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Abstract and Summary

Good progress has been made on all aspects of the carbon dioxide (CO,)
research program at the New Mexico Petroleum Recovery Research Center.
Construction of high pressure experimental équipment for measurements of
CO, displacement efficiency in cores and slim tubes has been completed. A
sophisticated apparatus for measurements of phase behavior and fluid properties
of mixtures of CO, and crude oils has been designed and built. The experi~-
mental setup permits a variety of multiple contact phase behavior experiments
which explore mixture compositions which realistically model displacement
processes at temperatures and pressures of interest. Gas chromatography tech-
niques previously used to characterize crude oils have been externded to allow
analyses of mixtures containing CO, and hydrocarbons ranging from methane to
molecules as heavy as tetracontane (C,.). A series of displacements with
‘alcohol-oil-water mixtures, which are analogue systems with useful similarities
to CO,—-hydrocarbon systems, have been completed.. A one-dimensional'CO, flood-
ing sImulator has been developed which gives excellent agreement betweén simu-
lated and experimental results for the analogue . alcohol-oil-water displace-
ments. Finally, a qualitative analysis is given for the complex phase be- o
havior observed for mixtures of CO, and crude oils at temperatures below 50 °C
-and the effects of phase behavior “on expected displacement efficiency are

- calculated. The results indicate that relatively small changes in pressure
can be expected to have a strong'influence on the efficiency of CO2 displace-
" ments of crude oils.
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Displacement of 0il by Carbon Dioxide

‘Introduction

The carbon dioxide flooding research program at the New Mexico Petroleum
Recovery Research Center (PRRC) consists of a coordinated set of CO,-o0il
displacement experiments, detailed supporting measurements of phase behavior
- and fluid properties, and, finally, analysis and interpretation of diplace-
ment experiments using computational process models. The effectiveness of a
laboratory CO, flood depends on a variety of factors: (1) phase behavior of
the CO, crude”oil mixtures, (2) fluid properties (viscosity and density) of
the phases which are present during the flood, (3)rock pore structure, (4) dis-
persion, (5) phase relative permeabilities and (6) viscous fingering. The six
factors listed are obviously not unrelated. The local displacement efficiency
of a CO, flood is generally acknowledged to be strongly dependent on the phase
behaviof, though there are disagreements as to the details of the dominant ef-
fects of component partitioning in CO,-crude oil systems, particularly at the
low temperatures typical of West Texas, New Mexico and West Virginia reser-— .
voirs. 1?2?23 “There “is cons‘derable -evidence, ‘however, ‘that mass ‘transfer ef-
fects are important,*’® that CO eff1c1ently extracts hydrocarbons from crude
0ils!?"* and is highly soluble if them;'’3*®>7 and that the magnitude of.com~-- .
ponent partitioning is strongly influenced by temperature and pressure. . Fluid .
properties also depend on temperature and pressure, but are more strongly in-
‘fluenced, at least in CO,-crude oil mixtures, by component partitioning.®
Rock pore structure, phase relative permeabilities and dispersiom are all re-
lated. ' Relative permeabilities will depend on phase compositions if low inter-.
_facial tensions result. The presence of dead end pores may influence the
eff1c1ency with which CO, contacts the oil, thus changing the apparent level
- of dispersion. Phase reiatlve permeabllltles and residual saturations must
also depend on pore structure. Finally, viscous fingering, the result of un-
favorable combinations of fluid properties, may be important even 1n labotatory
core floods,9 even though the reverse is often assumed

Because different displacement mechanisms may produce results which are
qualitatively similar, core flooding and slim tube displacement results must be
carefully interpreted if the ‘details of the displacement mechanism are to be
correctly identified. For instance, unfavorable phase behavior, high levels of .
dispersion and viscous fingering all can act to broaden the transition zone
‘between CO., and oil. Because the three effects scale differently, it is import-
ant to understand which of the effects is dominating the displacement results.

The approach taken in this project, therefore, is to make independent
measurements of phase behavior, fluid properties and properties of the porous
medium to be used in displacement experiments, then to use a numerical simulation
model to predict the flow behavior observed. It should be noted that this ap-
prodch avoids the use of adjustable parameters which may or may not have physical
significance. Wherever possible, assumptions made in the process model are
being tested  experimentally.. If quantitative agreement betwéén prediction and,
experiment can be: obtdined, then the evaluation of the effects of competing
mechanisms can proceed with much greater reliability. ‘

' The project is organized into four tasks:

(1) Design, build and test high Pressure equipment for phase behavior,



fluid property and CO2 displacement experiments.
(2) Displacement experiments and supporting phase behavior and
: fluid property measurements.
(3) Mathematical modeling of CO. displacement processes.
(4) Application of laboratory résults to field -problems.

Progress on each task is discussed below.

Task 1. Experimental Equipment

Schematics of the two major pieces of apparatus are shown in Figures
1 and 2. Figure 1 shows the displacement apparatus for the slim tube and
core floods, and Figure 2 shows the equipment used to gather supporting
phase behavior and fluid property data.

Displacement Equipment

Slim tube displacements and core floods are performed in the same ap-
paratus. Fluid feed pressure measurement and produced fluid_sampling systems
are shared”by ‘the two ‘displacement sections, with .obvious savings -in equip-
‘ment costs over two separate pieces of equipment. :

Displacing fluid (€0,) is delivered. at a_constant rate from z thermo-
statted supply vessel -to either the core holder.or to the slim tube. A
more detailed sketch of the core holder is given in Figure-3. The core .
holder is a 4" OD, 24" ID SAE 4340 steel sleeve 31" in length. The core is
prepared for mounting in the core holder by coating it with a thin coat of
epoxy resin (Emerson & Cuming Stycast 2762). Stainless steel (316) end
plates with a grid for even fluid distribution are held in place initially
by the epoxy sealer coat. The core with end plates is then suspended in the
holder barrel and the steel end caps threaded onto the barrel. The annulus
between the core and the sleeve is then filled with epoxv and cured at a
temperature of 250°F for 15 hours. The core holder barrel is very slightly
tapered so that the epoxy coated core can be removed and the core and holder
reused. Three pressure taps are provided at intermediate locations along the

core holder by penetrating the epoxy layer with 1/16" 0D stainless steel
tubing. ‘

The core holder design was chosen to avoid leakage problems commonly. observed
when CO, is used-in rubber sleeve core holders. Rubber sleeve containment is
unsatis%actory'because CO, diffuses easily through the sleeves at high pressure.
The pressure taps along t%e core allow measurement of the differential pressure
in the neighborhood of the transition zone, and the progress of the tranmsition
zone through the core can be monitored. That data will provide valuable in-
formation on total fluid mobility in the transition zone, which in turn pro-
vides indirect information about' the éffect of multiple phase saturatioms on
fluid transport in the transition zone. When coupled with visual observations
of the phases flowing through the sight glass at the core exit, the differential
pressure data will be used to contstruct, with the aid of the simulator, a pic-
ture of the interaction of phase behavior and flow in the transition zone.
Finally, the entire core holder is wrapped with heating tape and insulated.
Thus, the temperature control system is simpler than a circulating fluid system.

Plumbed in parallel with the core holder is the slim tube, a 40 ft, %" ID
stainless steel tube packed with 170-200 mesh glass beads (permeability 5800 md).
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The 8" coil of tubing is submerged in a water bath, the temperature which can
be controlled from ambient to 212°F within 0, 1°F.

Produced fluids are fed to one of two separators. The simpler of the two
is a burette which collects produced liquids while the .gas is routed to a
sampling valve and then to a wet test meter. The mass of liquid produced is
recorded automatically using a sensitive pressure transducer to measure the
gravity head of the liquid collected in the burette. The second separator uses
a multiport switching valve to collect liquid samples for later analysis with
‘produced gas again routed on to the sampling valve and wet test meter.

Produced gas compositions will be measured on-line using the HP 5840 gas
chromatograph with an automatic gas sampling valve. Because effluent fluid
collection is downstream of the back pressure regulator, the produced gas is
at low pressure and will contain CO, and hydrocarbon components from methane
to pentane with traces of heavier hydrocarbons. Analyses of such mixtures can
be completed in a short enough time (10 minutes or less) that adequate resolu-
tion of the gas compositions in the transition zone can be obtained. A typical
chromatogram is shown in Figure 4 for a gas sample containing air, CO,, methane,
ethane, propane. and ‘butane; analyzed on a 1/8" x 4' Porapak Q column, Peak -
separation is very good so-that analysis time could be reduced by increasing
the column temperature without-reducing the accuracy of the analysis..

Produced liquid samples will be- collected for later analysis since an -
analysis of a liquid sample takes approximately 40 minutes, too long for on-
line analysis (amore detalled dlscu551on of the analysis technlque for crude
oils 1s given below).

Construction of the displacement apparatus is complete with the exception
of the multiport effluent sampler which is being assembled now. Displacements
have been conducted in the slim tube and will begin shortly in the Berea cores.
Carbonate core displacements will follow later. 1In a typical displacement
experiment, data collected will include cumulative liquid and gas production
and differential pressures vs. pore volumes injected. Effluent compositions
will be measured for the fluids produced in the transition zone between oil and
CDZ’ and visual observations will be made of phases leaving the slim tube or
core in the capillary sight glass. ‘The compositional data for the produced
fluids will be used to make a detailed quantitative test of the accuracy of
process model calculations, since the compositions of produced fluids are pre-
dicted by the one dimensional flow simulator (see Task 3). It should be noted
that the sample collection scheme used here does not allow the determination
of the compositions of the phases flowing at high pressure at the exit of the
core or slim tube, though overall compositions of the produced fluids are measured.
Measurement of the compositions of the phases actually flowing requires sampling
at high pressure, an experimental refinement whlch will be deferred to future
progects.

Phase Behavior and Fluid Property Measurements

A schematic of the phase behavior equipment is shown in Figure 2. The
standard Ruska air bath has been modified to allow the mounting of two cells,
each containing up to two hundred cm® of sample. The cells have windows on
both sides of the upper half of the cell, and each cell has four sampling
ports in the region which can be viewed. Lighting from front and rear will al-
low examination of the cell contents in both reflected and transmitted light.
Both cells are mounted on a single rotating bracket so that the cells can be
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inverted for mixing of the cell contents or viewing or sampling the contents
of the lower portion of the cell.

Metered volumes of hydrocarbons or CO, can be charged into either of the
visual cells. The fluid to be charged is aisplaced from a supply vessel by
mercury from mercury pump 1l while an equal volume of mercury is withdrawn from
the visual cell into the barrel of pump 2 (the two mercury pumps are actually
a single Ruska pump with two 250 cw® barrels). When the CO,-hydrocarbor mix-
ture has equilibrated, the phase volumes can be measured visually by measuring
interface heights. Phase properties are measured by transferring the approp-
riate phase to visual Cell 2 through a transfer loop which contains capillary
tubes for viscosity measurement, a high pressure densitometer (Mettler/Paar
DMA 512), and a high pressure sampllng valve.

A more detailed sketch of the sampling valve arrangement is shown in Fig-
ure 5. Figure 3a shows the valve position for cleaning the high pressure
switching valve, V1, a Valco CV-6-UHPA-HC valve capable of withstanding 5000psi
at ambient temperatures, and V2, a low pressure, high temperature Valco 4- CV-6—HTA-HC
valve rated at. 300 psi and 300°C. 1In this position, solvent can be flushed
through the.entire sample loop without removing valves from. the system... In. .
Figure ‘4b,_the sampling-configuration is shown. - Valve V1 switches the sample line
from the high pressure cells to the sampling valve V2._. The phase to be sampled
is blown down across a-flow restrietion into the sample loop (S) in V2.- Valve
V2 is then switched to the position shown in Figure 4c to flush the sample on
columm. Valve V2 is maintained at 300°C to vaporize -all but the heaviest com—
ponents of the mixture. : '

The sampling arrangement shown in Figure 5 is dictated by the fact that
sampling values are not available which can withstand both high pressure, re-
quired because the samples are at high pressure, and high temperature, required
to flush the heaviest hydrocarbon components present in the sample into the gas
chromatograph. Performance testing of the sampling system will be underway
shortly.

The double cell arrangement described here offers important advantages forxr
the :type-of.experiments being planned:

e Measurements of density and viscosity can be made without removing
large samples. This means that the density and viscosity experiments
will not alter the overall composition in the system. Thus, numerous
measurements can be made without cleaning and reloading the cell.

¢ Sampling for measurement of phase compositions will take only microliter
size samples so that overall compositions are altered negligibly. Dis-
placement of the phase to be sampled through the sampling valve should -
provide more representative samples than drawing samples-into an evacuated
container. However, the accuracy of the sampling system remains to be
tested.

o A variety of multiple contact phase behavior experiments, similar to
those described by Gardmer, Orr and Patel} can be performed in this ap-
paratus. For instance, a two-phase CO,-hydrocarbon mixture can be made
in Cell 1 and the upper phase transferTed to Cell 2 and mixed with fresh
0il. Repeated contacts of the CO, rich upper phases with fresh oil will
simulate the multiple contact process which occurs at the leading edge
of a CO2 flood. Phase behavior near the trailing edge of the transition
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zone can be examined by contacting the oil rich lower phase, wihich
remains after removal of the CO, rich upper phase, with fresh CO,.
Multiple contacts of the remainIng oil phase will study the ex-
traction of hydrocarbons by CO,. Both types of experiments will
_provide new information about %he phase behavior and fluid properties

- of mixtures which are likely to develop during field displacements.
The data to be collected should approximate much more closely the com-
position paths of actual displacements than have the binary mixture
phase behavior experiments most often performed in past CO2 flooding
research.

Chemical Analysis of CO,-Crude 0il Mixtures

2

Most phase compositions reported for CO,-crude oil mixtures do not resolve
amounts present of components heavier than héptanes (C.,), probably because standard
low temperature fractional distillation techniques analyze only out to "heptanes-—
plus" (C +) with extensions to "undecanes-plus" (C l+) possible without too much
difficulZy. Nevertheless, where more detailed aualyses have been reported,!»“s®
-experimental results clearly imdicate that, under appropriate conditions of temper-
ature, pressure and composition, CO, can extract hydrocarbons as at legst as
heavy as eicosane (C,,). Thus, it dppears that the traditional definitiom of in-
termediates, which pIlay a key role in development of miscibility, as C.,-C, hydro-.
carbons is not sufficiently broad. More detailed analysis of CO,-crudé oil mixtures
would help to improve understanding of the role of component par%itioning in the
generation of miscibility, would aid imn the choice of pseudo-components for process
simulation, and may be necessary for adequate representation of phase behavior
with an equation of state.!!

Gas chromatography offers a convenient method for more detailed analyses if
several uncertainties can be resolved. First, the analysis technique must be able
to adequately separate mixtures containing CO, and hydrocarbons of widely different
molecular weights, in some cases from methane " to the heaviest components eluted.,
Second, some estimate _,of amounts not eluted must be made. Finally, and perhaps
most difficult, representative samples of the mixture to be analyzed must be ob-
tained from the high pressure cell and transported to the chromatograph. Techniques
being tested to resolve these uncertainties are described below.

Chromatography offers several clear advantages over distillation methods. The
analysis time is about forty minutes instead of hours, and the repeatability and
precision are much better. Chromatography requires a sample size of only a few
microliters vs., milliliters for distillation. A disadvantage to chromatography
is that cuts are not available for further characterization (molecular weight,
specific gravity, refractive index).

The proposed ASTM method for gas chromatographic analysis of crude oiis!?
provides the basis for the analysis of CO,-crude oil mixtures. Extensions of the
proposed method are required to handle CO, and the light ends, methane through
butane so that one analysis can be used t& characterize mixtures containing CO
and hydrocarbons ranging all the way from methane to C 0 Some separation of
the methane and CQO, peaks can be obtained using a 1/4 in. x 24 in. column packed
with UCW 982 silicGne rubber on chromosorb PAW, as shown in Figure 6a by starting
the analysis at -65° C and increasing the column temperature 10 C/min. The
separation between the CO2 peak and the small ethane peak is much less satisfactory

10
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however. A much better separation is obtained using 1/8" x 6" OV 101 column

as shown in Figure 6b. This analysis was begun at -65°C with the temperature
held constant. A combination of temperature programming and a slightly higher
starting temperature (say —SSOC) will reduce tailing of the ethane peak. The
OV 101 column ofgers an additional advantage in that it shows much lower columm
blend at the 370°C, the end point temperature for the simulated distillationm.
It appears, therefore, that an analysis sequence is now available which can
report a boiling point of distribution (and hence an approximate carbon number
distribution) for CO, hydrocarbon mixtures of very wide molecular weight ranges
and which can be ob%ained without using column switching or backflushing.

Estimation of the amount of heavy hydrocarbons not eluted requires a second run
in which a measured amount of internal standard (a mixture of normal paraffins
014’ Cl , Cl6 and C 7) has been added.!? Identical sample amounts are injected
in the Ewo rums. T%e differences in integrated areas and the areas of the standard
peaks can be used to construct an estimate of the amount of material not eluted.
An example of the resulting carbon number distribution for Maljamar crude oil
(supplied by Continental 0il Company) is shown in Figure 7. This technique can not
be used for samples-obtained from the high pressure liquid sampling valve,-but can
be used to characterize the original crude oil and any samples for which sufficient
quantities are withdrawn that a mixture of the sample and standard cah be prepared.

Task 2. Displacement Experiments.

High pressure core flood and slim tube displacement experiments are just getting
underway with the completion of equipment construction. Floods will be conducted
using both crude oils and mixtures of well-characterized hydrocarbons. Crude oil
displacements offer the final test of understanding of the displacement and of the
accuracy of process model calculations. Displacements in well-characterized
systems offer several experimental and theoretical advantages. The complexity of
compositional analyses is reduced, and the phase behavior can be accurately repre-
sented by an equation of state,13 so that the phase compositions and saturations
existing during the flood can be reconstructed with greater accuracy than is
currently possible for crude oil systems. Detailed data for such a system which
behaves qualitatively like CO,-crude oil systems would be of great value for test-
ing simulators ‘currently being written to model CO, fleoding processes.”’ls’16
Only one such test has been attempted,17 but the well-characterized hydrocarbon
mixture? was so light (molecular weight 108) that the phase behavior observed
was quite different from that observed for CO,-crude oil systems. Investigations
are underway to build a test oil composed of & small number of well-characterized
hydrocarbons which produces phase behavior like that observed for COZ-crude oil
systems.

During construction of the displacement apparatus, a series of low pressure
analogue displacements were run in a very simple glass bead pack apparatus shown
schematically in Figure 8. The bead pack is saturated with the mixture to be dis-
placed, and the displacing phase is injected at a constant rate by a syringe pump.
Produced fluids are collected in vials for later analysis by gas chromatograph.

The displacement experiments were designed to provide a quantitative test of
the accuracy of the one dimensional process simulator being developed concurrently
for the simplest of flow systems in which phase behavior is important. Displace-
ment tests have been performed for two alcohol-hydrocarbon-water systems, phase
diagrams for which are shown in Figures 9 and 10. Phase compositions shown in
Figures 9 and 10 were determined by gas chromatography. Figure 9 shows the two-
phase region and tie lines for mixtures of iso-octane (ICB)’ iso-propanol (IPA)

12
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CONSTANT RATE
SYRINGE  PUMP

F PLASTIC DISC
=727l PACKED COLUMN
e G\ FINE SCREEN
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LIQUID SAMPLE COLLECTOR

Figure 8 Schematic of the bead pack displacement
’ apparatus used for analogue displacements
of water-oil-alcohol systems. The bead
pack is 30 cm in length.
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Figure 10

Phase behavior of water (HZO)’ n-butanol (NBA), hexadecane (C.,)
mixtures. Compositions aré in volume fractions. Dashed lines

are equilibrium tie lines determined by gas chromatography. Any
mixture with an overall composition lying within the large triangle

in the center of the diagram forms three phases with compositions of
the vertices of the three phase triangle.
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and brine (2 wt. % CaCl,). Figure 10 shows similar data for mixtures of water
(H,0), n-butanol (NBA) and n-hexadecane (Cl ). This true ternary system exhibits
three phases, as do low temperature CO -cruge 0il mixtures,’>25'" and thus offers
an opportunity to test the accuracy of simulation of the interaction of more com—
plex phase behavior with flow in a simple porous medium. Density and viscosity
data for both systems are shown in Table 1. Compositions of displaced and displac-
ing phases for floods conducted so far are given in Table 2, along with break-
through and ultimate recovery results. Recovery curves and composition paths for
the two phase displacements (brine-IPA-IC.) are compared with computed recovery
curves in the discussion of simulation reSults under Task 3.

The displacements described in Table 2 cover phase behavior ranging from
completely immiscible to first contact miscible and include floods in which mis-
cibility is generated by vaporization (extraction). Thus, they provide a stringent
test of the capability of the simulator to handle the interaction of phase be-
havior with multiphase flow. Run 1, displacement of brine by IC, was a completely
immiscible displacement. Runs 2 and 3 included effects of phase behavior but did
not develop miscibility. They illustrate that phase behavior can increase re—
covery even when development of miscibility is not complete. Run 4 generated a
miscible -displacement via a.vaporization (extraction) mechanism as did run 6 and
run 5 as first contact miscible. Run 7 was used to measure the dispersion co-
efficient for- the bead.pack and was. first contact miscible. Run 8 was a three -
phase displacement which proved remarkably efficient.

Sample results from run 8 are shown in Figures 11 and 12. Figure 11 plots

" recovery of NBA and C,., the components of the analogue o0il, as a fraction of the
amount in place at th& start of the displacement. Also plotted is the amount of
water produced (in pore volumes). Figure 12 plots the overall compositions of
collected samples of the produced fluids. Compositions were determined by gas
chromatography. In this run, three phases were observed in the produced fluids
after breakthrough as indicated by the fact that the overall compositions of the
produced fluids lie within the three phase triangle. Details of runs 1-5 are
reported under task 3 where they are compared with simulation rums.

Task 3. Mathematical Modeling of CO, Displacement Processes.

2

One Dimensional Similator

A one-dimensional prccess simulator has been written which models multiphase
flow with component transfer between phases. The simulator is based om the fol-
lowing assumptions: :

1. Local chemical equilibrium exists between phases.
2. There is no volume change on mixing.

B.n\Fapillary pressura effects are negligible.

4. Darcy's law governs flow in the one dimensional flow system of
uniform properties.

5. Changes in pressure over the length of the displacement have

negligible effect on the phase behavior of the hydrocarbons and COZ'

17



Table 1. Fluid Properties of Alcohol-Dil-Water Systems at 25°C

Mixture Composition (Vol. %) Dens’itz Viscosity r
Icg IPA Brine g/em® _cp_
100.00 —_ R 0.688 0.479
— 100.00 - 0.7812 2.08
— — 100.00 1.0142 0.949
— 21.11 78.89 0.991 ‘1.956
— 35.06 64.94 0.967 2.707
0.65 46.48 52.87 0.941 3.095
2.80 55.55 41.65 0.905 3.337
7.82 61.87 30.31 0.868 3.159
16.68 62.90 . .20.42 .0.830 2.548
98.77 1.14 0.09 0.69 0.473
93.82 5.37 . 0.81 0.694 0.486
-89.35 9.58 . . 1.07 0.697 0.505
84,89 13.51 1.60 0.701 0.533
79.04 18.73 . 2.23 0.707 0.581
70.14 26.92 2.94 0.719 0.692
- 10.00 90.00 1.002 1.346
— 20.00 80.00 0.9884 1.873
— ‘ 30.00 70.00 0.9724 2.508
—_— 40.00 60.00 0.9514 2.858
— 50.00 - 50.00 0.9275 | 3.114
— " 60.00 40.900 0.9019 '3.158
- 70.00 . 30.00 0.8755 3.058
— 80.00 20.00 0.8472 2.765
—_ 90.00 10.00 0.8170 2.370
100.00 | — - 0.9971 0.8937
—_ 100.00 —~ 0.8061 . 2.56
— — 100.00 0.7701 3.05
0.66 13.30 B6.04 0.7746 2.79
10.60 . 72.24 17.16 0.8221 2.82
91.27 T 8.73 — | 0.9864 1.18
17.51 82.49 - 0.8440 2.85
12.76 | 77.99 9.25 0.8304 2.80
— 75.00 25.00 0.7956 2.58
— 50.00 50.00 0.7859° 2.55
- 25.00 75.00 0.7770 2.62

18
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Figure 12

"Run 8: Overall compositions of produced fluids. Overall

compositions are calculated from measurements of produced
phase volumes and compositions. Production of three phases
occurred during much of this run.
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6. Physical dispersion can be modeled by numerical dispersion. These
assumptions are similar to those used by Pope and Nelson in the
development of a compositional simulator for chemical flooding,!®
and the approach to the representation of the phase behavior in terms

of pseudo-components is similar to that described by Gardner, Orr
and Patel.!

There is little direct evidence to support assumption 1, though estimates of
diffusion times on a gore scale suggest that the assumption is reasonmable. Nelson
and Popelg and Nelson®? concluded that the local equilibrium assumption is justi-
fied for chemical flocding applications. Assumption 2 is perhaps the most question-
able. It is clearly violated when the CO, density is gas like, but when the CO
density is near that of the oil, the assufmption appears reasonable, at least whén
the methane concentration is low.! A revised version of the simulator which
relaxes that assumption is being written. Assumption 3 is untested; nc data are
available to assess the magnitude of capillary pressures for the phases present in a
€0, flood. Hence, it is reasonable to neglect capillary pressure effects as a
first step. Darcy's law is not in question (assumption 4), but the generalizatiom
of Darcy's law to four phase flow (water plus three phases containing hydrocarbon
plus CO,) is not obvious. Calculation of three phase relative permeabilities is
open to question21 and the extension to four phases requires testing. Assumption 5
can be satisfied by choosing experimental displacement velocities close to field
values. Assumption 6 must also be -tested .(see below).

Pure convection of multiple phases in a one-dimensionzl porous medium is

described by !®
n n
3 L 3 L c |
— C ——— = ’ . . ’
T 22 S8y e > Gty = O @
5=1 j=1
where Cij = volume fraction of component i in phase j,
Sj = saturation of phase j,
‘fj = fractional flow of pphase j,
& = dimensionless distance, -%, 0<g<1,
nP = number of phases, 1 f_np < &4
and T = dimensionless time (pore volume)
= st 9 4
o LAd
where q = flow rate
.. = length
A = core face area
$ = porosity

Equation (1) is sclved by a fully explicit finite difference method.!®
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As written, the simulator follows four components: CO,, a light hydrocarbon
component, a heavy hydrocarbon component and water. Water Is assumed to exist
in the separate phase which contains none of the other components. The remaining
three components may partition between two additional phases.

The assumption of local chemical equilibrium is implemented by representing
the binodal curve on a ternary diagram in terms of piecewise continuous polynomials
(see Figure 13). Six pieces of quadratic in componment 1 are fitted through points
1,2,and 3, points 3,4,and 5, points 6, 7,and 8, and points 8, 9,and 10, points 11,
12, and 13 and points 13,14, and 15. Tie lines are represented by dividing the
~ phase diagrams into three regions (I, II and III ou Figure 13) within each of
which all tie lines are assumed to pass through a single point when extended.??

The three phase region is the triangle labeled region IV. Regions II and III

may extend all the way to the edge of the diagram, as does region I. If so, points
5 and 6 and points 10 and 11 are nct identical. If thos2 pairs of points are
identical, they are taken as the plait point compositionsfor the respective regions.
Thus, all phase behavior for a system can be entered into the simulator by specify-
ing fifteen points on the binodal curve.

Phase fractional flows are given by

; k ./ u. kAgsin&xnp k., '
f, =1 " J 1 - Z _Ix ( ) (2)
J n \ q ]J- pi-p. . :
P i=1 i J
E:l‘krl,/l—l
1=1
where krj = relative permeability to phase j
uj = wviscosity of phase j
k = permeability
A = core cross-sectional area
o = dip angle
and g = gravitational acceleration

Three phase relative permeabilities are computed using Stone's second modelz?

with modifications suggested by Dietrich and Bondor.?®! When four phase relative
permeabilities are required, as may be the case when CO,-crude oil mixtures are
flowing in the presence of water, cil and gas relative permeabilities are com-
puted using Stone's model with the assumption that the two hydrocarbon bearing
phases which differ least in composition share the relative permeability of either
the oil or gas, whichever is appropriate, in proportion to their saturatioms.

This assumption is not particularly satisfying, and other approaches are being
explored. ’ :

23



COMPONENT 1

COMPONENT 3 . | COMPONENT 2

Figure 13

Representation of equilibrium phase behavior of ternary mixtures for
one-dimensional simulation of co, flooding. Binodal curves are repre-
sented as six pieces of quadratit in the mole fraction of component 1.

-For instance, the binodal curve for region I is obtained by fitting

one quadratic through points 1,2 and 3 for the lower phase and another

‘through points 13, 14 and 15 for the upper phase. Equilibrium tie-

lines for each region are assumed to pass through a single point when
extended. Point T, is the tie line intersection point for regiom I.
Overall compositiofnis lying in region IV form three phases with com—
positions given by points 3, 8 and 13.
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Relative permeability curves for water, oil and gas are entered either
in the form of a standard table lookup or as

\e
krw = E Sw i ch v
w 1 -5 - S
vOI‘ WCJ
f A e
k - T 1 - Sw SOr ow 3)
row ow
-S -5
{ or we |
r e
Krog = Eou 5, 7 S1c | °8
L 1l - SLc
( e
k = E S —SC‘ g
T8 & T-8, -5
L Le gc
where krw = water relative permeability
krow = 0il relative permeability (water-oil)
krog = o0il relative permeability (gas-—oil)
k = . (1
rg = gas relative permeability
SWc = irreducible water saturation
or =~ residual oil to water
S0 = residual oil to gas in the presence of irreducible water
g saturation
Sgc = critical gas saturation
EW = water relative permeability when oil saturation is So
EOW = oil relative permeability when water saturation is ch
E = gas relative permeability when the liquid saturatiom is
g S _+5
we og
S = liquid saturatiom, S _+ S
L w o
and S = 8§ + 38
Le we og

Values of S , S ,S , S ,E, E ,E and the curve £fit exponents e_,
we or og ge’ W Tow’ g W

e w’ eog’ eg are specified by the user.
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Phase viscosities are calculated from phase compositions by one of two
methods. The first is a quarter power blending rule??

HilaUsg
H; = [Clj(mua)a + 'czj (nusdy + C3j (uinz)i4al® (4)

The second is a two variable table lookup which interpolates a viscosity
from the three mnearest surrounding data points.

The algorithm used in the fully explicit finite difference calculation is,
then:

(1) Given a set of overall volume fractions C1 from initial data or from
the previous time step, calculate phase compositions which satlsfy the assumption
of chemical equilibrium in each grid block.

(2) Calculate fluid properties (density,. viscosity)- for each phase from..
phase compositions.

(3) Calculate phase saturatioms.
(4) Calculate phase relative permeabilities and fractional flows.

(5) Calculate overall volume fractions at the next time level using equation

(1.

Numerical Dispersion

The fully explicit backward difference scheme used to solve equétion (L)
has been analyzed by Lantz2" Simultaneous convection and dispersion for a two
component system is described by '

sc , & s*c _ ,
Tt "PEErt O (5)

where C is the volume fraction of one component and D is an inverse Peclet number

given by =
.D.=%A-3 (6)

where D is the dispersion coefficient. As shown by Lantz,? the numerical dif-

fusivity (numerical dispersion coefficient) for a miscible displacement is
D* = % (AE-T) . 2

so that time truncation error can be used to cancel spatial truncation error.:.

If the dimensionless time step AT is equal to the grid block size, then there is
no numberical contribution to dispersion. If AT is greater than Af, the numer-
ical solutions are unstable. In the model described here, dispersiomn is in-
cluded only to the extent that equation (22) or the immiscible analogue described
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below can be used to select grid block and time step sizes to produce an appro-
priate level of numerical dispersion.

When more than one phase is flowing, the local truncation error depends on
the nonlinearity of the fractional flow function.? TFor two phase flow (water
displacing o0il), the numerical diffusivity is

df df
v

F= -
D 15 (A 15 At) /2 v (8)
w w

Positlve values of D*are required for stable solutions, so the time step llmltatlon

will be more severe for immiscible flow than it is for miscible cases if

dfy
>
dS 1l, as is often true.

In the more complex flow situations simulated here, compositional effects
on phase viscosities and three or four phase flow will also have an effect on
the level of numerical dispersion. Equations (7) and (8), therefore, should
be treated as -estimates of the dispersion level rather than quantitative measures.
For many. applications, however, the savings in computational effort over detailed
simulation of dispersion contributions more than justify the somewhat reduced -
accuracy of the usz of numerical dispersion to model physical dispersion.

Simulation of Analogue Displacements

Simulations of runs 1-5 and 7 have been made using the simulator described
above. Results of the simulations are shown in Figures 14-23. Density and vis-
cosity data given in Table 1 were used in the simulations. ‘Because alcohol-
water mixtures show appreciable hydrogen bonding, viscosities of such mixtures
are higher than that of either compoment, requiring the use of the table lookup
option in the simulator. All runs were made with 20 grid blocks and a time step
size of .02PV. Relative permeability curves reported by Naar, gg_élés were used
without adjustment.

~Run- 1, shown in Figure 14, was a test of the accuracy of the relative per-
meability curves for a completely immiscible displacement. Solid curves were
computed by the simulator; data points were measured. The sharp decrease in
brine production'when\IC8 breaks through is characteristic of an immiscible
displacement.

In run 2, the bead pack was initially saturated with a mixture of 50 volume
percent IPA and 50 volume percent brine. In this run, IPA is recovered more
efficiently because it is extracted by IC,, but.the displacement is still essen~
tially immiscible. 1Ic_, breakthrough occurs earlier than in run 1 because the
IPA~brine mixture being displaced has a higher viscosity than that of brine alone.
Calculated and measured recovery curves agree very well, as shown in Figure 15.
Calculated and measured values of the overall compositions of produced fluids
are plotted in Figure 16. Again, solid curves are computed, data points measured.
Three calculated composition paths, for the inlet, middle and outlet grid
blocks are plotted, though they differ only slightly. Indeed the paths for
blocks 10 and 20 coincide and lie to the right of that for block 1. The overall
compositions of fluids flowing out of block 20 should agree with the experimental
values of the overall composition of the produced fluids. As Figure 16 demon-
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Run 3 was also an immiscible displacement of 75 vol. % IPA - 25 vol.% brine
by IC,. Stripping of IPA is more efficient than in Run 2 but the composition
paths change only slightly during the displacement indicating that little enrich-
ment of the upper phase is occurring. Two phase production was observed from
breakthrough (0.68 PV) to 1.17 PV injected, after which only a single phase con~
taining mainly IC_, and IPA was produced. Excellent agreement between calculated
and experimental Fesults is shown in Figures 17 and 18 for run 3.

Run 4, results of which are shown in Figures 19 and 20, was on the border-
line of developing miscibility, and the vecovery curves show the slower drop in
IPA and brine production after IC_, breakthrough that is characteristic of miscible
displacements. A short period of two phase production (between 0.84 and 1.25 PV
injected), the result of dispersion, was observed. Run 5 (Figures 21 and 22)
was very nearly a first contact miscible displacement for which the recovery
was correspondingly high. Only a very small amount of extraction of IPA by IC
is required to develop miscibility. Accordingly, recoveries of IPA and brine
are nearly the .same, and the displacement is very efficient. Single phase pro-
duction was observed throughout the run.

Figure 23 shows results of a displacement of-a mixture of IC; andethylbenzene
by pure ethylbenzene. This experiment was used to determine the “dispersion co-
efficient for the bead pack. The dispersion coefficient was determined to be
3.12 x 107" cm?/sec which agrees closely with values given by Blackwell.®? It
should be noted, however, that the levels of numerical dispersion required to
give a good match of experimental with calculated results for runs where two
phase flow results as an order of magnitude higher than that used to match the

miscible displacement. Reasons for this behavior will be discussed in detail
in a later report. '

The excellent agreement obtained between experimental and simulated dis-
placements suggests that the one dimensional simulator developed here, with
accurate input data for phase behavior, fluid properties and dispersion, can
be used to build understanding of the physical mechanisms important in the
displacement process.  Extensions to.more complex phase behavior .and more com-
plex porous media are underway.

Task 4. Application of Laboratory Results to Field Problems

Much of the work to be done under this task must wait until the laboratory
experimental work is more complete, but research has begun in two areas which
have direct impact on the translation of laboratory results to predictions of
field performance, and on the development of recommendations for -a suite of
laboratory experimental evaluations for a particular field application. First,
the representation of a crude oil as a small number of pseudo-components is
being explored. Any field scale prediction of CO, flood performance will require
numerical simulation, but field scale compositional simulations of the process
are impractical if a large number of components (e.g. as used by Fusselll!!) are
required to calculate phase behavior of CO,-crude oil mixtures. Thus, the use
of a small number of pseudo-components shotild be evaluated and may be required
if practical simlations are to succeed. Characterization of crude oils by gas
chromatography, probably in combination with a simple distillation to characterize
heavy ends, will provide essential data for this effort, andlgezgoupled with
phase behavior computations using the two equations of state””’“" programs on hand.
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Analysis of COZ—Crude 0il Phase Diagrams

The second area is an analysis and comparison of the phase behavior of CO -
crude oil mixtures with that of mixtures of CO. and well-characterized hydro-
carbons. The purpose of this analysis is to develop a qualitative understanding
of the differences between observed phase behavior for low temperature (<50°C)
and high temperature CO,~crude oil systems, with the eventual aim of relating
equilibrium phase behavIor, observed in static experiments to the dynamics of
the displacement process.

Binary CO,-crude o0il phase behavior experiments have produced two distinct
types ofophase gnvelopes as shown in Figures 24 and 25. At temperatures above
about 50°C (122°F), binary mixtures of crude oils and CO. show liquid-vapor
separations (along with possible precipitation of a solig phase). %510 At iow
CO2 concentrations, reduction of the pressure of the mixture from a high level
produces a vapor phase when the mixture reaches the bubble point pressure
(curve B, Figure 24). At high CO, concentratioms, very high pressures are re-
quired to maintain the mixture as”a single phase. Pressure reduction causes
the mixture to pass through a dew.peint (curve D) where a small amount of liquid
forms.. Further reductions- in- pressure cause the liquid volume to grow with
retrograde vaporization occurring at still lower. pressures: The bubble point
and dew point curves meet at a critical point C. . Phase diagrams of this sort:
have_bﬁen reported by Simon‘ggugl,sAPerry.gE_§£%7_Giaue and_Zana,2%and Rathmell
et al.

Phase behavior is significantly more complex for CO.-crude oil mixtures
at temperatures below about 50°¢c!s 7, 10,28 (see Figure 25). Bubble points are
observed at CO, concentrations below about 60 mole percent (curve B). At
higher CO, conCentrations, liquid-liquid equilibria. occur.. Two liquid phases
occur at pressures and compositions within the region bounded by the curve
labeled LL and B, an upper phase presumably rich in CO,, and a lower phase
rich in the heavier hydrocarbons from the crude oil. As the pressure is
reduced, a vapor phase appears in addition to the two liquid phases when the
curve B is crossed. When the curve D is reached, the upper liquid phase has
disappeared leaving only liquid and vapor.

The complex phase behavior shown in Figure 25 can be understood by . examin-
ing the behavior of mixtures of CO, and normal alkanes. Binary mixtures of
CO2 with normal alkanes lighter tham tridecame (C.,) exhibit liquid-liquid
separations at temperatures below the critical tefiperature of CO (31°C).29
For alkanes C 4 and heavier, the liquid-liquid region extends to“temperatures
above the cri%lcal temperature of CO,. That is, a binary mixture of CO, and
hexadecane (C 6), say, at 32°C, can exist as a liquid-vapor (L-V) mixtuTFe at
low pressure, as a liquid-liquid-vapor (L;-L;~V) mixture at one hi§her pressure,
and as a liquid-liquid (L;=L;) mixture at still higher pressures.?’ At some—
what higher temperatures (above the L,-V critical temperature), the mixture
will pass from an L-V state at low pressures to an L;-L, (or L;~dense phase)
without showing an L;-L,-V separation. . As the molecular weight of the alkane
increases, the maximum temperature at which liquid-liquid separations are ob-
served also increases as Liphard and Schneider's data for CO -squalane mixtures
clearly indicate.3! Thus, it is apparent that the appearancé of L;-L, and
L1-L2-V separations in CO,-crude oil mixtures is strongly related to the system
temperature (Huang and Tracht report data which confirm this conjecture),7
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but the maximum temperature at which such separations occur depends on the
crude oil composition. The exact nature of that dependence is not known, but
it is likely that increasing the average size of the molecules in the crude
0il would increase the maximum temperature for liquid-liquid separationms.

Phase behavior studies by Meldrum and Nielsen3®? showed that Li1-L2-V
separations occur for the ternary systems CO --C3 Cl and CO —Clo—C 6" Figure 26
shows Meldrum and Nielsen's data for the lat%er sysgem at 76°F. T%ree phase
separations (Li-L2-V) occur at pressures near the pressure at which liquid-
liquid separations occur for the C0O,-C 6 binary. Those data suggest that
L1~L2~V separations occur when syst%m %emperatures and pressures are such that
mixtures of CO, and the light hydrocarbon components show L-V equilibria and
mixtures of CO2 and heavy components show L;-L; separationms.

Interpretation of the phase diagram shown in Figure 25 requires an under-
standing of the appearance and disappearance of the three phase region as system
pressure is increased. Meldrum and Nielsen's3? experiments provide some infor-
mation but-did not examine in detail the pressure .range at which the three phase

region appears. . Elgin and Weinstock??® investigated ternary mixtures of ethylene,
water, and solvents which exhibit qualitatively similar phase diagrams. Their
work -suggests that in a ternary system, the three phase region appears with

a split in a tie line. With increasing pressure, the invariant phase composi-.
tions move .as shown schematically in Figure 27, with the three phase region
disappearing when the middle phase invariant point reaches the upper phase in-
variant point. The picture shown in Figure 27 must be treated as gqualitative
and speculative. In real systems, all three invariant points move as conditions
change and much work remains to show that CO, crude oil systems behave similarly.
Furthermore, while a three phase region must appear or disappear -with a split in
a tie line, it is not known whether the motion of invariant points always follow
the sequence shown in Figure 27 or whether other possibilities exist. Work
continues to understand the behavior of these three phase systems. Nevertheless,
the qualitative picture shown in Figure 27 is remarkably successful in explaining
the behavior observed for COZ—crude 0oil systems, as is shown below.

Figure 28 shows hypothetical sequence of ternary phase diagrams for a
€O, ~crude oil mixture and Figure 29 shows the pressure-composition (P-X)} diagram
which results. The crude oil is treated as a mixture of light and heavy pseudo
components (50 mole percent each), so that binary mixtures of CO, with the oil
fall on the vertical line shown in each diagram. At pressure P;, the mixture
shows a bubble point. At P,, the three phase region has appeared, but is ob-
served only at very high CO, concentrations. At Pj3, as CO, is added to the
mixture, it shows first a bubble point and then passes into the three phase
region and then back into the two phase region at high CO, concentration. At
Py, the middle phase invariant point has passed the-binary mixture compositionm,
so that with added CO. a liquid-liquid occurs first, followed by the appearance
of a vapor phase. Siﬁilar behavior occurs at Ps, but the shift in the in-
variant points at the vertices of the three phase region causes the three phase
region to appear at CO, concentrations between those observed at Py. At Pe,
the three phase region has disappeared leaving only L;-L; separations.

The phase diagram shown in Figure 29 is similar to that shown in Figure 25
though there are some differences in the order in which phases appear with CO
addition. Work continues to develop a sequence of phase diagrams which is
completely consistent, therefore, with the type of phase behavior cbserved for
CO.-crude o0il systems at the low temperatures typical of West Texas and New
MeXico oil fields. It should be noted, however, that very few experimental
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Figure 27.

Appearance and disappearance of a three phase
region in a ternary diagram. A tie line splits

and with increasing pressure one invariant migrates
toward another. The three phase region dis-
appears when the migrating invariént point reaches
the upper phase invarient point, the inverse of
tie line splitting.
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Figure 28.

Hypothetical sequence of phase diagrams as pressure
increases for CO,-crude oil mixtures. The oil is
represented as 58 mole? each of light (L) and heavy
(H) components. Binary mixtures of CO, and oil
fall on the straight line connecting t%e CO2 vertex
with the oil composition.
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in Figure 28.
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data are available to confirm or deny the phase diagrams hypothesized. The

multiple contact experiments planned will provide experimental verificationm
of the analysis presented here.

Effect of Phase Behavior on Displacement Efficiency

The impact of the phase behavior shown on the displacement process can be
assessed using the one dimensional simulator. described under task 3. Figure 30
shows a hypothetical sequence of phase diagrams for a CO,-crude oil system.

Note that the oil is treated as two pseudo-components, C]-C;; and Ciot+ and the
oil contains approximately 50 mole percent of each component. The binary P-X
kdiagram which results from the sequence of ternary diagrams is shown in Figure 31,
and the diagrams of Figures 30 and 31 are combined in a three dimensional pres-
sure-composition diagram in Figure 32.

Secondary displacements of the oil by continuous injection of CO, were
simulated for each of the pressures shown in Figure 30. Fluid properfies and
run conditions used for the runs are summarized.in Table 3. -To isolate .the
effect of phase behavior, fluid properties were held constant for the four runs; .
only the phase behavior was changed.

Results of the simulations are-shown . in Figures.33-and 34. - Figure 33-shows..
recovery curves for each of. the cases,.while Figure 34 shows overall composition-
paths for the middle and outlet grid blocks. The displacement efficiency in-
creases dramatically with pressure, as shown by the recovery curves (Figure 32).

At 1000 psi, CO, breakthrough occurs at 0.35 PV injected, there is no difference

in the amounts of C;~C;o and C,p+ recovered, and oil production drops rapidly

after CO, breakthrough. At 1200 psi, breakhrough is delayed to 0.60 PV and the
recovery at 1 PV injected is correspondingly higher. The amount of C;-C;¢ recovered
exceeds that of C,.+ because CO, extracts C;~C;, more efficiently at this pressure.
At 1300 psi, recovery has improved further, with breakthrough delayed to 0.8 PV.

The displacement at 1400 psi shows little additional improvement in recovery,
indicating that an experimentally determined miscibility pressure would be near

1300 psi. The recovery results are summarized in Figure 35, which reports break-
through recovery and recovery at 1 PV injected for each pressure.

The reéason for the improvement in recovery as pressure increases lies in
the efficiency of the extraction of C;-C;p by CO,, as is shown in composition
path diagrams shown in Figure 3. In each case t%e overall composition, a linear
combination of the compositions of all phases present, changes from the initial
0il composition to high CO, concentrations as the run progresses. At 1000 psi,
the overall composition in"each block traverses the tie line which, when extended,
passes through the 0il composition. No enrichment of the more mobile CO, rich
phase ‘occurs. At 1200 psi, -the three phase region has appeared, but the phase
diagram is still dominated by tie lines of the two phase region which extend to
the o0il composition. The displacement is more efficient, however, because the
extraction is more efficient than at 1000 psi, so that some enrichment of the
C02 by Ci1-Cyo occurs. At 1300 psi, the alteration in the shape of the three
phase triangle has produced a diagram dominated by the strong extraction of the
liquid-liquid region. The composition path clearly shows the enrichment of the
overall compositions in the middle and outlet grid blocks. Note that there is
little difference between the paths of the two grid blocks indicating that the

47



~*saanssaad Inoj e BANIXTW jnoumcu Teotasyizoddy e 103 sweaderp asweyq Ot aandyg

01D-1D + 01D - 01D-1D _ + 01D

N

48



CPSIAD

PRESSURE

2209.

1820.

1400.

-1888.

L Li+L,
~ L 2
JL y.

Ly+L,+V
Al
A

I | I [
"Q. 28. 48. 63. 88. 198.

Figure 31

MOLE PERCENT C82

Binary pressure-composition diagram for the CO,-

oil system shown in Figure 30.

49

2



CO2

Cio+

Ci—-Cio

- |
-t |
-~ P4 1
-
==
|
- ”’—

Figure 32.

50

400

1300

1200

1000

Combined pressure-composition and termary
diagrams for the hypothetical COz—oil
system shown in Figure 30.

PRESSURE (PSI)



Table 3. Fluid Properties and Run Conditions for Simulation of
Displacement of Crude 0il by CO2

Number of grid blocks 40

Time step size .005 PV

Component Viscosity (cp) Density (g/cm®) Mole Weight
CO2 C .04 .65 44
Cl—C10 .50 | .65 64
C10+ 2.00 .90 276
1,0 1.00 1.00 18

Relative. Permeability Data

S__ = 0.200 E = 1. e =2,
wC W w
S _ = 0.400 E = 1. e =2,
or ow ow
S = 0.400 E = 1. e =2
og g og
s = 0. e =2
ge g

Initial 0il Composition (Mole Fractions)

Component ‘ Mole Fractiomn
CO2 0
Cl - C10 .5446
C10+ .4554
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a.. 1000 pPSI . Ci-Cio

CO2

\V4 \/ \/ \/ \V4 \/ \/ AV V7\

Cio+ b. 1200 PSI ci-Cio

Figure 34 Overall composition paths for middle (block 20)
and outlet (block 40) grid blocks. Grid block
compositions show substantial enrichment in

€1-C,,, at 1300 and 1400 psi.
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Cio+ c. 1300 PSI Ci-Cio
CO2
Block 40
Block 20
\/
Cio+ d. 1400 PSI Ci-Cio

Figure 34 continued
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eneration of an efficient displacement has occurred in the inlet region and

s developing only slightly in the downstream region. The displacement at

400 psi shows little change from that 1300 psi because the tie line slopes have
hanged little, even though the three phase region has disappeared.

Effect of Dispersion

The displacements at 1300 and 1400 psi developed miscibility by a vaporiza-
ion or extraction mechanism, enrichment of the CO. rich phase with C;~C;,.
he fact that overall compositions pass through thé two and three phase regions
s a conseguence of dispersion as indicated by the work of Helfferich®* and
[irasaki.? The runs discussed above were made with an inverse Peclet number
f 1072 estimated from equation (7). If the inverse Peclet number is reduced
o 2 x 1073, the 1400 psi displacement produces results shown in Figure 36.
reakthrough is delayed from 0.8 PV to 0.9 PV, and the recovery at 1 PV injected
s 93.5% vs. 86.7% previously. Thus, recovery efficiency depends on coupled
ffects of phase behavior and dispersion. Because field inverse Peclet numbers
re often.near_lO'z, it is reasonable to conclude that some residual to CO
111 be observed, even when phase behavior is very favorable. Furthermoré,
ecause it alters composition paths, dispersion whether physical in a displacement exper:
ent, or numerical in simulations, can obscure conclusions about phase be-
avior if the effects of dispersion-are not accounted for. Thus, considerable-
aution must be used in concluding whether a flood developed miscibility solely
n the basis of recovery efficiency.

Conclusions

While work continues to generate phase diagrams which are completely con-
istent with experimental observations and to provide additional experimental
erification of the phase behavior of CO,~crude oil mixtures, the following con-
lusions can be drawn from research to dite:

(1) Liquid-liquid and liquid-liquid-vapor separations observed for
:O%—crude 01l mixtures are consistent with the phase behavior of CO2 and normal
1Kanes.

(2) Liquid-liquid-vapor separations in crude 0il-CO systems occur when
iquid-vapor separations for CO, and light components occfir at pressures near
hose at which liquid-liquid separations occur for CO2 and the heavy components.

(3) Because CO, exhibits liquid-liquid separations with hydrocarbons
eavier than C;3, esSentially all crude oils can be expected to show liquid-
iquid and liquid-liquid-vapor behavior for temperatures somewhat above the
ritical temperature of CO2

(4) Extraction of hydrocarbon components by liquid CO rich phases can
enerate miscibility in the same way that a vaporizing gas“drive does.

(5) Some residual oil saturation can be expected in any CO, flood even when

hase behavior is very favorable because dispersion is always présent in field
isplacements.

(6) High levels of physical or numerical dispersion can obscure the effect
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of phase behavior on displacement efficiency. Recovery efficiency alone is

a poor measure of the effects of phase behavior unless the effect of disper-
sion.is accounted for.
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