.501 1.542 1.932
C-26 1.414 1.529 1.876
c-27 1.505 1.275 2.022
C-28 1.391 1.594 1.580
c-29 1.238 1.342 1.482
C-30 1.172 1.096 1.249
c-31 1.090 0.942 1.075
c-32 0.902 0.820 0.853
c-33 2.011 0.678 0.729
C-34 ~ 0.267 0.529 0.536
Cc-35 0.985 0.420 0.474
C-36+ 19.383 39.238  46.490
Molecular
Weight 291.7 - 375.8 412.3
(g/g-mole)
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Table 32: Cumulative 0il Production in the Swept Zone Contacts

(Percent OOIP)

Mixture Mass Liquid Volume

Initial 37.5 29.1
First Swept Zone Contact 45.3 35.1
Second Swept Zone Contact 47.4 36.8
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13.8% for the SSZC. The STO and aromatic carbon mass balances are well within
experimental error for the initial mixture and suggest that the results for the
initial mixture are correct. ~The STO mass balance for the FSZC is within experi-
mental error while the aromatic carbon mass balance is excessively high. If the
assumptions made in performing the aromatic carbon mass balance are correct, then
the negative percent error indicates that mass was generated. Since additioT§1 o0il
was not introduced into the cell, a more probable explanation is that the ~C NMR
measurement for the FSZC was anomalous. It should be noted that this measurement
was recorded two months before the additional swept =zone results, and that the
spectrometer underwent some probe repairs during the interim. Another possible
explanation for the high value is that the test sample was made in a large con-
tainer and transferred into a smaller container. Some of the lighter hydrocarbons
which would have contained predominately non-aromatic carbon might have been lost
upon transferal. The STO mass balance for the SSZC is within experimental error.
The aromatic carbon mass balance is off, perhaps because the percent of aromatic
carbon in the FSZC is incorrect. A back calculated value of the aromatic carbon
percent for the ‘FSZC indicates that the aromatic carbon percent for the SSZC is
low. These calculations suggest that the FSZC should show about 14% aromatic
carbon while the SSZC should show about 15% aromatic carbon. The likely explana-
tion for why the aromatic carbon content is low in the SSZC is that the solvent did
not dissolve all of the heavy hydrocarbons. It was difficult to visually ascertain
whether all of the hydrocarbon material dissolved, because the samples were very
dark, and some of the CrAcAc did not dissolve. Since no BF o0il was added to the
system after the initial mixture, no precipitate was observed during the runs, and
this precipitate which is highly aromatic concentrates in the oil-rich phase, logic
dictates that the aromatic carbon percent for ‘the oil-rich phase should increase as
the contacts proceed. T

General Discussion -

A pseudoternary diagram constructed from the weight percent compositions of
the phases from both the forward and swept zone contacts is shown in Figure 56.
The pseudoternary diagram shows that multiple-contact miscibility will be developed
by the vaporizing-gas drive mechanism. . The first-contact miscible C02—rich phase
composition is about 51 wt9 C02,,10 wt% C1 -‘C6’ and 39 wt% C7+.

Figure 56 also illustrates that the limiting oil-rich phase composition after
a few more swept zone contacts should be approximately 17 wt% CO, and 83 wt} C7+.
Chromatographic compositional results of the oil-rich phase in the swept zone
contacts indicate that the C fraction will be composed of very high molecular
weight hydrocarbons. The ‘values used to construct Figure 56 are tabulated in Table
34. All compositional results determined from high pressure/temperature data,
recombination of flash data, and an average of high pressure/temperature results
and recombination of flash results are presented in the Appendix.

Visual observations and aromatic carbon mass balance calculations for the
forward contacts show that as miscibility is generated the more aromatic hydro-
carbons precipitate out of the oil-rich phase as a tar-like solid. Solid phase
formation may cause miscibility by removing hydrocarbons which are not soluble in
co,,. It is possible that this precipitate reduces permeability or increases
apparent displacing fluid viscosity in high permeability zones thus causing better
flood conformance. It is also possible that this precipitate alters reservoir
wettability to inﬁEFase ‘the . amount of oil contacted by CO, (Ehrlich, et. al.,
1983). Using the C NMR results: for the C02-rich phases, the STO fraction of BF
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0il, the oil-rich phase in the swept zone contacts, and the solid phase collected
durlng sandpack displacements (Monger, 1984), the weight percent of solids in the
BF o0il is calculated to be approximately 20%.

In closing, the generality of the phase behavior data reported here for BF oil
was tested using the effluent compositions determined for two repeat sandpack
displacements as reported by Whitehead, et. al. (1981). Both sandpack displace-
ments were performed at 1800 psia and 109°F with RR oil and 100% CO, as the injec-
tion fluid. Figure 57 shows the pseudoternary diagram which was constructed from
forward contact results with BF oil (Figure 42). Plotted on the pseudoternary
diagram are the sandpack effluent compositions, modified to exclude methane. In
this modification, the methane fraction of the effluent was subtracted out, and the
remaining fractions were renormalized. This was done because the pseudoternary
diagram was generated using BF oil which is essentially methane free. The number
beside each data point indicates the order and at what stage during the displace-
ment the effluent samples were taken, with 1 indicating the start and 8 indicating
the end of the displacement (Whitehead, et al., 1981). Figure 57 shows that the
two phase envelope constructed from the BF o0il phase behavior data can be used to
predict the displacement compositional profile. As illustrated, the effluent
compositions follow a compositional path which is to the right of the critical tie
line until the plait point is reached. The effluent compositions then map along
the dew-point curve of the two phase envelope. This is the compositional profile
predicted by the vaporizing-gas drive mechanism of multiple-contact miscibility
(Hutchinson and Braun, 1961). The scatter in the effluent compositions is do to
problems associated with obtaining accurate compositional results using the high
pressure/temperature syringe. The agreement between the sandpack effluent composi-
tional results and the pseudoternary diagram is quite remarkable considering the
different laboratory conditions; namely, different experimental setups, different
experimenters, different gas chromatographs, different data analytical procedures,
and the use of flash liberation versus a non-gravity stable displacement rate to
expel methane.

CONCLUSIONS
1. No liquid-liquid~vapor three phase region was observed for CO, - BF oil
mixtures at temperatures greater than 111°F. Carbon dioxide™ - BF oil

mixtures in the high CO, concentration range were capable of creating a
liquid-liquid-vapor three phase region at room temperature.

2. No liquid-fluid (liquid-liquid) critical points were exhibited by CO2 -
BF o0il mixtures at 111°F or 141.4°F over the pressure range testéd.

3. Carbon dioxide is multiple-contact miscible with BF o0il at approximately
1809 psia and 111.9°F by the vaporizing-gas drive mechanism.

4. Extensive precipitation of a tar-like solid phase is associated with the
development of CO, - BF o0il miscibility. How this affects CO, flood

. 2
performance remains to be seen.

5. The BF o0il precipitate appears to be highly aromatic and constitutes
approximately 20 weight percent of the stock tank oil hydrocarbon.
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The phase equilibria results presented provide multiple~contact phase
compositions which are necessary to calibrate equations of state for
reservoir simulation.

The results presented provide multiple-contact phase behavior data for a
highly asphaltic (aromatic) crude which is lacking in the literature.
The results thus provide a general model for predicting the phase be-
havior of other highly asphaltic crudes.

Very little o0il recovery will be realized after the first swept =zone
contact (second CO, contact) in a hydrocarbon vaporization huf-n-puf
process on the BF oil. The cumulative liquid volume recovered by two CO2
contacts is approximately 35% of the orginal oil in place.

Aromatic hydrocarbons appear to concentrate in the oil-rich phase of
CO, - BF o0il mixtures. In the swept 2zone contacts these components
conistitute a large fraction of the unrecoverable o¢il. In the forward
contacts these components are precipitated out as a solid phase. In both
cases, potential problems associated with the refining or disposal of
these toxic compounds are alleviated.
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APPENDIX
TABLE Al
MEASURED VALUES OF PRESSURE-VOLUME |SOTHERMS

FOR CO -BF OIL MIXTURES AT APPROXIMATELY 141.4 F

2
PRESSURE TOTAL SAMPLE OIL-RICH PHASE CO -RICH PHASE
2
(psia) VOLUME (cc) (% volume) (% volume)
0 MOLE PERCENT CO , 143.3 F
2
1 159.799 31.59 68.41
49 129.966 39,35 ' 60.65
61 100.111 51.42 48,58
86 71.906 72.46 27.54
400 54.013 0.0 0.0
1145 53.636 0.0 0.0
1960 53.414 0.0 0.0
2788 53.153 0.0 0.0
3481 52.955 0.0 0.0
23.7 MOLE PERCENT CO , 142.5 F
2
365 135.089 58,49 41.51
413 120.016 65.29 34,71
a71 105.044 76.44 23.56
522 94,942 85.48 14.52
593 87.362 0.0 0.0
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713
1724
2759

3470

883

913

993
1088
1150
1219
1546
2236
2793
3492

3647

967
1093
1219

1441

83.966

82,564

81.835

81.540

TABLE A1l

(cont,)

0.0

0.0

0.0

0.0

48.2 MOLE PERCENT CO ,

130.621

125.018

114.475

104.665

100,142

96.141

93.903

92.819

92.135

91.779

91.591

2

65.75
69.06
76.15
84.79
0.0
0.0
0.0
0.0
0.0
0.0

0.0

68.5 MOLE PERCENT CO

142.698

122.632

107.708

89.602
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2

39,22

46.39

53.89

61.57

1

142.3 F

141.1 F

0.0
0.0
0.0

0.0

34.25
30.94
23.85
15.21
0.0
0.0
0.0
0.0
0.0
0.0

0.0

60.78
53.61
46.11

38.45



1793
1945
2410
2947

3453

1627
1715
1860
2264

3288

1356
1412
1465
1530
1594
1665
1762
1935

2342

75.305

73.667

72.179

71.619

71.162

TABLE A1l

{cont,)

83.64

0.0

0.0

0.0

0.0

78.8 MOLE PERCENT CO ,

138.771

128.774

118.863

109.218

102.139

2

42.43

45.09

47.80

50.23

50.99

87.2 MOLE PERCENT CO ,

168.676

158.613

148.446

138.030

127.834

117.848

106.885

96.742

88.040

134

2

20.91

22.36

24,09

22.15

28.76

31.32

33.74

37.26

36.95

140.0 F

141.3 F

16.36
0.0
0.0
0.0

0.0

57.57
54 .91
52.20
49.77

49.01

79.09
77.67
75.91
77.85
71.24
68 .68
66.26
62.74

63.05



2723

3067

3383

84.595
82.606

81.321

TABLE A1 (cont.)
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36.93
36.39

35.48

63.07

63.61

64.52



TABLE A2
MEASURED VALUES OF PRESSURE-VOLUME [SOTHERMS

FOR CO -BF OfL MIXTURES AT APPROXIMATELY 111.0 F

2
PRESSURE TOTAL SAMPLE OIL-RICH PHASE CO -RICH PHASE
2
(psia) VOLUME (cc) (% volume) (% volume)
0 MOLE PERCENT CO , 111.3 F
2
a3 171.309 44 .47 55.53
49 151,408 50.90 49.10
54 131.517 ' 58,81 41,19
73 97.022 80 .66 19,34
90 83.683 0.0 0.0
361 80.089 0.0 0.0
645 79.787 0.0 0.0
1164 79.568 0.0 0.0
2359 79.064 0.0 0.0
3465 78.643 0.0 0.0
23.7 MOLE PERCENT CO , 111,3 F
2
320 133.885 57.41 42.59
341 123.787 62.46 37.54
370 113.852 67.99 32,01
425 97.833 80.04 19.96
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451

605

1091

1976

25490

3480

730

764

805

852

911

1022

15353

2210

2881

3400

3529

699

780

91.791

81.914

80.806

80.263

79.985

79.560

TABLE A2 (cont.)

86.23

0.0

0.0

0.0

0.0

0.0

48 .2 MOLE PERCENT CO ,

134.527
126.809
118.858
110.895
102.875
94.273
97.469
91.923
91.455
91.113

91.061

68.5 MOLE PERCENT CO ,

171.391

147.315

137

2

62.87

67.85

72.91

79.25

86.66

0.0

0.0

0.0

O'O

0.0

0.0

25.31

30.49

2

1M1.2 F

1M11.0 F

13.77
0.0
0.0
0.0
0.0

0.0

37.13
32.15
27.09
20.75
13.34
0.0
0.0
0.0
0.0
0.0

0.0

74 .69

69.51



869

97
1110
1183
1299
1490
1839
2517
3055

3519

1262
1276
1289
1300
1330
1427
1651
2009
| 2509

3519

126.558

106.819

86.700

76.618

66.615

62.045

60.971

60.263

59.855

59.546

TABLE A2 (cont.,)

36.42

44.02

56 .68

66.11

80.92

0.0

0.0

0.0

0.0

0.0

78.8 MOLE PERCENT CO ,

140.806

135.772

130,719

125.694

118.170

110.897

106,132

103,004

100.590

97.771

2

41.79
43,09
44 .49
45.92
47.69
49.34
50.39
50.68
50.70

50.68

138

110.6 F

63.58

55.98

43,32

33.89

19.08

0.0

0.0

0.0

0.0

0.0

58.21

56.91

55.51

54.08

52.31

50.66

49.61

49.32

49.30

49.32



TABLE A2 (cont.)

87.2 MOLE PERCENT CO , 110.3 F

2
1090 191.810 18.13 81.87
1141 171.778 20.70 79.30
1202 151.777 23.90 76.10
1259 131.751 28.19 71.81
1305 111.732 32.71 67.29
1429 91.783 36.63 63.37
1729 84.484 37.42 62.58
2250 81.014 37.14 62.86
2630 79.397 36.74 63.26
3007 78.206 36.67 63.33
3500 76.986 36.28 63.72

89.3 MOLE PERCENT CO , 111.,5 F

2
733 185.350 6.49 93.51
772 172.534 7.22 92.78
822 157.573 8.23 91.77
856 148.3853 8.98 91.02
895 138.426 9.63 90.37
940 127.735 10,36 89.64
974 120,171 11.42 88.58
1004 113.686 11.27 88.73
1046 105.089 13.18 86.82
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TABLE A2 (cont,)

1080 98.368 14.06 85.94
1118 91.130 15.27 84.73
1158 83.494 16.55 83.45
1182 78.887 18.05 81.95
1229 69.554 20.14 79.86
1274 58.873 23.45 76.57
1312 49,328 27.08 72.92
1561 41,052 29.61 70.39
1880 39.128 29.73 70.27
2390 37.638 28.35 71.65
3515 36.009 27.96 72.04

94 .6 MOLE PERCENT CO (INITIAL MIXTURE)
2
FIRST MIXING, 111.6 F

1245 131.599 9.96 90.04
1269 122.45%4 10.89 89.11
1294 110.761 10.92 89.08
1326 96.256 12,34 87.66
131 86,425 13.15 86.85
1431 80.920 13.44 86.56
1498 77.542 13.70 86430
1685 72.930 13.08 86.92
2075 68.521 12.57 87.43
2652 65.270 | 11.88 88.12
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3496

1290

1330

1397

1430

1495

1600

1860

2590

3146

3410

1408

1535

1610

1682

1728

1762

1788

1845

1880

1995

2460

3018

62.531

183,232
173.244
163.287
158.309
150.700
145.587
138.653
130.004
126.249

124.279

171.911
166.399
162.849
160.240
158.801
157.679
156.948
155.543
154.744
152.648
145.914

140.979

TABLE A2 (cont.)

SECOND MIXING, 110.4 F

12.94

13.10

13.66

13.97

14.01

14.03

13.98

13.85

13.71

12.99

12.68

THIRD MIXING, 111.7 F
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11.44
13,71
13.52
13.62
13.37
13,22
13.49
13.31
13.13
13,25
12.74

12.61

87.06

86.90
86.34
86.03
85.99
85.97
86.02
86.15
86.29
87.01

87.32

88.56
86.29
86.48
86,38
86.63
86.78
86.51
86.69
86.87
86.75
87.26

87.39



3459

1355

1421

1471

1603

1709

1727

1766

1838

1897

1992

2203

2751

3461

138.015

188.189
177.022
171,796
164.869
161.330
159.957
158.110
156.303
154.883
153.115
149.646
143,674

138.733

TABLE AZ {cont.)

12.51

FOURTH MIXING, 111.4 F

142

14.20

14.29

14.15

14.19

14,14

14413

14,13

14.21

15.83

13.86

15,53

13.41

13.27

87.49

85.80
85.71
85.85
85.81
85.86
85.87
85.87
85.79
86.17
86.14
86.47
86.59

86.73



TABLE A3
MEASURED VALUES OF PRESSURE-VOLUME |SOTHERMS

FOR CO -BF OIL MULTIPLE-CONTACT MIXTURES

2
PRESSURE TOTAL SAMPLE OlIL-RICH PHASE CO -RICH PHASE
(psia) VOLUME (cc) (% volume) ?% volume)
FIRST FORWARD CONTACT
FIRST MIXING, 113.,1 F

990 176.633 17.50 82.50
1030 164.366 19.44 80.56
1067 153.300 21.03 78.97
1106 141.675 23.07 76.93
1138 132,893 24.90 75.10
1179 121.047 28.22 71.78
1225 107.612 33,30 66.70
1268 91.201 37.18 62,82
1286 82,957 39.85 60.15
1311 76,939 41.78 58.22
1346 74.164 42,42 57.58
1394 72,255 42,78 57.22
1456 70.793 42.93 57.07
1536 69.590 43,15 56.85
1966 66.332 42,77 57.23
2994 63.065 40.44 59.56
3498 62.083 37.56 62.44
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TABLE A3 (cont.)
3670 61.964 38.64 61.36

SECOND MIXING, 112.6 F

1236 185.852 31,21 68.79
1235 183.391 31.69 68,31
1251 172.114 33,87 66.13
1284 148,709 38.42 61.58
1308 136,315 40.62 59.38
1510 120.769 42.22 57.78
1602 118.587 42 .31 57.69
1671 117.403 42.18 57.82
1727 116.618 42.15 57.85
1806 115.616 42.28 57.72
1860 115.130 42,22 57.78
1900 114.759 41,95 58.05
2434 110.029 40.98 59.02
3256 107.651 38.90 61.10

SECOND FORWARD CONTACT, 111.8 F

1079 180.603 24.19 75.81
1125 165,461 26.87 73.13
1155 153.850 29.69 70.31
1200 137.322 35.69 66.31
1240 121.811 38.48 61.52
1260 106.765 42.08 57.92
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TABLE A3 (cont.)

1270 97.105 43,65 56 .35
1305 92,303 43,89 56.11
1380 89.520 43,53 56,47
1450 88.003 , 43.26 56 .74
1520 86,958 42.80 57.20
1602 86.028 42,53 57.47
1709 85,140 41.90 58.10
1770 84,714 41.72 58.28
1810 84.474 41,55 58.45
1860 84,175 41,58 58,42
1912 83.869 41,10 / 58.90
1980 83.493 40,57 59.43
2437 81,713 38.13 61.87
3021 80.178 34.18 65.82
3455 79.243 30.39 69.61
3532 79.127 28,81 71.19
3619 78.943 27.56 72.44

THIRD FORWARD CONTACT, 111,9 F

836 178.145 18,14 81,86
875 165.737 19.79 80.21
922 152,123 21.84 78.16
969 139,331 24.29 75.71
1017 127.143 27.22 72.78
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TABLE A3 (cont.)

1054 118.425 29.96 70.04
1089 110.172 33.04 66.96
1120 103.262 35.73 64 .27
1151 96,492 39.21 60.79
1181 90.082 42,75 57.25
1207 84.290 46.48 53.52
1231 78.917 50.10 49.90
1250 74.100 53.33 46.67
1259 70.337 54 .68 45,32
1269 65,351 56.63 43,37
1302 62.626 57.43 42.57
1372 61.045 57.53 42.47
1432 60.286 57.35 42.65
1491 59.766 57.33 42.67
1539 59.405 57.08 42.92
1629 58.867 56.88 43,12
1711 58.471 56.42 43,58
1778 58.199 56.41 43,59
1836 57.989 56 .08 43.92
19456 57.630 55.82 44,18
2021 57.416 55.67 44.33
2463 56.414 53.47 46.53
2760 55.832 0.0 0.0

3031 55.394 0.0 0.0

3502 54.756 0.0 0.0
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TABLE A3 (cont,)
FIRST SWEPT ZONE CONTACT

FIRST MIXING, 110.3 F

1059 141,225 10.42 89.58
1090 133,204 11.16 88.84
1140 120.590 12.41 87.59
1185 108.903 13,12 86,88
1230 96.915 15.01 84.99
1275 84.524 17.54 82.46
1318 75.687 19.91 80.09
1340 66.749 21.94 78.06
1380 62.061 23.46 76.54
1412 59.322 24.68 75.32
1465 ' 57.290 25.58 74.72
1510 55.922 25.50 74.50
1580 ;~54°383 25.68 74 .52
1680 53.053 26.74 73.26
1782 51.966 27.38 72.62
1903 51.013 27.853 72.17
2008 50.370 28.95 71.05
2491 48.379 28.63 71.37
3015 | 47,026 30.81 69.19
3500 46.156 32.02 67.98

SECOND MIXING, 111.7 F
1162 146.511 13.35 86.65

1209 132.367 14.98 85.02
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1254
1293
1332
1373
1418
1476
1521
1574
1626
1685

1726

1780

1830
1886
1931
1989
2441
2957

3492

1202
1248

1291

118.379
104.082
90.747
81.159
75.982
72.519
70.753
69.299
68.195
67.170
66.552
65.870
65.315
64.756
64 .394
63.968
61.413
59.586

58.348

SECOND SWEPT ZONE

113.417

102.591

91.229

TABLE A3 (cont.)
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16.66
18.43
20.64
23.13
24,22
24,92
25.55
26.25
26.73
26.84
27.25
27.11
27.44
27.61
27.35
27.99
29.28
30.63

31.48

CONTACT, 111.7 F

14.54

16.03

18.08

83.34

81.57

79.36

76.87

75.78

75.08

74 .45

73.75

73.27

73.16

72.75

72.89

72.56

72.39

72.65

72.01

70.72

69 .37

68.52

85.46
83.97

81.92

(&) ]



TABLE A3 (cont.)

1343 77.359 20.72 79.28
1392 68.413 23.81 76.19
1442 63.884 25.61 74.39
1473 62.020 26.07 73.93
1523 60.381 26.82 73.18
1577 58.778 27.48 72.52
1631 57.686 27.73 72.27
1687 56.778 28.21 71.79
1745 56.051 28.75 71.25
1811 55,357 29.16 70.84
1863 54,893 29,11 70.89
1889 54.667 29.58 70.42
1953 54.169 29.29 70.71
2022 53.718 30.04 69.96
2469 51.589 31.44 68.56
3022 50.044 33.08 66.92
3468 49,148 34 .44 65.56
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TABLE A4

MEASURED VALUES OF PRESSURE-VOLUME |SOTHERMS

FOR CO -BF OIL MIXTURE AT 79.8 F

2
PRESSURE TOTAL OIL-RICH Co -RiCH CO -RICH
SAMPLE LIQUID ViPOR L?QUID
(psia) VOLUME ({cc) (% volume) (% volume) (% volume)
89.3 MOLE PERCENT CO2
769 132,776 10.44 89.56 0.0
796 124,957 11.37 88,63 0.0
824 116.469 11.92 88.08 0.0
864 101.673 15.06 84.94 0.0
883 84.748 15.77 76.07 8.16
892 79.758 16.54 72.95 10.51
899 74 .765 17.55 69.13 13.32
3905 69.769 18.40 64.48 17.12
912 64,776 19.39 58.77 21.84
917 59.781 20.37 52.47 27.16
927 49.788 25.00 34.38 40.62
934 44,794 27.17 23.01 49.82
1389 37.082 30.14 0.0 69.86
1845 36,056 20 0m==—=—= mmeme— meeee
2306 35,403 200 Z===——=  mmme— meses
2852 34,828 200 m=wee- mmme= mmome
3415 34,294 20 =—wwe mmmee mooes
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PVT PROGRAN

INTEBER €5,C3
CONMON A, A2,A3, A4, A5, A6, A7,A8,A9, B 82,83, B4, B5,01,02,03,04,C2,
+£3,C4,05,C7,V1,V2,V3,V4,TF
CONNON PV, T,N,NT
DINENSION B4 (66} ,P(99), T(99) V1991 NT(5),VS(39),
AVCELL (99) ,VLIGC{59) , DENS(99) ,2(99) ,
LAC2(99) , AC3(59) ,AC4 (99) ,ACS(99) ,ACH{%9) ,
LYL1QVP (99), VGASC(99) ,VBASVP (99) ,PAP(99) ,PAVS (99
READ (3,8)A1,A2,A3, A4 ,A5, Rb A7
READ (5, #)AB, A9, B! ,B2,B3,B4,B5
WRITE(6,100)
JCON=0
H=0
ACUN=0
IPN=0
Ne)
L=0
6 READ(S,1010) B&
READ(S,#) B7,88,89,L1
1010 FORMAT {46AL)
WRITE (6,101) B&
WRITE(6,102) A4,AS,A8,A7
WRITE (6,200)
WRITE (6,103) 42,A3,A9,h8, B
WRITE(8,104) B7,82,B3,B4,B5
WRITE(6,105) B9,C1,88
1F(B1)1,2,3
2 B1=0.0
07=0,
60 70 7
t TF=A9
CA=AB
CALL CELLV
BLav1
3 TFA9
C4=AB
Di=B1
CALL MERC
D7=02
7 READ(S,#,END=9) C2,C3,C4,C5,C6
AC2 (N) £C2
A3 T3
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ACH (N} =C4
ACS (N} C5
AC6 (N)<Cs
8 60 T0(10,11,11,13),E4
10 CALL NANIC
IF(JCON) 14, 14, 15
14 JCON=t
WRITE (6,107)
15 WRITE(6,108) C4,C5,C7
80707
11 D1=0.0
D2=At
TF=B7
CALL NERC
DA=D3-D1
CALL COMAT
Di=v2
CALL NERC
IF(C4-2115,16,17
16 D5<D2
50707
17 Dé=D2
D2:D5-D2
B7=074D2
02:D7
D5=Dé
TF=B8
D10,
CALL NERC
va=D|
IF(A4}18,18,19
19 CALL CELLV
VS (N} =V1-v4
VCELL (N) 2V
1c2:02
IF(IC2.NE.0) 60 TO 21
VLIQC (N =0,
VBASC(N)=0,
VLIQP (N} =0,
VEASVP (N)=0,
80 10 20
21 CALL CATH (£2,C3,v4,WL10)
26 VLIQC (N sVLIQ
VBASC (N) =VS (M) -VL1GC (N)
VLIQUP (M) = (VLIOE (N) /VS (N} ) 8100,
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VGASYP (N = (VBASC (N) /VS () ) #100,
20 DENS(N)=B9/¥S (N)
IF (C1.Q.0.0) 60 TD 18
TUN) = (1, 4933E-34CARVS () ) / (C10 (BB+450,))
18 V(N) =4
P(N)<C4
IF(JPNI22,22,23
22 WRITE(6,109)
23 WRITE (6,110) PON) ,VCELL (N) ,V (N} ,VS (K} ,DENSIN) ,Z(K) VLIRC(N) ,VLIGVP
4(N) ,VGASC (N} ,VEASVP (N}
NeN+1
IPN=1
60 T0 7
13 Nale
Bi=V4
A9=38
AB=C4
IPK=0
NT (M) =N-ACUM-1
TN =25
ACUN=NT (M) +ACUN
§0 10 &
9 IF(A4)24,24,25
24 Kai+l
NT (M) =N-ACUN-1
TiN =88
CALL CALIBR
25 CONTINUE
100 FORMAT(/17%,"PROGRAN PVT BERCURY CALCULATIONS")
101 FORNAT (/17X,66A1/)
102 FORMAT(20X,'C EL L E QU A T X0 N'//16X, CELL VOL. 4L, "TEN',
+*P-COEF" 3K, ‘PRESS COEF-A’,3X, 'PRESS COEF-B*/12K,3E13.5,E15,6)
103 FORMAT(/18%, ‘PUNP COEF~A PUNP COEF-B START-TENP START-PRESS ',
+'NERC-CELL ' /121 ,2E13.6,2(F10.3,241 ,F9.3)

104 FORNAT(/14X, ‘RN, TENP REF-PRESS REF-VOL MANIFL-500 WANIFL',
+'8000° /128 ,F9.3,14,F10.4,11,3F10.7)

105 FORMAT (/14X "GRANS IN CELL WCLS IN CELL CELL TENP'/14X,3E13.6)

107 FORMAT /261, 'WANIFOLD CALIBRATION'//23X,PRESS, EXP-VOL',31,
+CAL.VOL")

108 FORNAT (17X,F10.0,2F10,4)

109 FORNAT {//8X, 'PRESS, CELL-VOL CELL-HG SNPL-VOL DENSITY Z-FACTOR LIQ
4-V0L T-0IL-VOL GAS-YOL 3-6AS-VOL')

110 FORMAT(1H0,5X,F7.0,3F9.3,2F9.5,478.2)

200 FORMAT(/28Y, I NI TLAL DATA)
WRITE(6,39)
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39 FORMAT(///1HO,208," T NP UT D A T A/1H0,5%,'C2",10%,
4C3°,108, "CA* 101, °C5" , 101, “C4")
B0 1000 I1=1,M
WRITE(6,40) AC2(1T),AC3(11),ACH(ID) ,ACS(ID),AC(1T}
40 FORNAT(1HO,5F12.4)
1000 CONTINUE
59 STOP
END
SUBROUTINE CELLY
INTEGER C6,C3
COMNON A1,A2,83,A4,A5,A6,47,A8, A9, B1 52,83, B4, BS,
401,02,03,04,£2,C3,C4,C5,L7,V1,V2,V3, V4, TF
V1=A4+ASETF+ (A+AT#TF ) 404
RETURN
END
SUBROUTINE NANIC
INTEGER C€6,C3
CONNON Al,A2,A3,A4,A5,R6,A7,A8,A9,B1,82,B3,B4,B5,D1,D2,03, 04,2,
+£3,04,05,07,V1,V2,V3,V4, TF
IF(B5-1.E-2)1,1,2
2 B5=(B3-B5)/(B2-3500)
BA=(B3-B4) / (B2-500. )
(720,
RETURN
1 C7=B3- (B5+((B4-BS)#1,E6) / (C4#B2) 14(B2-CH))
RETURN
END
SUBROUTINE NERC
INTEGER C4,C3
COMNON A1,A2,A3,A4,AS,A6,A7,A8,A9,B1,B2,B3,B4,BS, D1 2,03, D4, (2,
+03,04,05,07,V1,V2,V3,V4,TF
NE1=(, 241442, 0SE-4+TF) 81, E-6
HE2=0,5¢ (. 214E-548, BBE-94TF) #1,E-4
HE3=HE14CA-HE 2404 842
HG4=1,0¢1, 00B4E-4¢ (TF-60, ) ¢2, 4E-98 (TF-50, ) 142
IF (ABS{D1) -0, 0000116, 16,17
16 D3=D24HG4
D1=D34EXP(-HE3)
RETURN
17 D3=DISEXP(HE3)
D2=D3/H54
RETURN
END
SUBROUTINE CONAT
INTEGER Cb,C3
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COMNDN A1, AZ,A3,M4,A5, A6, A7,AB,A9, B1,82,83,B4,05,01,02,03,04,C2,
+03,C4,C8,67,V1,V2,V3,V4,TF
CALL WANIC
V3sC7
V3=V3-D4
V2sA1 -A2ECS-A3HCSNHVI
RETURN
END
GUBROUTINE CATH(C2,C3,V4,VLIQ)
INTEGER Cé,C3,C8
601011,2) ,£3
1 IF(C2.57.250.0)607011
VLIG=(1.041B3C2+31,434)-V4
£822
§0T08
11 VLIB=(1,0478¢C2-321,454)-V4
€81
80708
2 TF(C2.67.250.0)607012
VLIG= (1,06075C2+1,550) V4
£8=1
50708
12 VLIO=(1,03178C2-345,053)-v4
€82
8 IF (VLIR.6T.5. 00607010
VL10=0, 2130010
RETURN
10 6070(13,14),C8
13 VLIG=VLIR-3.679
RETURN
14 VLI0=WLIQ-3.372
RETURN
END
SUBROUTINE CALIBR
INTEGER C6,C3
CONNON A1 ,A2,A3,M A5, A6,A7,AB,A9, D1 ,B2,83,B4,B5,01,02,03,04,C2,
+03,04,05,07,V1,V2,V3, ¥4, TF
COMNON P,V,T,N,NT ‘
DINENSION Bo(b&),P199) ,T(99) ,V199) NT(S) VS (99) ,VCELL (99) ,L1OC(99
+)  DENS(99) 299
DINENSION SLOP(99) ,AINTER(99) ,AVRS (991 ,AVR(99) ({5 ,B(5) ,C(5),D(5)
+,AVR1(99)
Nz
KNAY=0
KNIN=1
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L=0
K=0
DO 1 J=f,N
ASLOP=0,
ACINTR=0,
LaL+NT (3} -1
D0 10 I=KNIN,L
IF(P (1), NE.P(1+13) 6D TO 1
Kek+

10 CONTINUE

11 KNIN=I
D0 12 I=KNIN,L
IF(P{1+1).€Q.P(KNIN)) BO 7O 13
IF{1.NE.L) 6O TO 12
WRITE(6,124)
RETURN

12 CONTINUE

13 KNAX=]-1
DO 2 I=KNIN,KNAX
BLOP(T)=(V{1+1)=¥(1)) /(P (1+1)-P(1))
ASLOP=ASLOP+SLOP (1)
AINTER(1)=V (1)-SLOP (114P (1)
ACINTR=ACINTR+AINTER ()

9 CONTINGE
APOINTSNT(3)-K-2
AVRS (3) =ASLOP/APOINT
AYRI (J) *ACINTR/APOINT
K=0
KNINSKNAX+3
L=l

1 CONTINUE
I=t
IF (.EQ.2) 60 TO 14
N=-1
20 3 Jei N

14 D(J)=(AVRS (J)-AVRS (3+1))/ (T{J)-T{J+1))
(I =AWRS (J)-D (I} aT(J)
BUI)= (AR () -#VRI 3+ 13/ (TQ)-TW41))
ALJ)=AVRI (01 -B(3N T ()
M=AI+A(D)
AS=AS+B(J)
Ab=AG+L )
AT=ATHDL)

3 CONTINUE
Mxad/ (8-1)
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AS=A5/ (N-1)
AbzAb/ (N-1)
AT=AT/ (N-1)
WRITE(5,120) A4 ,AS, A6, AT
120 FORMAT (/26X,'CELLCAL I BRAT IO N'//16K, CELL VOL',d
o1, "TENP-COEF ', 3X, 'PRESS COEF-A',31,"PRSSS COEF-B,/12),3E13.4,
+15.6)
Kx1
L=0
B0 4 Jui N
WRITE(6,120) T(D)
WRITE(6,122)
LeLeNT(D)
DO S Isk,L
VHE=A4+ASET (J) (AGHATET (1) 4P (1)
WRITE(6,123) (D) ,V(1},VHG
§ CONTINUE
Ke1el
4 CONTINUE
§21 FORNAT (//14), ' TENPERRTURE= * ,F5.0)
122 FORNAT (/20%, 'PRESS EXP-VOL CALC-VOL®)
123 FORNAT (//183,F7.0,F9.3,F10.3)
124 FORNAT(/201, NISTAKE IN INPUT DATA')
RETURN
END
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TABLE AS: C02-RICH PHASE
INITIAL MIXTURE (94.6% CO2 ~ 5.4% BF OIL)

HIGH PRESSURE/ RECOMB INATION COMB INATION
TEMPERATURE OF FLASH OF RESULTS

COMPONENT WEIGHT % MOLE % WEIGHT ¥ MOLE # WEIGHT ¥ MOLE %

C~1 0.164 0.475 0.194 0.557 0.179 0.516
coz 90.914 95,928 91,712 96.169 91.454 96.155
C-2 0.139 0.215 0.129 0.199 0.134 0.207
C-3 0.170 0.179 0.281 0.294 0.185 0.194
C-4 0.396 0.316 0.593 0.471 0.495 0.394
C-5 0.352 0.227 0.359 0.228 0.314 0.202
C-6 0.627 0.338 0.459 0.246 0.533 0.286
Cc-7 0.844 0.391 0.645 0.297 0.744 0.344
c-8 1.210 0.492 0.811 0.328 0.910 0.369
c-9 0.939 0.340 0.578 0.208 0.759 0.274
Cc-10 0.872 0.285 0.555 0.180 0.714 0.232
c-1 0.688 0.204 0.516 0.152 0.612 0.181
C-12 0.530 0.144 0.504 0.137 0.517 0.140
C-13 0.511 0.129 0.462 0.116 0.486 0.122
C-14 0.428 0.100 0.397 0.092 0.412 0.096
C-15 0.034 0.075 0.340 0.074 0.342 0.075
C-16 0.268 0.055 0.279 0.057 0.274 0.056
C-17 0.248 0.048 0.289 0.055 0.269 0.052
C-18 0.109 0.020 0.218 0.040 0.164 0.030
C-19 0.072 0.012 0.155 0.027 0.114 0.020
C-20 0.058 0.010 0.073 0.012 0.106 0.017
Cc-21 0.054 0.009 0.105 0.016 0.080 0.012
C-22 0,027 0.004 0.0M 0.01 0.049 0.007
C-23 0.018 0.003 0.085 0.012 0.051 0.007
C-24 0.006 0.001 0.056 0.008 0.031 0.004
C-25 0.005 0.001 0.029 0.004 0.017 0.002
C-26 0.002 0.000 0.021 0.003 0.011 0.001
c-27 0.001 0.000 0.021 0.003 0.011 0.001
C-28 0.001 0.000 0.018 0.002 0.009 0.001
C-29 0.002 0.000 0.016 0.002 0.009 0.001
C-30 0.001 0.000 0.015 0.002 0.008 0.001
C-31 0.000 0.000 0.015 0.002 0.008 0.001
C-32 0.000 0.000 0.000 0.000 0.000 0.000
C-33 0.000 0.000 0,000 0.000 0.000 0.000
C-34 0.000 0.000 0.000 0.000 0.000 0.000
C-35 0.000 0.000 0.000 0.000 0.000 0.000
C-36 0.000 0.000 0.000 0.000 0.000 0.000

C-37+ 0.000 0.000 0.000 0.000 0.000 0.000
TOTALS 100.000 100,000 100.000 100.000 100.000 100.000
MOLECULAR

WE IGHT 46.44 46,15 46.27
(g/g-mole)
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TABLE A6: OIL-RICH PHASE
INITIAL MIXTURE (94.6% CO2 - 5.4% BF OIL)

HIGH PRESSURE/ RECOMB [ NAT |ON
TEMPERATURE OF FLASH

COMPONENT WEIGHT $ MOLE % WEIGHT % MOLE %

C-1 0.100 0.484 0.083 0.664

Co2 44,553 78,933 21.934 63.684

Cc-2 0.420 1.090 0.086 0.364

C-3 0.242 0.428 0.116 0.336
C-4 0.917 1.230 0.267 0.587

C-5 0.822 0.888 0.322 0.570

C-6 1.310 1.186 14323 1.961

Cc-7 1.850 1.440 1.367 1.743

C-8 2.480 1.692 1.630 1.823

c-9 1.951 1.186 1.414 1.408
C-10 1.961 1.075 1.545 1.588
c-11 1.617 0.807 1.627 1.330
c-12 1.663 0.761 1.777 1.333
Cc-13 1.884 0.797 1.966 1.363
C-14 1,768 0.695 1.864 1.201
C-15 2,038 0.748 2,232 1.343
C-16 1.699 0.585 2.010 1.134
c-17 2.091 0.678 2,219 1.179
C-18 1.544 0.473 2,206 1.108
Cc-19 0.975 0.283 1.643 0.782
C-20 0.843 0.233 1.659 0.750
c-21 0.731 0.192 1.878 0.809
C-22 0.525 0.132 1.901 0.782
C-25 0.376 0.090 1.741 0.685
C-24 0.585 0.135 1.520 0.573
C-25 0.617 0.137 1.400 0.507
C-26 0.677 0.144 1.371 0.478
c-27 0.752 0.154 1.515 0.508
C-28 0.972 0.192 1.452 0.470
C-29 0.642 0.122 1.338 0.418
C-30 0.486 0.090 1.311 0.396
Cc-31 0.336 0.060 1.259 0.368
C-32 0.265 0.046 1.075 0.305
C-35 0.101 0.017 2.471 0.679
C-34 0.050 0.008 0.338 0.090
C-35 0,037 0.006 1.284 0.333
C-36 0.000 0.000 0.000 0.000

C-37+ 20.120 2.786  28.858 6.548
TOTALS 100.000 100,000 100.000 100.000
MOLECULAR

WEIGHT 77.97 127.78
{(g/g-mole)
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TABLE A7: CO2-RICH PHASE
FIRST FORWARD CONTACT

HIGH PRESSURE/
TEMPERATURE

COMPONENT WEIGHT % MOLE %

0.334 0.584
85.601 92.059
0.898 1.413
0.643 0.690
1.150 0.937
0.674 0.442
0.839 0.461
1.004 0.474
1.559 0.646
1.254 0.456

1O

L

1 OOOO(POOOOO
VRSO EWNN—

C~10 0.972 0.323
C-11 0.874 0.265
C-12 0.635 0.176
C-13 0.540 0.139
C-14 0.422 0.101
C-15 0.306 0.068
Cc-16 0.233 0.049
c-17 0.255 0.050
c-18 0.230 0.043
C-19 0.157 0.028
C-20 0.189 0.033
c-21 0.136 0.022
C-22 0.137 0.021
C-23 0.111 0.016
C-24 0.089 0.013
C-25 0.120 0.016
C-26 0.123 0.016
Cc-27 0.112 0.014
C-28 0.130 0.016
C-29 0.147 0.017
C-30 0.138 0.015
C-31 0.000 0.000
C-32 0.000 0.000
C-33 0.000 0.000
C-34 0.000 0.000
C-35 0.000 0.000
C-36 0.000 0.000
C-37+ 0.000 0.000

TOTALS 100,000 100.000
MCLECULAR

WEIGHT 47.33
(g/g-mole)
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TABLE A8: OIL-RICH PHASE
FIRST FORWARD CONTACT

HIGH PRESSURE/ RECOMB INAT ION
TEMPERATURE OF FLASH

COMPONENT WEIGHT % MOLE % WEIGHT % MOLE %

C-1 0.211 1.184 0.204 1.227

Ccoz2 33,066 67.487 29.365 64,318

Cc-2 0.026 0.078 0.036 0.114

C-3 0.497 1.012 0.462 1.010
C-4 1.084 1.675 1.170 1.940

Cc-5 0.940 1.170 0.964 1.288
C-6 1.696 1.767 2,270 2.539

Cc-7 3.259 2.921 2,995 2.881

C-8 3.860 3.035 3.370 2.844

C-9 3.212 2.249 2.719 2,043
C-10 3.227 2.037 2.836 1.921
c-11 3.136 1.802 2.910 1.795
C-12 2.827 1.491 2.810 1.590
C-13 2.871 1,399 2.908 1.520
C-14 2.436 1.103 2.637 1.281
C-15 2.415 1.021 2.572 1.167
C-16 2.085 0.827 2.385 1.015
c-17 2,310 0.863 2.637 1.057
C-18 1.908 0.673 2.291 0.868
C-19 1.422 0.476 1.491 0.535
C-20 1.440 0.458 1.950 0.665
Cc-21 1.274 0.386 1.505 0.489
c-22 1.229 0.356 1.485 0.461
Cc-23 1.259 0.349 1.741 0.517
C-24 1.164 0.309 1.017 0.289
C-25 0.883 0.225 1.106 0.302
C-26 0.861 0.211 1.025 0.269
C-27 0.835 0.197 0.915 0.232
C-28 1.063 0.242 1.215 0.297
C-29 0.824 0.181 0.942 0.222
C-30 0.749 0.159 0.829 0.189
C-31 0.716 0.147 0.974 0.215
C-32 0.704 0.140 0.849 0.181
C-33 0.689 0.133 0.855 0.177
C-34 0.660 0.124 0.828 0.167
C-35 0.706 0.129 0.861 0.168
C-36 0.000 0.000 0.110 0.021

C-37+ 12.457 1.987 12,765 2,185
TOTALS 100.000 100,000 100.000 100.000
MOLECULAR

WEIGHT 89.82 96.39
(g/g-mole)
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TABLE A9: CO2-RICH PHASE
SECOND FORWARD CONTACT

HIGH PRESSURE/
TEMPERATURE

COMPONENT WEIGHT % MOLE %

C~1 0.479 1.495
Ccoz 76.781 87.272
Cc-2 0.624 1.038
c-3 0.905 1.027
C-4 1.892 1.628
C-5 1.244 0.862
C-6 1.543 0.895
C-7 2.343 1.170
C-8 2.818 1.254
Cc-9 1.984 0.774
C-10 1.835 0.645
C-11 1.530 0.490
c-12 1.268 0.372
Cc-13 1.140 0.309
C-14 0.874 0.220
C-15 0.689 0.162
C-16 0.566 0.125
C-17 0.541 0.113
C-18 0.319 0.063
Cc-19 0.205 0.038
C-20 0.150 0.027
C-21 0.094 0.016
C-22 0.060 0.010
C-23 0.036 0.006
C-24 0.018 0.003
C-25 0.015 0.002
Cc-26 0.010 0.001
C-27 0.008 0.001
C-28 0.007 0.001
C-29 0.009 0.001
C-30 0.010 0.001
C-31 0.006 0.001
C-32 0.001 0.000
C-33 0.001 0.000
C~34 0.000 0.000
C-35 0.000 0.000
C-36 0.000 0.000
C-37+ 0.000 0.000

TOTALS 100.000 100.000
MOLECULAR

WEIGHT 50.02
(g/g-mole)
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TABLE A10: OfL-RICH PHASE
SECOND FORWARD CONTACT

HiIGH PRESSURE/ RECOMB INATION
TEMPERATURE OF FLASH

COMPONENT WEIGHT % MOLE % WEIGHT % MOLE %

C-1 0.121 0.599 0.104 0.559
o2 38.443  69.512  33.114  64.797
c-2 0.556 1.471 0.479 1.372
C-3 0.673 1.214 0.763 1.489
C-4 1.787 2.446 1.784 2.6453
Cc-5 14245 1.375 1.441 1.720
C-6 1.872 1.729 2.068 2,067
c-7 2.763 2.194 3.303 2.839
C-8 3,947 2.749 4,123 3.108
C-9 3,085 1.914 3.167 2.127
C-10 3.235 1.809 3.342 2.023
Cc-11 3.107 1.582 3.284 1.809
C-12 2.996 1.400 3.176 1.606
C-13 3.083 1.331 3.110 1.453
C-14 2.759 1.107 3.009 1.306
C-15 2.612 0.978 2.535 1.028
C-16 2.404 0.845 2.668 1.015
c-17 2.479 0.820 2.759 0.988
C-18 1.979 0.619 2.293 0.776
c-19 1.613 0.478 1.826 0.586
C-20 1.390 0.391 1.536 0.468
C-21 1.2358 0.332 1.501 0.436
Cc-22 1.235 0.317 1.411 0.391
C-23 1.528 0.375 1.745 0.463
C-24 1.015 0.239 0.911 0.232
Cc-25 - 0.743 0.168 1.016 0.248
C-26 0.748 0.162 0.950 0.223
C-27 0.678 0.142 0.799 0.181
C-28 0.905 0.182 1.030 0.225
C-29 0.731 0.142 0.860 0.181
C-30 0.646 0.122 0.732 0.149
C-31 0.561 0.102 0.675 0.133
C-32 0.564 0.100 0.606 0.116
C-33 0.487 0.083 0.575 0.107
C-34 0.405 0.067 0.489 0.088
C-35 0.392 0.063 0.483 0.084
C-36 0.018 0.003 0.000 0.000
C-37+ 5.959 0.842 6.334 0.969

TOTALS 100.000 100,000 100.000 100.000
MOLECULAR

WEIGHT 79.58 86.12
(g/g-mole)
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TABLE Al11: CO2-RICH PHASE
THIRD FORWARD CONTACT

HIGH PRESSURE/ RECOMB INAT ION COMB INATION
TEMPERATURE OF FLASH OF RESULTS

COMPONENT WEIGHT ¥ MOLE ¥ WEIGHT ¥ MOLE % WEIGHT % MOLE %

C-1 0.453 1.571 0.488 1.605 0.468 1.585
Coz 64.101 80.987 69,040 82.758 66.239 81.724
C-2 0.742 1.371 0.799 1.401 0.766 1.384
c-3 1.044 1.317 1.364 1.632 1.198 1.475
C-4 2.309 2.209 2.700 2.450 2.492 2.328
C-5 1.485 1.144 1.538 1.124 1.504 1.132
C-6 2.048 1.321 1.869 1.144 1.949 1.228
C-7 3.303 1.833 2.854 1.502 3.063 1,660
c-8 3.840 1.869 3.393 1.567 3.599 1.711
C-9 2.805 1.216 2.370 0.975 3.072 1.300
C~10 2.692 1.052 2.275 0.843 2.471 0.943
c-11 2.401 0.854 1.998 0.674 2.188 0.760
C-12 2.044 0.667 1.674 0.519 1.850 0.590
C-13 1.888 0.569 1.530 0.438 1.700 0.501
C-14 1.620 0.454 1.294 0.344 1.450 0.397
C-15 1.301 0.341 1.028 0.255 1.159 0.296
C-16 1.181 0.290 0.884 0.206 1.027 0.246
c-17 1.171 0.271 0.879 0.193 1.020 0.230
c-18 0.811 0.177 0.583 0.121 0.694 0.148
C-19 0.410 0.085 0.278 0.055 0.342 0.069
C-20 0.325 0.064 0.211 0.039 0.266 0.051
C-21 0.419 0.079 0.251 0.045 0.333 0.061
C-22 0.361 0.065 0.200 0.034 0.279 0.049
C-23 0.405 0.069 0.194 0.032 0.298 0.050
C-24 0.195 0.032 0.084 0.013 0.139 0.022
C-25 0.154 0.024 0.060 0.009 0.107 0.016
C-26 0.123 0.019 0.052 0.008 0.088 0.013
Cc-27 0.101 0.015 0.035 0.005 0.068 0.010
C-28 0.101 0.014 0.024 0.003 0.062 0.009
C-29 0.084 0.0M11 0.024 0.003 0.053 0.007
C-30 0.053 0.007 0.017 0.002 0.035 0.005
C-31 0.028 0.004 0.009 0.001 0.018 0.002
C-32 0.003 0.000 0.003 0.000 0.003 0.000
C-33 0.003 0.000 0.002 0.000 0.002 0.000
C-34 0.000 0.000 0.000 0.000 0.000 0.000
C-35 0.000 0.000 0.000 0.000 0.000 0,000
C-36 0.000 0.000 0.000 0.000 0.000 0.000
C-37+ 0.000 0.000 0.000 0.000 0.000 0.000

TOTALS 100.000 100.000 100.000 100.000 100.000 100.000
MOLECULAR

WEIGHT 55.60 52.76 54 .30
(g/g-mole)
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TABLE A12: OIL-RICH PHASE
THIRD FORWARD CONTACT

HIGH PRESSURE/ RECOMB INAT | ON
TEMPERATURE OF FLASH

COMPONENT WEIGHT % MOLE % WEIGHT % MOLE %

C-1 0.180 0.788 0.150 0.739
co2 43,646 69.805 36.561 65.482
C-2 0.779 1.824 0.653 1.71
Cc-3 1.032 1.646 0.864 1.545
Cc-4 2,492 3.018 2.287 3,101
C-5 1.618 1.579 1.438 1.571
C-6 2.582 2,109 2.130 1.948
c-7 3.679 2.584 3.675 2.891
c-8 4.651 2.854 4,781 3.299
Cc-9 3.455 1.896 3.600 2.212
c-10 3.576 1.769 3,753 2.079
C-11 3.329 1.499 3.624 1.827
c-12 3.181 1.315 3.428 1.587
C-13 3.161 1.207 3.456 1.478
C-14 2.923 1.037 3,186 1.266
C-15 2.507 0.831 2.773 1.029
C-16 2.367 0.736 2.694 0.938
C-17 2.508 0.734 2.850 0.934
Cc-18 1.971 0.545 2,462 0.762
C-19 1.362 0.357 1.388 0.408
C-20 1.302 0.324 1.629 0.454
c-21 1.123 0.267 1.436 0.382
C-22 0.998 0.226 1.325 0.336
c-23 1.142 0.248 1.618 0.393
C-24 0.588 0.122 0.863 0.201
C-25 0,537 0.107 0,921 0.206
C-26 0.558 0.107 0.863 0.185
C-27 0.459 0.085 0.754 0.156
Cc-28 0.571 0.102 0.920 0.184
C-29 0.454 0.078 0.800 0.154
C-30 0.377 0.063 0.669 0.125
C~31 0.292 0.047 0.622 0.112
C-32 0.228 0.036 0.540 0.094
C-33 0.171 0.026 0.498 0.085
C-34 0.113 0.017 0.409 0.067
C-35 0.076 0.011 0.381 0.061
C-36 0.036 0.005 0.000 0.000
C-37+ 0.000 0.000 0.000 0.000

TOTALS  100.000 100,000 100.000 100.000
MOLECULAR

WEIGHT 70.39 78.82
(g/g-mole)
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TABLE A13: CO2-RICH PHASE
FIRST SWERT ZONE CONTACT

HIGH PRESSURE/ RECOMB INAT | ON COMB INAT ION
TEMPERATURE OF FLASH OF RESULTS

COMPONENT WEIGHT 4 MOLE % WEIGHT % MOLE % WEIGHT # MOLE %

0.063 0.178 0.069 0.195 0.066 0.187

C-1
Co2 95.459 97.882 94.358 97.948 94.908 97.905
C-2 0.081 0.121 0.056 0.085 0.068 0.1053
C-3 0.050 0.051 0.081 0.084 0.065 0,067
C-4 0,141 0.110 0.189 0.149 0.165 0,129
c-5 0.092 0.057 0.098 0.062 0.195 0.123
C-6 0.471 0.247 0.175 0.093 0.223 0.117
c-7 0.855 0.385 0.476 0.217 0.666 0.302
Cc-8 0.982 0.388 0.582 0.233 0.782 0.311
c-9 0.861 0.303 0.418 0.149 0.639 0.226
C-10 0.581 0.184 0.398 0.128 0.490 0.156
c-1 0.191 0.055 0.329 0.096 0.260 0.076
C-12 0.022 0.006 0.335 0.090 0.178 0.048
Cc-13 0.078 0.019 0.354 0.088 0.216 0.053
C-14 0.010 0.002 0.295 0.068 0.152 0.035
c-15 0.010 0.002 0.314 0.067 0.162 0.035
C-16 0.010 0.002 0.249 0.050 0.130 0.026
C-17 0.015 0.003 0.277 0.053 0.146 0.028
C-18 0.017 0.003 0.200 0.036 0.108 0.019
C-19 0.0M1 0.002 0.131 0.022 0.071 0.012
c-20 0.000 0.000 0.141 0.023 0.071 0.011
Cc-21 0.000 0.000 0.105 0.016 0.052 0.008
C-22 0.000 0.000 0.097 0.014 0.048 0.007
C-23 0.000 0.000 0.063 0.009 0.032 0.004
C-24 0.000 0.000 0.047 0.006 0.023 0.003
C-25 0.000 0.000 0.043 0.006 0.022 0.003
C~-26 0.000 0.000 0.038 0.005 0.019 0.002
C-27 0.000 0.000 0.039 0.005 0.019 0.002
C-28 0.000 0.000 0.025 0.003 0.013 . 0.001
C-29 0.000 0.000 0.022 0.003 0.011 0.001
C~30 0.000 0.000 0.000 0.000 0.000 0.000
C-31 0.000 0.000 0.000 0.000 0.000 0.000
C-32 0.000 0.000 0.000 0.000 0.000 0.000
C-33 0.000 0.000 0.000 0.000 0.000 0.000
C-34 0.000 0.000 0.000 0.000 0.000 0.000
C-35 0.000 0.000 0.000 0.000 0.000 0.000
C-36 0.000 0.000 0.000 0.000 0.000 0.000
C-37+ 0.000 0.000 0.000 0.000 0.000 0.000

TOTALS 100.000 100.000 100.000 100.000 100.000 100.000
MOLECULAR

WEIGHT 45,13 45.68 45.40
(g/g-mole)
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TABLE Al14: OIL-RICH PHASE
FIRST SWEPT ZONE CONTACT

HIGH PRESSURE/ RECOMB INATION
TEMPERATURE OF FLASH

COMPONENT WEIGHT % MOLE % WEIGHT % MOLE %

C-1 0,046 0.621 0.095 0.912
Cco2 8,935 43.588 18.351 64.032
c-2 0.027 0.194 0.056 0.285
C-3 0.013 0.061 0.026 0.089
C-4 0.054 0.198 0.110 0.291
C-5 0.115 0.343 0.237 0.504
C-6 0.425 1.058 0.560 0.998
c-7 0.526 1.128 0.890 1.364
c-8 1.358 2,551 0.582 0.782
C-9 1.275 2.134 0.435 0.520
C-10 1.434 2.164 0.472 0.509
c-11 2.281 3.133 0.584 0.574
C-12 1.530 1.928 0.844 0.761
c-13 1.523 1.773 1.204 1.003
C-14 1.441 1.559 1.456 1.127
c-15 1.438 1.453 1.461 1.056
C-16 1.401 1.328 1.771 1.201
c-17 1.641 1.465 2.052 1.311
Cc-18 1.610 1.358 1.736 1.048
C-19 1.202 0.961 1.648 0.943
C-20 1.346 1.022 1.622 0.882
c-21 1.378 0.997 1.565 0.810
C-22 1.362 0.942 1.540 0.761
C-23 1.326 0.877 1.979 0,936
C-24 1.149 0.728 1.116 0.506
C-25 1.041 0.633 1.166 0.508
C-26 1.041 0.609 1.202 0.504
Cc-27 1.033 0.583 1.041 0.420
Cc-28 1.298 0.706 1.350 0.525
Cc-29 1.096 0.575 1.176 0.442
C-30 1.046 0.531 0.994 0.361
C-31 1,057 0.520 0.883 0.310
C-32 1.102 0.525 0.793 0.270
C-33 1.129 0.522 0.676 0.223
C-34 1.097 0.492 0.543 0.174
C-35 1.227 0.534 0.444 0.138
C-36 0.000 0.000 0.365 0.111

c-37+ 53,000 20.207 46.975 12,810
TOTALS 100.000 100,000 100.000 100.000
MOLECULAR

WEIGHT 214.69 153.56
(g/g-mole)
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TABLE A15: CO2-RICH PHASE
SECOND SWEPT ZONE CONTACT

HIGH PRESSURE/ RECOMB INAT | ON COMB INAT ION
TEMPERATURE OF FLASH OF RESULTS

COMPONENT WEIGHT # MOLE £ WEIGHT % MOLE % WEIGHT % MOLE %

C-1 0.040 0.112 0.065 0.179 0.052 0.145
(0)/4 98.388 99.342 98.143 99,260 98.266 99,301

Cc-2 0.010 0.015 0.019 0.028 0.015 0.022
C-3 0.012 0.012 0.028 0.028 0.020 0.020
C-4 0.039 0.029 0.064 0.049 0.051 0.039

C-5 0.034 0.021 0.041 0.025 0.038 0.023
C-6 0.054 0.028 0.049 0.025 0.052 0.027

C-7 0.133 0.059 0.093 0.041 0,113 0.050

C-8 0.228 0.089 0.131 0.051 0.180 0.070

C-9 0.193 0.067 0.107 0.037 0.150 0.052
C-10 0.204 0.064 0.119 0.037 0.162 0.051
c-11 0.174 0.049 0.117 0.033 0.145 0.041
C-12 0.149 0.039 0.126 0.033 0.137 0.036
C-13 0.119 0.029 0.131 0.032 0.125 0.030
C-14 0.079 0.018 0.116 0.026 0.097 0.022
C-15 0.068 0.014 0.121 0.025 0.094 0.020
C-16 0.026 0.005 0.099 0.019 0.063 0.012
c-17 0.021 0.004 0.110 0.020 0.066 0.012
C-18 0.015 0.003 0.089 0.016 0.052 0.009
C-19 0.007 0.001 0.049 0.008 0.028 0.005
C-20 0.007 0.001 0.040 0.006 0.024 0.004
c-21 0.000 0.000 0.044 0.007 0.022 0.003
C-22 0.000 0.000 0.029 0.004 0.014 0.002
C-23 0.000 0.000 0.021 0.003 0.010 0.001
C-24 0.000 0.000 0.016 0.002 0.008 0.001
C-25 0.000 0.000 0.012 0.002 0.006 0.001
C-26 0.000 0.000 0.010 0.001 0.005 0.001
C-27 0.000 0.000 0.009 0.001 0.005 0.001
C-28 0.000 0.000 0.006 0.001 0.003 0.000
C-29 0.000 0.000 0.000 0.000 0.000 0.000
C~30 0.000 0.000 0.000 0.000 0.000 0.000
C-31 0.000 0.000 0.000 0.000 0.000 0.000
C-32 0.000 0.000 0.000 0.000 0.000 0.000
C-33 0.000 0.000 0.000 0.000 0.000 0.000
C~34 0.000 0.000 0.000 0.000 0.000 0.000
C-35 0.000 0.000 0.000 0.000 0.000 0.000
C-36 0.000 0.000 0.000 0.000 0.000 0.000
C-37+ 0.000 ¢.000 0.000 0.000 0.000 0.000

TOTALS 100.000 100.000 100,000 100.000 100.000 100.000
MOLECULAR

WEIGHT 44 .44 44 .51 44 .47
(g/g-mole)
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TABLE A16: OIL-RICH PHASE
SECOND SWEPT ZONE CONTACT

HIGH PRESSURE/ RECOMB INAT ION
TEMPERATURE QOF FLASH

COMPONENT WEIGHT ¢ MOLE 4 WEIGHT 4 MOLE %

C-1 0.032 0.457 0.066 0.667
co2 8.671 45.745 18,116 66.732
C-2 0.003 0.025 0.007 0.036
C-3 0.003 0.015 0.006 0.022
C~4 0.013 0.051 0.027 0.075
C-5 0.048 0.155 0.101 0.226
C-6 0.167 0.449 0.010 0.019
C-7 0.186 0.431 0.036 0.058
c-8 0.565 1.148 0.190 0.270
Cc-9 0.575 1.041 0.260 0.328
C-10 0.766 1.250 0.343 0.391
C-11 0.926 1.376 0.419 0.435
C-12 1.207 1.645 0.722 0.687
C-13 1.248 1,572 1.079 0.949
C-14 1.140 1.334 1.005 0.821
C-15 1.519 1.661 1.494 1.141
C-16 1.459 1.496 1.381 0.989
c-17 1.761 1.700 1.810 1.220
C-18 1.718 1.567 1.459 0.930
C-19 1.234 1.067 1.484 0.896
C-20 1.445 1.187 1.611 0.924
Cc-21 1.521 1.191 1.399 0.765
C-22 1.252 0.936 1.679 0.877
C-23 1.597 1.142 1.264 0.631
C~24 1.255 0.860 1.197 0.573
C-25 1.111 0.732 1.349 0.620
C-~26 1.248 0.790 1.361 0.602
Cc-27 1.382 0.843 1.523 0.649
C-28 1.172 0.689 1.234 0.507
Cc-29 1.119 0.636 1.199 0.475
C-30 1.100 0.604 1.045 0.401
C-31 1.047 0.556 0.929 0.345
C-32 0.938 0.483 0.761 0.274
C-33 0.924 0.462 0.670 0.234
C-34 0.844 0.409 0.508 0.172
C-35 0.842 0.397 0.463 0.152
C-36 0.000 0.000 0.000 0.000

C-37+ 57.962 23.899  51.795 14.912
TOTALS 100.000 100.1000 100.000 100.000
MOLECULAR

WEIGHT 232.18 162.12
(g/g-mole)
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PROSRAM GCA

10 REN #4THIS PROSRAN CALCULATES THE PHASE CONPOSITION
20 REW #3FRON GAS CHRONATOSRAPHIC AREAS

30 DEFINT I-N

40 DEFDBL A,C,5,TH,X,Y

50 DIX A(40) ,W(40),X(40),Y(40) ,DSNS (10}

40 REN HENTERING KEYBOARD DATA

70 INPUT "RUN TITLE®jRTS

80 INPUT "SANPLE";Ss

90 INPUT "FRACTION OF L5+ SEEN BY 6C*jFS

100 INPUT *NUNBER OF DATA SETS";N0

110 FOR N1=1 TO NO

120 REN +#STARTING THE LOOP TO ENTER THE DATA SET NAMES
130 REN #4INTO AN ARRAY

140 PRINT *ENTER FILE NANE OF DATA SET*;NI

150 INPUT DSNS INT)

160 NEXT NI

170 REN +#SETTING THE TOTAL AREA EQUAL TO ZERD
180 6CS = 0

190 FOR NI=1 TO NO

200 3 = 0

210 REN #sREADING THE DATA INTO THE PROGRAN
220 OPEN *1°,#1,DSNS(ND)

230 IF EOF(1) THEN 310

240 INPUTHI AR

250 REN +4COMPUTING THE TOTAL AREA

260 BCS = BLS+AR

270 REM +1CONPUTING THE TOTAL COMPONENT ARER
280 ALJ) = ALJ) ¢ AR

290 J = 3+

300 §0TD 230

310 CLOSE #

320 NEXT NI

330 REW s4SETTING THE C5 - C36 AREA EQUAL TD ZERD
340 C5C36 = 0

350 REN +4CONPUTING THE C5 - C36 AREA

360 FOR Ke5 T0 36

370 C5C36 = CSC36+A(K)

380 NEXT K

390 REM ##CONPUTING THE C37+ AREA

400 A(37) = CSC34/FS-CSC36
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410 REN +4COMPUTING THE TOTAL AREA THAT SHOULD HAVE DEEN
420 REN #aSEEN BY THE BAS CHROMATDGRAPH

430 TA = BLS+A(3T)

440 REN #3SETTING THE TOTAL MEIGHT PERCENT AND MDLES TO ZERD
450 TWP = 0

40 TH =0

470 REN #5CONPUTING THE WEIGHT PERCENT AND MOLES

AB0 REN #+FOR EACH COMPONENT

490 FOR =0 TG 37

500 W(I) = A(I)/TA#100!

510 IF I>=2 THEN 6070 550

520 IF I=0 THEN X(I) = W(1)/16,04303

530 IF I=1 THEN X(1) = N(1)/44,0)

540 60T0 570

550 (1) = WU}/ (1#12,01115+1.00797#(2¢1+2))

560 IF 1 =37 THEN X{I) = W(1)/563.099348

570 TWP = TWP+N(I)

580 TH = TH+X(])

590 NEXT I

600 REN +2SETTING THE TOTAL MOLE PERCENT EQUAL TO ZERD
810 THP = 0

620 REN #sCONPUTING THE NOLE PERCENT FOR EACH CONPONENT
630 FOR J=0 70 37

840 Y(I) = X(J)/THe100!

650 THP = THP+Y(J)

640 NEXT J

670 REN +aCONPUTING THE NOLECULAR WEIGHT OF THE PHASE
680 WM = 100 /TH

690 REN #20UTPUTTING THE RESULTS YO THE PRINTER AND CRT
700 LPRINY

710 LPRINT

720 LPRINT

730 LPRINT * RUN TITLE: “jRTS

740 LPRINT

750 LPRINT * SANPLE: *jS¢

760 LPRINT

770 LPRINT * NOLECULAR WEIGHT ="jUSING"HEED, #8°;0H
780 PRINT

790 PRINT * NOLECULAR NEIGHT = "jUSING"BEHS. §8° ;WM
800 PRINT

810 PRINT

820 LPRINT

830 LPRINT

840 LPRINT * CONPONENT AREA WEIGHT 2 NOLE NOLE I°
850 LPRINT * C-1 = USING* (4TI BIEE°;A(0)  H10) X (0}, Y(0)
B60 LPRINT * o2 *SUSING*SHEHEENE, BIBE° A (1) W(1) X (1), (D)
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870 FOR I=2 T0 9

880 L = -14]

B%0 LPRINT * Le:l;® "jUSING $R085888. BB A(D) (1), X(D) , ¥()
900 MEXT I

910 FOR N=10 TO 36

920 L = -1aM

930 LPRINT * t'L;" *JUSING SROBEIRE. S3B° ;A () W (M), X (M) Vi)
940 NEXT N

950 LPRINT * £-37+¢ *SUSING" BRERBERD. BEHR3A(37),W(37),X(37) ,Y(3T)
950 LPRINT

970 LPRINT * TOTALS  ";USING*SSRS498E, $EE";TA, TUP, TN, THP

980 LPRINT

990 LPRINT

1000 LPRINT * AREA SEEN BY 6C =";USING*S4842944, $4°;6C5

1016 LPRINT

1020 LPRINT * C3 - C36 AREA ="jUSING*$8608904.04°;C5C36

1030 LPRINT

1040 LPRINT * FRACTION OF LS+ SEEN BY 6C ="j;USING"4.8488°;F5

1050 LPRINT CHR$(12);

1060 INPUT "ENTER 1 FOR NEW RUN OR 0 TO STOP*jNI

1070 IF NI=0 BOTO {140

10BO REX ##RESETTING THE PROGRAM FOR NEW DATA

1090 FOR I=0 TO 40

1100 A(I) = 0!

1110 #(]) = Q!

1120 X1} = ¢!

1130 Y(I) = ¢!

1140 MEXT ]

1150 0TS 70

1140 END
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PROGRAX 6CC

10 REM ¢4THIS PROBRAN CALCULATES THE PHASE CONPOSITION
20 REW +4BY RECOMBINING THE CHRONATOGRAPHIC RESULTS
30 REW #40F THE FLASH LIBERATED BAS AND LIGUID

40 DEFINT I-L

S0 DEFDBL A,B,N,R,T,V,

40 DIN A(40),B(40) ,M(40) ,NO140) WP (40) NP (40)

70 REM ¢4ENTERING KEYBOARD INFORMATION

80 INPUT *RUN TITLE";DRTS

90 INPUT *FILE NANE OF DATA";DSNS

100 J=0

£10 REN #4READING THE DATA INTO THE PROGRAN

120 OPEN *I°,#1,DSN$

130 IF EOF(1) THEN 170

140 INPUTHS A10) ,B(D)

150 J=et

160 60TO 130

170 CLOSE #1

180 REN +#ENTERING KEYBOARD DATA

190 INPUT *CONDITIONS®;DCS

200 INPUT *DENSITY OF GAS (B/CC)*;RHOI

210 INPUT *DENSITY OF LIGUID (B/CC)®;RHO2

220 INPUT *VOLUME OF BAS (CCI*3V1

230 INPUT *VOLUNE OF LIQUID (CC)*jv2

240 REN HHCOMPUTING THE NASS OF GAS AND LIQUID

250 N1=RHO1#V1

260 M2=RHO2#V2

270 REN +4SETTING THE TOTAL WEIGHT AND MOLES EQUAL TO IERD
280 TH=0!

290 THe0!

300 REM ¢4COMPUTING THE WEIGHT AND NOLES OF EACH CONPONENT
310 FOR 1=0 10 J

320 W(1)=(A(T) SM14B (1) 802 /100!

330 THsTHeW(T)

340 IF 12 THEN BOTO 380

350 IF 1=0 THEN MO(1)=W{1)/16,04303

340 IF I=1 THEN NOCI)=H(1}/44,01

370 6070 400

380 WO(1)=N(1)/ (1812, 0131501,007974(2¢142))

390 IF 1237 THEN MO(I)=W(1)/563.09954¢

400 THSTNHNO(I)
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410 NEXT
420 REW +BETTING THE TOTAL WEIBHT AND MOLE PERCENTS EQUAL TO ZERD

430 THPs0!

440 ThPsd!

A30 REN +4CONPUTING THE NEIGHT AND MOLE PERCENTS FOR EACH COMPONENT

460 FOR Ka0 10 J

470 WP(K)=H(K) /TH#100!

480 NP (K) =MO(K) /TH4100!

450 THP=THP4NP (K)

500 THP=THP+NP (K)

510 NEXT K

520 REN #4CONPUTING THE NOLECULAR WEIGHT OF THE PHASE

530 MH=TW/TH

S40 REM #4CONPUTING THE NOLE PERCENT OF CJ - Cb

S50 MPCO = NP (0)#NP (2) +MP (3) +MP (4) +MP (3) 4P (6)

$40 REW #sCONPUTING THE WOLE PERCENT OF C7+

570 NPC7 = 100!-NPC-WP(1)

S80 PRINT

590 REN #sDUTPUTTING THE RESULTS TO THE CRT

800 PRINT *  MOLEY CO2 ="jUSING" 44, 140" ;WP (1)

610 PRINT *  NOLEZ C1-Co =*;USING*S4F. HISI";NPCh

620 PRINT *  NOLEZ C7+ =*;USING* 40, HIE*;NPC?

530 LPRINT

440 REW +sDUTPUTTING THE RESULTS T0 THE PRINTER AND LRT

650 LPRINT

660 LPRINT

470 LPRINT *  RUN TITLE: *jDRT$

480 LPRINT

490 LPRINT

700 LPRINT *  WOLECULAR NEIGHT =*;USING *8849,84° ;i

710 PRINT

720 PRINT *  NOLECULAR WEIGHT =*jUSING “HH85.00°;M

730 LPRINT

740 LPRINT

750 LPRINT ¢ COMPONENT WEIGHT WEIBHT 3 NOLES NOLE 1*
760 LPRINT * £-1 *JUSING SHRRNEE, 441N (0) WP 10) O (0) , WP (0)
770 LPRINT * €02 *SUSING* BERREREE, BB ;M (1) WP (1) MO(1) WP (1)
780 FOR I=2 0 9 -

790 L = -14]

800 LPRINT * CjL;"  “jUSING*HEEEBINN. OB N(D) NP(D) ,MOMD) NP (D)
810 NEIT 1

620 FOR K=10 T0 35

830 L = -19K

840 LPRINT * Co5Ly™  *jUSING"SRRSEBEE. HEEI* N (K) WP (K) ,NOCK) HP LK)
850 NEIT K

860 LPRINT * C-37¢  *JUSING*HHERHEE. 444" ;W(37) WP (3T) MO (37) HP(37)
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870 LPRINT

$80 LPRINT * TOTALS  °jUSING GSHRERRE. $588°;TW, TWP, TN, THP
890 LPRINT

900 LPRINT

910 LPRINT * BAS DENSITY @ CONDITIONS ="*jRHD1®(6/CC)®
920 LPRINT * LIQUID DENSITY @ CONDITIONS =*;RH02"(6/CC)"
930 LPRINT * GAS VOLUME & CONDITIONS ="3Vi®(CC)"

940 LPRINT * LIQUID VOLUKE @ CONDITIONS =*;v2*(CD)*

950 LPRINT * CONDITIONS = ";DC$

960 LPRINT

970 LPRINT * MOLEY CO2 ="jUSING*#44.HHE";NP(1)

980 LPRINT ° MOLEY C1-Ch ="jUSING"S#E. 44" ;NPCS

990 LPRINT * MOLEZ C7+ =*;USING*#84, #448°;HPCT

1000 PRINT

1010 LPRINT CHR$(12};

1020 INPUT *ENTER 1 FOR NEW DENSITY OR 0 TO STOP*;iC

1030 PRINT

1040 IF IC=1 THEN BOTO 200

1056 END
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