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ABSTRACT

a parametric investigation of the effects of relative
permeability, viscosity ratio and mass transfer upon linear
gas-liquid displacements using a numerical model was performed.
The objective of this investigation was to quantify the apparent
contribution of eéch process mechanism to the simulated
efficiency of a gaé—liquid displacement in a permeable, porous
meaium. The numerical model used in th@s investigation employed
a finite difference formulation of the discretized flow
equations with interphase mass transfer calculated by an
equation of state. Viscositiés were estimated by an empiricgl

correlation.

The computational approach used in this investigation is
different’than the physical processes it aims ‘to replicate in
that process mechanisms active in a given numerical model
experiment are programmed into the computer model. While such
approaches suffer from uncertainty in physical detail, they do
permit a more precise and convenient means of determining the
relative contribution of individual process mechanisms to the
efficacy of gas—liquid displacements. Numerical parameters used
were validatea by a sensitivity study of results to the level of
discretization and number of grid blocks. The number of grid
blocks used was based on converged results as well as
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calibration against previously published results.

A total of eighty-five computational £flow experiments were
performed in this investigation. The results were correlated
and, where feasible, compared to both physical and computed

results in the dpen literature.
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CHAPTER I - INTRODUCTION

Gas—liquid displacements are use@ by the petroleum industry to
enhance the‘recovery of liquid hydrocarbons,ﬁound in subsurface
petroleum reservoirs. Folden [1] reported that the hydrocarbon
miscible gas-liquid displacement process had been used, as of
1987, at more than 50 (fifty) 1locations in "the Pro?ince of
Alber&a, with nearly 40 (forty) of these projects using a linear
vertical gravity stable gas drive process, Novosad and Costain
[2] reported that the actual process mechanisms in some
instances were‘other than those traditional}y assumed by the

petroleum industry;

Thg hydrocarbon miscible gas-liquid displacement (hereafter
referred to as miscible displacement) process entails using é
methane gas sufficiently enriched with hydrocarbons of higher
molecular weight such as ethane and propane that it acts as a
solvent at the conditions in the subsurface petroleum reservoir.
The miscible displacement process achieves a much higher
recovery of 1liquid hydrocarbons than an immiscible gas drive
which has no beneficial solvent efféct [3]. To date, partially

miscible hydrocarbon gas drives intermediate between immiscible

and miscible gas drives have not been employed in the Province

of Alberta since government regulations generally afford less
favorable fiscal treatment given that it is difficult to

' quantify process performance in those circumstances [4]. An



exception was an experimental immiscible carbon dioxide flooding
project [5] which was granted royalty relief since that

technology had not been previously used in the Province of

Alberta. The same status was also granted to a carbon dioxide -

miscible flood [6] for the same reason.

The historical development of miscible displacement technology
led, in large part, to a premise that high displacement

efficiency was achieved for the most part as a result of

interfacial tension reduction. The assumed general validity of

this premise resulted from an analysis of physical experiments
{7] which evaluated the effect of interfacial tension on
displacement efficiency in the absence of mass transfer. An
indirect consequence was that miscible displacements for
multicomponent systems were also assumed to pass through the
critical point [8], implying that interfacial tension reduction

was the main mechanism to achieve increased oil recoveries.

The historical emphasis on the importance of interfacial tension
redu;tion was further exaggerated by the parallel development of
chemical surfactant and polymer technology’[9] to enhance o0il
recovery. Barly investigators [10] had used alcohol-water
displacement tests to investigate miscible processes,
establishing a common *fundamental basis for chemical flooding
and miscible displacement technologies. The close origins of
the two technologies, and the importance of interfacial tension

reduction to chemical flooding, further emphasized the perceived



role of interfacial tension reduction in miscible processes. As
a practicai matter, limitations to experimental procedures and
high cost; precluded a systematic physical investigation to
confirm or disprove this hypothesis. Analytical evaluation was
further hampered by the considerable work [ll] required to
adequately define phase behavior and physical properties in the
regibns of interest for the miscible displacement process.
Other work [12] showed that a kinetic effect existed in miscible
displacement respecting .the contact time for the solvent to
diffuse through rock heterogeneities at the‘pore throat scale.
Significantly, chemical fiooding recovered less oil than the
solvent in those circumstances, which results were attributed to

lower diffusion rates for the chemical agents.

The advent of compositional simulators wusing an equation of
state [13] provided a research tool that could, in principle, be

used for a systematic 1investigation of process mechanisms in

miscible displacement. The use of a reservoir simulator to’

perform numerical model experiments to assess the contribution

" of the process mechanisms in miscible displacement involved two
assumptions; first, that the pkysics represented by the
computational techniques incorporated in the numerical model
were adequate to the task, and, second, that the model was used
appropriately for the process. These two implicit assumptions
were carefully examined and considered in the analysis of

results.



A previously described [l14] compositional reservoir simulator
using the Peng-Robinson equation of state [15] was employed
throughout this investigation. The numerical model was
calibrated against results reported by Firoozabadi and Aziz
[16], who used an earlier version' [17)] of the compositional
reservoir simulator which lacked an adaptive-implicit capability
for the mathematical solution of the discretized flow equations.
A series of grid refinement experiments were performed to
determine the extent of distortion by numerical artifacts. As a
result of the grid refinement study, -a 100 block model was
chosen to be used throughout this investigation. The adequacy
of the equétion of state to predict phase behavior in the region
of interest was also verified in a fashion similar to that

reported by Firoozabadi and Aziz ([16].

The numerical modelvexperiments performed in this investigation
cotalled eighty-five (85). Runs 1 Ato 5 wérc a series of
experiments to assess the effects of grid size upon computed
results. Runs 6 to 25 (twenty runs) tested the effects of
relative peimeability (four curvcs) and viscosity ratio (five
values) upon displacement characteristics. Mass transfer
effects were suppressed in Runs 6 to 25 by suspension of
equation of state flash calculations. Runs 26 to 85 (sixty
runs) tested the effects of relative permeability (four curves),
viscosity ratio (five values) and pcessurer(chree values) upon

displacement characteristics. These numerical model



experiments, which implicitly assumed an immobile water
saturation in a two-phase . gas-0il system, are direcfly
applicable to some forty vertical solvent floods in the Province
of Alberta. The neglect of capillary forces is warranted since
the reservoir rocks are generally carbonates that do not possess

a significant water—oil transition zone.

The general approach throughout this investigation was to
perform a series of numerical model experiments to permit an
assessﬁent of the contribution of each process mechanism to
displacement efficiency, as conditions were varied from
immiscible to fully miscible. For example, Runs 6 to 25 which
were immiscible (£flash calculations were suppre;sed), in
addition to defining the relative contribution of viscous forces
and phase flow (hereafter referred to as relative permeability,
consistent with petroleum industry usage) characteristics on the
efficiency of gas-liquid displacements, served as a control
population to later numerical model experiments where interphase

mass transfer was permitted (flash calculations were active).



CHAPTER II - PHASE BEHAVIOR MODELLING

Phase behavior modelling was performed using a computer program
(18] that used the two-parameter Peng-Robinson [15] equation of
state, identical to that employed [19] in the compositional
reservoir simulator. The phase behavior model applied in this
investigation was initially calibrated using a well described
[20] 'ternary system comprised of methane, n-butane, and decane
in a fashion similar to that reported by Firoozabadi and Aziz
{16]. These three components may also be related to real

petroleum reservoir fluids where:
(1) the methane represents dissolved solution gas;

(2) the n-butane represents volatile components of intermediate

molecular weight; and

(3) the decane represents the relatively non-volatile heavier
ends of higher molecular weight (generally assumed to be hexanes
plus).

]

This choice was based on the fact that a ternary diagram is
thermodynamically rigorous for a three-component system. A
thermodynamically’ rigorous approach meant that £findings
respecting the relationships between phase behavior and
displaccment characteristics avoided potential complications
associated with concerns ([21,22] about the validity of

pseudocomponent methods (i.e., lumping of several heavier ends



as one component) particularly for the characterization of
heavier fractions (e.g., hexanes plus). The calculated and
experimental phase envelopes shown in Figure 1 illustrated that
an adeq;ate calibration of the phase behavior model used in this
investigation was achieved (please observe that the differeﬁces
between the calculated and the experimental values are
exaggerated as a result of the expanded scale). Phase envelopes
at the pressures of 14500,_19000 and 20500 kPa specified in the

numerical model experiments are shown in Figure 2.

?he phase behavior mbdel calibrated in this investigation had
some limitations that are intrinsic to all commonly used
equatioﬁs of state similar in concept to that deyeloped by Peng
and Robinson [15]. These limitations did not affect the general
conclusions of this investigation but do have some bearing in an
instance where a precise match of predicted results to a
physical experiment was desired. The two-parameter
Peng-Robinson equation of st;te has an attraction parameter and
a repulsion parameter that Fepresents the effecti;e molecular
volume. However, experience has " shown that the repulsion
parameter in the Peng-Robinson equation of state does; not
adequaéely represent repulsive forces for complex hydrocarbon
mixtures. Also, the Peng-Robinson equation of state lacks a
means to predict phase viscosities. Wu [23], as well as Jhaveri
énd Yqungren [24], have demonstrated the practical necessity of

‘applying a third parameter to improve liquid density
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predictions. Their approach was to use the empirical correcticn
developed by Peneloux et al [25], which does not affect
vapor/liquid equilibria calculations made by thé unmodified
two-parameter equation of state.‘ That correction was not used
in this parametric investigation of gas-liquid displacements
since the objective was to develop‘general conclusions regarding
the relationship between phase behavior and displacement
characteristics. Viscosities were calculated using a
correlation [18] reportéd by Reid, Prausnitz and Sherwood [26]
which was assumed to provide satisfactory results. However,
some caution was in order when these numerical model experiments

were directly compared to physical displacement tests.

Pive fluid systems, with the compositions and the (calculated)
physical properties shown on Tables 1 agd 2, reséectively, were
selected for use in the numerical model experiments. System A:M
was chosen to permit baseline comparisons with the resﬁlts
published by Firoozabadi and Aziz [16]. System B:M was chosen
as a control to assist idehtification of the role of mass
transfer in gas-liquid displacementé. Systems C:E and D:F,

which are equilibrium gas-liquid systems at 19000 kPa, were

chosen as controls to assist identification of the role of the

relative permeability curve in gas-liquid displacements (and to
facilitate correlation with the results of the immiscible Runs 6
to 25 where flash calculations were suppressed). System A:Q,

which is a first-contact miscible displacement at 19000 kPa, was
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TARIE 1
Camposition of Gas-Liquid Systems

Mole Fraction

Fluid Phase Methane N-butane N-Decane
A liquid 0.00000 0.64000 0.36000
B liquid 0.00000 0.00000 1.00000
c liquid 0.51872 0.00000 0.48128
D ‘liquid 0.60657 0.28210 0.11133
E gas 0.99170 0.00000 0.00830
F gas . 0.82136 0.16115 0.01749
M gas 1.00000 0.00000 0.00000
Q gas 0.81350 0.18650 0.00000
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Table 2

Physical Properties of Gas—]'..bqlnd Systems
At 19000 kPa and 71

Displaced Displacing

liquid gas _ . PR
Phase Phase M M9 A Lo Mgy Vi b U/
| %1000 x1000

A M .24790 .01795 636.0 228.5 13.81 0.3898 0.0786 4.96
B M .29620 .01795 667.9 228.5 16.50 0.4435 0.0786 5.64
Cc E .15670 .01850 569.5 119.7 8.47 0.2752 0.1546 1.78
D F .06126 .02670 424.3 129.8 2.29 0.1444 0.2057 0.702
A Q .24790 .02523 636.0 214.2 9.83 0.3898 0.1178 3.31

- viscosity, cp
o - density, kg/m°
V - 4 - kinematic viscosity, c¢S¢



chosen to complete the range of displacements investigated (from

immiscible to fully miscible).

These £five systems, as shown in Table 2, also éermitted
investigation of a wide range of viscosity ratios, including
that for kinematic viscosity. ‘Prats [27] observed that "over
the years, the use of mobiiity ratio became so entrenched as
being the number that determined the sfability of a displacement
process" kas indeed it is for processes not characterized by
condensation phenomena) "that we lost sight of the fact that it
is the value of the pressure gradient ratio that controls the
behavior of the displacement front".. Pratsxthen developed an
equivalent mobility ratio for steam drives largely based upon
the ratio of the kinematic viscosities., An objective of this
investigation was to determine if that observation, in
principle, also applied to isothermal gas-liquid dispiacements.
That objective was considered appropriate for this investigation
since the influence of the ratio of kinematic viscosities on the
stability of displacements were easily identified given a
horizontal linear one-~dimensional system which eliminated

potential gravity segregation of the gas and liquid phases.



CHAPTER III - INVESTIGATION OF NUMERICAL GRID REFINEMENT

Numerical grid refinement experiments were performed to assess
the effect of grid refinement upon computed results. Azié and
Settari [28] stated "that whenever possible, the necessary grid
definition should be determined by a grid sensitivity study.
Such a study amounts to performing a series of simulation runs
with increasing grid definition until the computed results do
not change within the accuracy required." The fundamental
reason for the empir}cal investigation proposed by Aziz and
Settari [28] was that the nonlinearities associated with the
governing partial differential equations do not provide a
mathematical basis to estimate the grid definition required.
Technical judgement, similar to the technique of an
experimentélist, based on experience, with an understanding of
both the physical systems and the formulation method used, is
required [29,30]. Details respecting the numerical model used in

this investigation are provided in Appendix A.

Past experience published by Firoozabadi and Aziz [16] in which
they used 80 grid blocks, was chosen for the initial calibration
of the numerical model in Run 1. Emanuel et al [31] in their
equi;ibrium cell model cited 100 to 250 cells as typically being
used to simulate a slim tube displacement test; however, they
did not provide any assessment of the sensitivity of computed

results to the number of equilibrium cells. On that basis, Runs



2 and 3 were performed using 100 and 200 grid blocks,
respectively. Additionally, to ensure that ‘“overkill" was
avoided, Runs 4 and 5 were performed using 50 and 25 grid
blocks, respectively. Model parameters and dimensions used are

shown on Table 3.

This investigation of numerical grid refinement yielded

unexpected findings, insofar as the results did not converge to

a common physical solution. The decane concentration curves for
Runs 1 to 5 are presented in Figures 3 to 7. The dimensionless
decane concentration and liquid saturation curves, at 0.4 pore
volumes gas injection are shown in Figures 8 and 9, and the
results at 0.7 pore volumes gas injection are shown in Figqures
10 and 1ll. Interestingly, the lack of convergence to a common
physical solution was less marked for the 1liquid saturation

profiles compared to the decane concentration profiles.

The greater, and consistent, disagreement between the
concentration profiles, compared with the 1ligquid saturation
profiles, suggested that a subtle process was being demonstrated
in Runs 1 to 5, versus a purely numerical artifact ‘introduced}
for example, by the finite difference technique. It is well
known to experimentalists that the -'solubility of heavier
components in a gas may be measured by performing £flow
~experiments [32]. Dry gas is flowed through a packed column
containing a heavy residual liquid with the effluent gas chilled

to recover evaporated liquids that might not be accurately



Table 3
Model Parameters

Grid Blocks: 100 in x-direction
Grid Dimensions ’

- x-direction: 0.03 metres

-Y & Z: 0.01 metres
Porosity: . 30%
Permeability: 2.5 darcies

Injection rate:
- campositional simulator 0.00009157 RM3/Day

Separator Conditions (compositional model)
- 1756, 708, 101‘.385 kPa
- 32.2, 26.7, 15.0° C

Note: Grid dimensions were adjusted appropriately to achieve a total length
of 3.0 metres when other than 100 grid blocks were employed.
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measured with a gas chromatograph. Given that there does exist
a small pressure gradient across the simulated slim tube, the
gas that flows from grid block to grig block will not be in
exact equilibrium with the residual liquid. As well, normal
oscillations in the mathematical solution of the phase behavior
equations may even be sufficient to introduce a non-equilibrium
situation for the low liquid solubilities that do exist. The
solut&on to permit effective use of the numerical model was to
either adjust the grid block size to limit the influence of this
subtle process, which is partially numerical inrorigin, or to
maﬁually override the vapor-liquid equilibria calculations
(e.g., calculated K-values). The former solution was used in
this work to limit the consequences of small inaccuracies in the
phase behavior calculations coupled with the grid block size

effect.

Previous researchers did not examine non-equilibrium effects in

detail since it is difficult to distinguish between:
(1) pore scale transport phenomena;
(2) dispersion caused by one or more of;

(1) convective mixing resulting £rom variations in pore
velocities (at one extreme, this may even include viscous
fingering or gravity override effects in a "lumped" convective

dispersion coefficient);



(ii) molecular diffusion; or

(iii) natural convection (e.g., a natural thermosiphon in the

reservoir rock); and
(3) phase behavior effects assuming either;
(i) instantaneous thermodynamic equilibrium; or

(ii) a kinetic effect caused by either by (a) mass transfer rate
limitations at an interface, or (b) a contact time effect caused

by pore scale transport phenomena;
especially given the complex interaction between each process.

A brief review 1is required to clarify these points prior to a
further evaluation of the numerical model experiments performed

to assess the effects of grid size upon computed results.

Pore scale transport phenomena have been extensively
investigated [33-36] with recent work [37] examining variatiéns
to permeability, interfacial tension and viscosity in the use of
the capillary number to correlate the mobilization of residual
oil. Mass transfer and diffusion processes have also been
investigated using pore scale flow models [38], although more
work is required before a direct evaluation of the observed
kinetic effect caﬁ, be obtained from  mechanistic - first
principles. Ypma and Gardner [39] documented this kinetic

effect, which they termed residence time, for'the residual oil



saturation in linear displacements through reservofr rock
sampies versus the packed sand uéed in slim tubes. Coats and
Smith [40] developed a differential éapacitance model tb account
for observed experimental results which could not be well
matched with a standard diffusion model, postulating a stagnant
volume. More recent work [41-43] aﬁd the results of‘ a field
test [44] which was designed using the Coats-Smith capacitance
model have validated this approach. However, the Coats-Smith
model assumes that the stagnant reservoir o0il in isolated pores
contacted by solvent through a diffusion process is miscible
upon £first contact. Miscible processes that require repeated
contacts and mass transfer between the displaced 1liquid énd
displacing gas can only be evaluated using the Coats-~Smith
technique by lumping phase behavior effects and the kinetic or
non-equilibrium component of interphase mass transfer into an
effective dispersion coefficient which is assumed to remain
constant over time. This approach, which would result in a
larger solvent volume being required since the dispersion
coefficient is higher, has, in fact, been applied in a modifed
fashion for a large-scale field test {45]. Another pore scale
process that may be significant in some instances [46] is the
surface film drainage of oil at low saturations at mixed
wettability) conditions given a favorable ratio of viscous to

gravity forces (e.g., low oil viscosities and high vertical

relief). In summary, pore scale transport phenomena will not

influence grid size selection for the simulation of slim tube



displacement tests since the pore structure of the packed sand
and the narrow diameter allow kinetic or residence time effects

to be neglected.

Dispersion on the microscopic scale consists primarily of
convective mixing and diffusion [47] which can be calculaéed and
used to determine concentration profiles in a permeable, porous
medium L48]. Methods have been developed to measure diffusion
in a permeable, porous medium {49]. For slim tube displacement
tests, it has been reported [50] that contact times for
diffusion to occur correspond to flooding rates of approximately
0.6 to 6 metres per hour, which is comparable to actual test
rates used in the laboratory. The use of mixing coefficients
which included larger scale heterogeneities as well as lumping
other - effects such as viscous fingering and gravity override,
has been applied in a large-scale field test [51]. Natural
convection resulting from geothermal gradients (e.g., a
thermosiphon effect), especially for fractured formations, *has
also been reported [52, 53}. In summary, the dispersion that
needs to be considered in the simulation of slim tube
displacement tests: is primarily numerical in origin, which may

be evaluated by means of grid refinement experiments.

Phase behavior effects in the simulation of slim tube
displacement tests may be assumed to occur instantaneously since
the mass transfer rate is not limited by pore structure

considerations [39] or a contact time effect [50]. In summary,




it is only necessary to adjust the grid block size to limit the
partially numerical artifacts previously discussed respecting

evaporation of residual liquid behind the displacement front.

The selection'of the optimum number of grid blocks has been
narrowed to a range bounded, by Qhe most generous estimate, at
somewhere between 50 and 150 grid blocks. The midrange value of
100 grid blocks, which yielded results compérable to the 80 grid
blocks used by Firoozabadi and Aziz [16], was chosen for the

remainder of this work.



CHAPTER IV - RELATIVE PERMEABILITY AND VISCOSITY RATIO EFFECTS

Introduction

Numerical model experiments were conducted to investigate the
effects of relative permeability and viscosity ratio dpon linear
gas—lgquid displacements isolated from the effects of interphase
mass transfer. Five fluid systems as shown on Table 2 were
used., Numerical model'parameters have been summarized on Table
3. Four relative permeability curves as shown on ‘Table 4 and
Figures 12 to 15 were .used. Flash calculations in the
compositional simulator were suppressed to isolate the mass
transfer effects. A constant inlet displacement pressure of

19000 kPa was specified in the simulator.
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Relative Permeability Relationships

The baseline, or "Original”, relative permeability curves,
consistent with the results reported by Firoozabadi and Aziz
[16], were obtained from Van-Quy et al [54]. The other three
sets of relative permeability curves were varied in a systematic
fashion by changing the shape of‘the 0il relative permeability
curve; as concave Curve I, convex Curve II, adnd linear Curve
III. The critical oil saturation was increased from ten to
thirty percent in Curves I, II and III to permit a more
convenient comparison to later runs where flash calculations
were permitted. The gas relative pegmeability curve used was
the same for each set of 0il relative permeability
relationships. The water saturation was assumed to be zero for

all numerical model experiments.



Fluid Systems

The five fluid systems used in this work were:

(1) System A:M, where 1liquid A (0.64 n-butane and 0.36 mole
fraction n—-decane) was displaced by gas M (1.0 mole fraction
methane), corresponding to a viscosity ratio of 13.81;

(2) System B:M, where liquid B (1.0 mole fraction n-decane) was

displaced by gas M (1.0 mole fraction methane), corresponding to

a viscosity ratio of 16.50;

(3) System C:B, an equilibrium gas-liquid system at 19000 kPa,
where liquid C (0.51872 methane, and 0.48128 mole £fraction
n-decane) was displaced by gas E (0.99170 methane and 0.00830
mole fraction n-decane), corresponding to a viscosity ratio of

8.47;

(4) System D:F, an equilibrium gas-liquid system at 19000 kPa,
where liquid D (0.60657 methane, 0.28210 n-butane, and 0.11133
mole fraction n-decane) was displaced by gas E (0.82136 methane,
0.16115 n-~butane and 0.01749 mole fraction n-decane),

corresponding to a viscosity ratio of 2.29; and

(5) System A:Q, a thermodynamic first-contact gas-liquid system
at 19000 kPa, where 1liquid A (0.64 n-butane and 0.36 mole
fraction n-decane) was displaced by gas Q (0.8135 methane and

0.1865 mole fraction n-decane), corresponding to a viscosity



ratio of 9.83.

These five fluid systems were selected to cover a wide range,
from 2.29 to 16.50, of viscosity ratios (the range for kinematic

viscosity ratios was 0.720 to 5.64 as shown on Table 2).



Numerical Model Results

The numerical model results for Runs 6 to 25 have been
summarized on Table 5. The results at 0.4 and 0.7 pore volume
gas injection shown in Figures 16 and 17, respectively,
correlated poorly with the viscosity ratio, which broadly
corresponded to the mobility ratio (see Sandrea and Nielsen [55]
for a more detailed discussion). These results are consistent
with a piston-like displacement process prior to gas
breakthrough at the outlet end of the simulated slim tube where
the pore volume o0il produced 1is essentially independent of
viscosity ratio. These léboratory scale results, however, a;e
contrary to those observed at the field scale for 1line drive
immiscible water-oil displacements [56]. Field scale results
have decreased performance efficiencies resulting from a reduced
volumetric conformance where the displaced phase is not fully
contacted by the displacing phase since gravity segregation
often reduces vertical displacement efficiency and viscous
instabilities often reduce areal sweep efficiency. The more
appropriate comparison is to waterflood (petroleum industry
usage for water-oil displacgments) displacement tests at the
laboratory scale which are less influenced by the factors that
reduce volumetric conformance at the field scale [57]. However,
waterflood displacement tests are more influenced by viscosity
ratio effects since capillary forces are generally stronger than

in gas-~liquid displacements. Capillary forces in water-oil



47
Table 5

Namerical Model Results
Flash Calculations Suppressed

Fluid Rel. Perm. BV 0il Produced Vs PV Gas Tnjected (2)

rn Nol!)  system _ curve @0.4 @0.7 @81.0 @1.2
6 AM R 0.341  0.610  0.885  0.890
7 AM T 0.347  0.617 0.678  0.678
8 AM I 0.347  0.617 0.678  0.678
9 AM III 0.347 0.619 0.678  0.678
10 A:Q R 0.343  0.620  0.890  0.890

1 A:Q I 0.359  0.637  0.722  0.722
12 A:Q II 0.359  0.637 0.722  0.722
13 A:Q ITT 0.359  0.637 0.722  0.722
14 B:M R 0.293  0.53¢  0.788  0.890
15 B:M I 0.289  0.53¢  0.699  0.699
16 B:M II ° 0.289 0.534  0.699  0.699
17 B:M IIT 0.289  0.53¢  0.699  0.699
18 C:E R 0.316 0.581  0.784  0.784
19 C:E I 0.317  0.583  0.615  0.615
20 C:E I 0.317  0.583  0.615  0.615
21 C:E IIT 0.317 0.583 0.615  0.615
22 D:F R 0.387  0.643  0.761  0.761
23 D:F I 0.348  0.600 0.618  0.619
24 D:F I 0.343 . 0.598  0.639  0.640
25 D:F III 0.343  0.598  0.618  0.619

(1) Runs 1 to 5 were an investigation of numerical grid refinement.

(2) PV - pore volume (volumes reported are at reservoir conditions).
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displacements at the laboratory scale strongly affect the
influence of viscosity ratio on immiscible displacements ({58,
59] and can act to magnify or decrease the sensitivity of
results to viscosity ratio depending on wettability {60]. The
numerical model experiments performed in this investigation,
however, excluded consideration of capillary forces entirely, in
order to permit a more convenient comparison of the immiscible
and miscible displacements in the numerical model experiments.
Examination of the influence of capillary forces and their
interaction with other processes was outside the scope of this

investigation.

Ultimate recoveries versus both the viscosity ratio and the
kinematic viscositf ratio were shown in Figures 18 ‘and 19,
respectively. These results were distorted since the simulator
Vfound it difficult to distinguish the gas and liquid phases of
the equilibrium £luid systems C:E and D:F at the butlet end of
the simulated slim tube at high gas-liquid ratios.
Consequently, the simulator reported 1lower ultimate liquid
recoveries at the more favorable viscosity ratios of £fluid
systems C:E and D:F despite the actual reduction of liquid
saturations to residual values in the indiv%dual grid blocks.
The ultimate recoveries were plotted versus kinematic viscosity
even though a gravity field was not present in order to verify
that anomalous results were not computed by thénsimulator, which

was indeed the case for the non-equilibrium £luid systems. Some

-44
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minor discrepancies were also observed for the first-contact
miscible flqid system A:Q as shown on Table 5. Liquid
recovéries for Runs 11, 12, and 13 slightly exceeded the maximum
theoretical value of 70 percent. These reéults for fluid system
A;Q occurred since the simulator did not separate the gas and
liquid phases as origgnaliy present and permitted solvent
condensation into the liquid phase at the outlet end of the
simuiated slim tube. These observed discrepancie€s are intrinsic
to the use of compositional simulato;s since, even with Fflash
calculations suppressed, effluent streams ‘can only be

distinguished at the outlet by a separator flash calculation.

More detailed examination of the influence of viscosity and

kinematic viscosity and their interaction with performance
characteristics of gas—-liquid displacements, as opposed to unit
displacement efficiency, was outside the scope of this

investigation.




CHAPTER V - INVESTIGATION OF MASS TRANSFER EFFECTS

Introduction

Sixty numerical model experimenté to investigate the effects of
mass transfer upon linear gas-liquid displacement iﬁ a
permeable, porous medium were performed. FPive £luid systeﬁs,
four relative permeability curves, and three displacement
pressures (14500, 19000 and 20500 kPa) were used. This work
will directly investigate questions posed by Stalkup [61], in an
authoritative monograph on miscible displacement, on the
benefits of richer solvents from the fundamental standpoint of
phase behavior ané miscibility, and the interaction with unit

displacement efficiency.



Literature Review

Stalkup [62], in a recent work, has examined the influence of
dispersién on predicted recovery in simulated slim tube
displacement tests. He observed an apparent correlation with
the Peclet number kPe=Lv/K, where  L=system length,
v=interstitial velocity, and K=dispersion coefficient). Stalkup
{62] also observed a residual liquid saturation "contrary to
traditional concepts about the nature of the miscible
displacement process". Later work by Stalkup [63] examined the
combined effects of miscible gas enrichment and dispefsion upon
0il recovery efficiencies predicted by numerical reservoir
simulators, arriving at an interpretation that the increase in
recovery between dynamic (multicontact) and first-contact
(fully-developed) miscibility was both modest and uncertain.
This investigation has extended that work to include a
systematic examination of mass transfer effects, which allowed a
somewhat different interpretation respecting dispersion and mass
transﬁgf g?a? was based on a mechanistic hypothesis, where the
observed effects may, in large part, be attributed to a number
of near—-equilibrium contacts between the displacing gas and the
displaced 1liquid causing evaporation of the Fesidual liquid

behind the displacement front.

Mansoori and Gupta [64] and Lee et al ([65] both performed

numerical model compositional simulations of slim tube



displacement tests. Mansoori and Gupta [64] reached the
conclusion that solvents r;quired for thermodynamic miscibility
could be richerr than those required' to achieve the high
displacement efficiencies encountered in miscible processes.

Mansoori and Gupta [64] ascribed observed differenées as due to:

(1) a more complex condensing/vaporizing gas drive process

(Eirst simulated by Zick [66]); and

(2) the influence of dispersion, with the displacement tests and
" thermodynamic tests providing comparable results at Zero

dispersion.

Lee et al [65] reached the conclusion that thermodynamic
equation of state célculafions predicted richer solvents as
beihg required than that observed as necessary in slim tube
displacement tests. Lee et él [65] described the displacement
process in a linear system as being more complex than previously

thought, including up to three mass transfer mechanisms:

(1) a_ponden;ing—gas drive type process at the trailing edge of

the displacement;

(2) a vaporizing-gas drive type process at the leading edge of

the displacement; or

(3) a combined vaporizing/condensing gas drive process that is
immiscible, but that attains high displacement efficiencies due

to mass transfer effects (consistent with early experimental



work reported by Hall and Geffen [67]).

Lee et al's [65] results did not contradict the agreement
between thermodynamic calculations and slim tube tests obtained
by Wu et al [68] if it was assumed that only a condensing-gas
drive process was being observed. Nonetheless, the 'lack of a
s0lid theoretical base, including a mechanistic evaluation of
the processes contributing to the observed effects of
"dispersion" strongly suggested a need for further work in this
area. However, it was obvious that researchers have, consistent
with this investigation, "dropped" the requirement that the
solvent/oil mixture pass through a critical point, which has the
iﬁpli;it assumption that the miscible process is dominéted by

mass transfer effects versus interfacial tension reduction.

Investigators, as discussed above, have emphasized the critical
role of diﬁpersion in promoting the obéerved disagréements
between their thermodynamic calculations and the experimental
results of slim tube displacement tests. The mechanisms
contr{pgtigg_to dispersion that could be causing the observed

"dispersion" include:
(1) molecular diffusion between the gas and liquid phases;
(2) convective mixing caused by viscous fingering; and

(3) interphase mass transfer caused by evaporation of residual

liquid behind the displacement front as a result of



non-equilibrium effects.

While a complete examination of dispersion phenomena was beyond
the scope of this work, some observations were in order. The
influence of longitudinal as compared to transverse [50]
molecular diffusion in laboratory-scale processes is small given
the high L/D: (length/diameter) ratio typical of slim tubes.
Convective mixing caused by viscous fingering in a slim tube
with a typical diameter of one centimetre should only occur when
the displacement rates were high; in short, the effect can be
eliminated by appropriate laboratory technique. The remaining,
and domiﬁant, physical mechanisﬁ was the evaporatioh of residual
liquid behind the displacement front resulting from
non-equilibrium effects at least partly numerical in origin.
This hypothesis was entirely consistent with the numerical grid
refinement experiments in Runs 1 to 5. Those results were
caused by mass transfer effects as compared to numerical
dispersion caused by discretization of the £flow equations.
However, for physical systems with dimensions similar to the
simulatéd “slim tube, and with extremely adverse viscosity
ratios, complete thermodynamic equilibrium between the gas and
liquid phase may not be obtained due to the inevitable viscous
fingering [69, 70]. In short, the mechanistic bases of the
dispersion effects observgd by other workers would appear to be
primarily interphase mass transfer and viscous fingering (in

terms of the viscosity ratio between the displacing gas and the



displaced liquid).

Gardner and Ypma [39] described an experimentally observed
residence time (or kinetic) effect in laboratory miscible
displacement tests 'whege a minimum "solvent soak" time was
required to attain an equilibrium contac£ between the solvent
and the o0il. Implications respecting viscosity ratio, optimum
laboratory and field displacement rates were not investigated.
Gardner and Ypma concluded that a synergistic reaction between
phase behavior and viscous £fingering reduced oil recovery;
analogous to the above hypothesis used herein to explain the

"dispersion” effect reported in the open literature.

Stewart and Udell [7L] attempted to isolate thermal and
hydrodynamic mechanisms for the one-dimensional displacement of
residual oil by steam injection. They concluded that
"mass—-transfer-limited evaporation of the residual o0il in the
steam zone appears to be the dominant mode of ROS (residual oil
saturation) reduction in viscous oil-recovery projects."
Stewart qu_ Udell's [71] results were analogous to those
reported by Lee et al [65], which distinguished three modes for
the dominant process of mass transfer to occur in gas-liquid
displacements. - The importance of this analogy was that it
established a common, if only tentative, physical basis for the
various gas injection processes; immiscible or miscible gas
injection, steam injection, and air or oxygen injection (for

in-situ combustion); which may aid 1longer term fundamental



research to improve the current understanding of the physical
mechanisms governing gas-liquid displacements in a permeable,

porous medium.

Sibbald et al [72] and Novosad et al [73], in related papers
discussed the numerical simulation of slim tube displacement
experiments, and the comparison of slim tube results to those
obtained using a rising bubple apparatus (developed by
Christiansen and Haines [74]), respectively. Novosad et al [73]
obtained a good correlation between the experimental results
obtained by the two techniques (i.e., a slim tube and a rising
bubble apparatus) and examined methane spikes (where the methane
concentration in effluent gas minus the methane concentration in
solution gas becomes greater than zero, and then recedes back to
zero) observed in some slim tube displacement tests. Novosad et
al stated (73] that “"gas bubbles or methane spikes are often
reported in the effluent of the slim tube tests close to a
miscible condition where the two-phase flow (zone) is very short
(in length). In miscible condensing gas drivgs, the gas bubbles
correébénd‘ to arrival at the outlet of the equilibrium vapour,
which forms at . the 1leading, or downstream, edge of ‘the
transition zone. On the other hand, the effluent in miscible
vapourizing or liquid extraction drives should have neither gas
bubbles or meﬁhahe spikes™. Novosad et al [73] came to the
observation that a significant methane spike (on the basis of

their limited data, a value of 3 mole percent would appear to be



"significant")'probably indicates a very efficient immiscible

displacement.

Novosad et al [73] also concluded that the rising bubble
apparatus test was preferable to the slim tube displacement test
as it is faster and less prone to interpretation error
respecting whether or not thermodynamic miscibility had indeed
occurred. A basic problem in the interpretation of a slim tube
displacement test remains the uncertainty as to whether or not
the highly efficient displacements observed for immiscible

displacements (that benefit from mass transfer) will be achieved

in- all instances at the field scale due to the need for the oil

to be contacted by a high pore volume throughput of drive gas.
Thus, prudent operatoré tend to add a safety factor to solvent
designs (by enriching the solvent composition or increasing the
operating pressure) based on the results of slim tube
displacement tests, which tends to result in thermodynamic
miscibility being attained. Operationally, this safety factor
also ‘provides flexibility respecting production rates and
solvent— 3Bupplies without £fear that regulatory constraints
concerning the minimum operating pressure and solvent enrichment

might be violated.

Sibbald et al [72] analyzed the fluid systems described by
Novosad et al {73] using a compositional simulator and did not
find a definitive answer to the question: "how close to

miscibility must a solvent/oil system be to allow efficient



displacement in a reservoir?” Sibbald et al [72] also found
that "a drastic change in the shapes and endpoints of the
(relative permeability) curves from the default case does not
signifi;antly affect the recovery level of components predicted

by the simulator".

The dominance of mass transfer versus relative permeability has
serious consequences respecting the compositional simulation of
solvent coning downwards to the producing interval in field
scale gravity stable miscible displacements. The high
computational cost [75] associated with the combined effects of
mass transfer and high pore volume throughputs near the wellbore
may necessitate the use of simpler pseudo-miscible models [76]
that emulate the actual coning behavior by adjustments to the
relative permeability curves in the near wellbore region.
Mechanistically, this treatment 1is equivalent to considering
coning as a form of viscous fingering. However, the use of
pseudo-miscible models may preclude a match of key parameters
such as reservoir pressure [76] sincé an increasing gas-oil
ratio resulting from the‘production of an oil altered by mixing
with the solvent at the solvent-oil interface is not
mechanistically simulated. However, recent enhancements to the
compositional simulator used in this investigatibn have made it
feasible to perform single well compositional coning studies of
gravity stable miscible displacements based on the results of

actual test runs (77].



Novosad and Costain [78] have described process mechanisms in

miscible displacement as being either:

(1) liquid extraction by the solvent;

(2) condensation of the solvent into the o0il; or

(3) a comgination of liquid extraction and solvent condensation.

The iatter process may result in changes to the composition of
the solvent and 0il such that the ternary phase envelope does
not close. Novosad and Costain (78] showed for mixtures of oil
and solvent that "as the solvent concentration in the mixture
increases, the saturation pressure, initially a bubblepoint
pressure, Pb, becomes a dewpoint and then a bubblepoint again”
for pure solvent, and "thus, two critical points have to exist
where the bubblepoint and dewpoint lines meet". Consequently,
in that instance, tﬁe interfacial tension will pass through a
minimum where it 1s a small but finite wvalue since the
solvent-o0il fluid system does not actually pass through a
singlg?ghqfe_critical point. Other workers in laboratory and
.field studies [79-81} have suggested that displacement
efficiencies may be higher at near-miscible or dynamic miscible
conditions than for first-contact miscibility as mass transfer
acts to stabilize the wviscosity ratio, especially where
interfacial tension reduction [82] causes relative permeability
curves to become 1linear with a smaller rgsidual liquid

saturation. This investigation, which includes a systematic



examination of mass transfer effects, a;lows a somewhat
different interpretation in that what may have occurred was that
the combination of liquid extraction and solvent condensation,
where the ternary diagram did not close, coupled with
interfacial tension reduction in the near criticgl region, acted
to stabilize viscous fingering by comparison to a first-contact
miscible process with ‘an adverse viscosity ratio. Further
discussion and examination of the influence of interfacial
tension reduction effects and their interaction with other

processes was outside the scope of this investigation.

Sibbald et al [72] concluded that static, or thermodynamic,
miscibility tests may yield more conservative results than a

slim tube displacement test for what Lee et al [65] termed a

vaporizing-gas drive process at the 1leading edge of the.

displacement. In summary, Iinvestigators have found that mass

transfer has a marked impact on Ehe results of slim tube

displacement tests. However, the difficulties in the

interpretation of experimental results as well as the most
appropriate techique for performing slim tube displacement tests
and the resultant impiications reqpecting numerical model
results have not been fully discussed elsewhere and were

reviewed in the following section.

Experimentalists generally emphasize repeatability as an
important indication of the precision of their work; that issue

was not at question here, the real issue was how much detail can



be recorded with exiséing instrumentation at reasonable expense.
Randall and Bennion [83]‘ provided a review of recent
developments in experimental procedures and a discussion of
laboratory factors influencing results {84] for slim tube
displacement tests. Randall and Bennion emphasized the need to
consider all aspects of observed performance in the
interpretation of laboratory measurements, especially subtle
aspects of fluid phase behavior such as o0il swelling resulting
in the mixing of oil and soivent in intimate contact. Earlier
work by Yellig and Metcalfe [85] did not address this problem,
instead emphasizing that results were reproducible. Also, the
slim tube displacement test procedure is not designed to provide
a sensitive measure of the chromatographic velocity differences
of the individual components [47, 48]. The basic challenge
facing the experimentalist was defined, for the purposes of this
work, as an inherent limitation on the ability to fully measure
fluid compositions and properties throughout the apparatus as
the slim tube displacement test proceeds. This inherent
limitigioq_a}so affected the analysis of results using numerical
models since it was more difficult to account for phenomena such
as o0il swelling, the mode of mass transfer and the adequacy of

existing well models for f£low regimes at the laboratory scale.

Christman and Gorell [86] found that the differences between
laboratory and field scale carbon dioxide injectivity were

reconciled by the use of the appropriate geometry at the



boundary conditions assumed by the well model. Laboratory
simulations required the use of linear formulation while field
simulations required the Qse of a radial formulation. Ong and
"Butler [87] found that a separate treatment was required for the
appropriate scaling o0f wells when performing scaled physical
exéeriments of the steam-assisted gravity drainage process.
Fassihi (88] found that numerical simulations of heavy oil
relative permeability tests required consideration of end
effects (including some changés to the experimental apparatus)
and provision for potentially significant gravity4 segregation

and capillary pressure effects.

Differences in the results of slim tube diéplacement tests may
also be observed due to fluid compressibility depending on

whether or not an initial pressure gradient exists across the

14
s

apparatus from the inlet to the outleé Vend. A more general
problem in numerical reservoir simulation 1is that few
" publications ([89], see p. 321) exi;t respecting theA simulation
of laboratory models, or the use of numericai models to
interpret laboratory experiments. More fundamental work in this
area is required to expedite future research beyond the

paramétric study performed in this investigation.



Numerical Model Results

The numerical model results for Runs 26 to 85 have been
summarized on Table 6. Consistent with the results of Runs 6 to
25, and the work of Sibbald et al [72], the shape of the
relative permeability curve and ‘endpoint critical satﬁration
only slightly influencedzthe ultimate oil recovery of two-phase
miscible gas—-liquid displacements in a linear system. Sigmund
et al [90], however, did report that computed recoveries in a
miscible carbon dioxide-oil disblacement were sensitive to thé
relative permeability relationships used. These differing
results were easily reconciled if it is recalled. that multiple
liquid phases are more often present in carbon dioxide miscible
displacements; therefore, the appropriate comparison is a water
élternating hydrocarbon gas miscible displacement, where two

liquid phases, oil and water are present, and where hysteresis

effects are well-recognized. Further examination of this issue,

for which more research work is required, was outside the scope

of this investigation.

The results for Runs 38 to 49, summarized on Table 6, for f£luid
system A:Q showed ever increasing 0il recovery with increasing
solvent injection, even with volumes quoted at reservoir
conditions. This anomalous result was observed since some of the
solvent continued to condense into the liquid phase after 100

percent recovery of the n-decane originally in place. For a

-61
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Table 6

Nuarerical Model Results
Flash Calculations Active

Fluid Rel. Pemnm. Pressure PV Qil Produced Vs. PV Gas Inijected

Run No. System Curve kPa @o0.4 @o0.7 @1.0 @1.2
26 sM CR 14500 .344 .616 .892 .969
27 A:M I 14500 .328 .588 .823 .845
28 A:M IT 14500 .334 .594 .827 .844
29 A:M IIT 14500 .334 .592 .826 .844
30 AsM CR 19000 .349 .626 .903 .984
31 M I 19000 .339 .611 .884 .907
32 A:M 11 19000 .344 .621 .889 .911
33 A:M I1T 19000 .344 .614 .887 .911
34 AzM OR 20500 .351 .629 .904 .980
35 A:M I - 20500 .343 .615 .889 .921
36 A:M II 20500 .344 .615 .889 .975
37 Az:M III 20500 .346 .618 .893 .938
38 :Q OR 14500 .351 .629 .909 1.02
39 A:Q I 14500 .338 .603 .869 .929
40 A:Q I1 14500 .344 .615 .886 .936
41 A:Q III 14500 .343 .612 .883 .938
42 A:Q CR 19000 .342 .623 .909 1.04
43 A:Q I 15000 .345 .629 .916 1.05
44 A:Q IT 19000 .345 .631 .919 1.04
45 A:z:Q IIT 19000 .346 .631 .919 1.06
46 A:Q CR 20500 .360. .641 .922 1.03
47 Az:Q I 20500 .360  .640 .922 1.03
48 A:Q II 20500 .360 .641 .922 1.03
49 A T 7 I11 20500 .360 .641 .922 1.03
50 B:M OR 14500 .342 .611 .852 .801
51 B:M I 14500 .327 .584 .741 .756
52 B:M II 14500 .337 .600 .763 .763
53 B:M I1T 14500 .336 .597 .765 .766
54 B:M CR 19000 .352 .627 .888 .930
55 B:M I 19000 .339 .601 .779 .789
56 B:M II 19000 .345 .615 .785 .785
57 B:M III 19000 .343 .609 .784¢ - .786
58 B:M CR 20500 .355. .631 .897 .943
59 B:M I 20500 .342 .606 .787 ¢ .798
60 B:M I1 20500 . 347 .614 .793 .793
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Table 6 (Continued)

Fluid Rel. Perm. Pressure PV Oil Produced Vs. PV Gas Inijected

Run No. System Curve kPa @0.4 @0.7. @1.0 @1.2
61 B:M III 20500 .346 .612 .794 .794
62 C:E OR 14500 .344 530 - .630 .666
63 C:E I 14500 .380 .456 .502 .520
64 C:E II 14500 .350 .545 .549 .549
65 C:E III 14500 .362 .531 .547 .547
66 C:E CR 19000 .398 .691 .829 .860
67 C:E I 19000 .397 .634 .690 .702 -
68 C:E II 19000 | .399 .694 .705 .705
69 C:E - IIT - 19000 .398 .689 .706 .706
70 C:E CR 20500 .391 .685 .854 .883
71 C:E I 20500 .389 .661 .711 .719
72 C:E II 20500 .392 .687 .721 .721
73 C:E IIT 20500 391 .684 717 .717
74 D:F CR 14500 T .462 .657 .719 .734
75 D:F I 14500 .346 .428 .451 .457
76 D:F II 14500 477 .484 490  .492
77 DsF IIT 14500 .459 .479 .485 .488
78 D:F CR 19000 .344 .599 .779 .781
79 D:F I 19000 .347 .599 .617 .619
80 D:F II 19000 .339 .595 .618 619
81 D:F III - 19000 .340 .596 .618 .619
82 D:F OR 20500 .299 .553 772 .805
83 D:F I -20500 ° .294 .582 .691 .701
84 D:F II 20500 .334 .582 .686 .701
85 D:F

III 20500 .334 .582 .689 .703



real reservoir £luid system, such artificially high 1liquid
recoveries would not be as large or as easily recognized. These
results strongiy suggested that post solvent breakthrough
recoveries should be carefully examined as to their validity.
Indeed, Cardenas et al [91] in the laboratory design of a carbon
dioxide miscible flood used a slim tube displacement test
criterion of 90 percent o0il recovery at carbon dioxide
breakthrough (which, based on this work would occur atrabout 1.0
pore volume gas injection). The experimental results reported
by other workers {92] would also support this interp;etation.
This observation suggests that the common practice of quoting
0il recoveries after solvent breakthrough in the absence of an
interface may explain some interpretations that slim tube
displacement tests predict leaner solvent requirements for a
high recovery than static (i.e., thermodynamic) mixing cell

tests.

Viscosity ratio and kinematic viscosity ratio data for the

displacements at 14500 and 20500 kPa have been shown on Table:7A'

and 7B, respectively. Close examination of that data indicated

some small superficial discrepancies, compared with the data

shown on Table '2, as a result of mass transfer caused by
thermodynamic considerations. These data and liquid recovery
efficiencies have been summarized on Table 8 to illustrate that
a straightforward correlation of unit displacement efficiency

with viscous forces in a linear system was lost once a

-64
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TABLE 7A

At 14500 kPa and 71" C

Displaced Displacing

liquid s
Pﬁe Pga?se A Adg v o /‘9'//" 9 Vi Ve V)
x1000 x1000

A M 0.2294 .01611 628.9 96.10 14.05 0.3648 0.1676 2.18
B M 0.2829 .01611 664.0 96.10 17.56 0.4261 0.1676 2.54

*C E 0.1786 .01611 590.4 96.10 11.09 0.3025 0.1676 1.80

*D F 0.08377 .01936 485.1 155.0 4.33 0.1727 0.1249 1.38
A Q 0.2294 .02022 628.9 167.0 10.33 0.3648 0.1211 3.01

A - viscosity, cp
P - density, kg/m3
Y - ufp - kinematic viscosity, eS¢

* Oils C & D form a secondary gas saturation at 14500 kPa.
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TABLE 7B

At 20500 kPa and 71

Displaced Displacing
liquid gas
Phase Phase 44 My A S MM Y s VD
xlOOO x1000

0.2515 .01868 637.3 128.6 13.46 0.3946 0.1453 2.72
0.2987 .01868 668.6 128.6 15.99 0.4468 0.1453 3.08
0.1648 .01939 575.6 139.5 8.50 0.2863 0.1390 2.06
0.05402 .02834 396.8 240.5 1.91 0.1361 0.1178 1.16
0.2515 .02682 637.3 227.6 9.38 0.3946 0.1178 3.35

rPoQmpP
OHERR

M - viscosity, cp
7 - density, kg/m3
v —/u_/f- kinematic viscosity, ¢St



Table 8 o/
Nomerical Model Results

Fluid Pregssure Sor PV 0il Produced*
System kPa (BV) ML/Mg v1i/vg @ 1.0 PVGI @ 1.2 PVGI
A:M 14500 0.1 14.05 2.18 0.892 0.969
14500 0.3 14.05 2.18 0.825 0.844
19000 0.1 13.81 4.96 0.903 0.984
19000 0.3 13.81 4.96 0.887 0.910
20500 0.1 13.46 2.72 0.904 0.980
20500 0.3 13.46 2.72 0.890 0.945
A:Q . 14500 0.1 10.33 3.01 0.909 1.02
: 14500 0.3 10.33 3.01 0.879 0.934
19000 0.1 9.83 3.31 0.909 1.04
19000 0.3 9.83 3.31 0.918 1.05
20500 0.1 9.38 3.35 0.922 1.03
20500 0.3 9.38 3.35 . 0.922 1.03
B:M 14500 0.1 17.56 2.54 0.852 0.891
14500 0.3 17.56 2.54 0.757 0.762
19000 0.1 16.50 5.64 0.888 0.930
19000 0.3 16.50 5.64 0.783 0.787
20500 0.1 15.99 3.08 0.897 0.943
20500 0.3 15.99 3.08 0.791 0.795
C:E 14500 0.1 11.09 1.80 0.630 0.666
14500 0.3 11.09 1.80 0.533 0.539
19000 0.1 8.47 1.78 - 0.829 0.860
19000 0.3 8.47 1.78 0.700 0.704
20500 0.1 8.50 2.06 0.854 0.883
20500 0.3 8.50 '2.06 0.716 0.719
D:F 14500 0.1 4.33 1.38 0.719 0.734
14500 0.3 4.33 1.38 0.475 0.479
19000 0.1 2.29 0.702 0.771 0.781
19000 0.3 2.29 0.702 0.618 0.619
20500 0.1 1.91 1.16 0.772 0.805
20500 0.3

1.91 1.16 0.689 0.702

* versus PVGI (pore volume gas injected)
Note:

1. Irregularities in the kinematic viscosity ratio were caused by quoting
values at 19000 kPa from Runs 6 — 25, where flash calculations were
suppressed. When the flash calculations are active, mass transfer
acts to reduce the density difference between the displacing gas and

~ displaced oil.



significant degree of interphase mass transfer between the

displacing gas and the displaced 1liquid occurred. This -

observation was more clearly shown on Table 9 where the
immiscible (mass transfer suppressed) and miscible (mass
transfer active, 1i.e., thermodynamic equilibrium, or £lash,
calculations performed) displacement recovery efficiencies were

compared.

FPluid systems C:E and D:F were designed to be an equilibrium
gas-liquid system at a pressure of 19000 kPa. The immiscible
recovery efficiencies for these systems shown on Table 9 tended
to be slightly lower than those for the equilibrium gas drive
(even after correction for the discrepancies caused by the
separator flash calculations for the immiscible runs). However,
were the immiscible cases (mass transfer suppressed) to have a
more favourable viscosity ratio, a more piston-like displacement
essentially identical tokthat observed fpr the equilibrium gas

drive would occur.

Fluid__gysge@ A:Q was designed to be a thermodynamic
first-contact miscible gas~liquid sysEem at 19000 kPa. The
miscible recoveries at 1.0 pore volume gas injection for
immiscible residual oil saturations of both 10 and 30 percent
were each about 90 percent as shown on Table 9. The recoveries
at 1.2 pore volume gas injection cannot be directly compa?ed
since some solvent was condensing into the liquid ‘phase at

reservoir conditions. However, an examination of the



Table 9 69

Comparison of Namerical Model Results
Effect of Mass Transfer
an Pore Volume Liquid Produced

Fluid Sor Mass Transfer Suppressed Mass Transfer Active
System (BV) @ 1.0 PVGT @1.2 PVGI @ 1.0 PVGI @ 1.2 PVGI
A:M 0.1 0.885 0.890 0.903 0.984
0.3 0.678 0.678 7 0.887 0.910
A:Q 0.1 0.890 0.890 0.909 1.04
.0.3 0.722 0.722 0.918 1.05
B:M 0.1 0.788 0.890. 0.888 0.930
0.3 0.699 0.699 0.783 0.787
C:E 0.1 0.784 0.784 0.829 0.860
0.3 0.615 0.615 0.700 0.704
D:F 0.1 0.761 0.761 0.771, 0.781
0.3 0.625 0.626 0.618 0.619
Notes:

1. All displacenemts were performed at 19000 kPa.

2. Sor - residual oil saturation to immiscible displacement (mass transfer
suppressed ) .

3. PVGI - pore volume gas injected.



compositions of the in-situ fluids 1indicated 100 percent
recovery of the n-decane for the first-contact miscible case by
1.2 pore volume gas injection, consistent with the criteria of
99 percent o0il recovery at 1.2 pore volume gas injection for
first-contact miscibility proposed by Wu et al [68] (Wu et al
proposed a criteria of 90 percent o0il recovery at 1.2 pore
volume gas injéction for dynamic miscibility). The results
discussed for fluid system A:Q showed excellent agreement with
published criteria for first-contact miscibility as measured by
slim tube displacement tests or determined using thermodynamic

considerations.

Fluid systems A:M and B:M showed liquid recovery efficiencies
intermediate between an equilibrium gas drive (where mass
transfer does not occur) and a first-contact miscible
displacement (whére mass transfer is confined to a small mixing
zone, and the residual 1liquid saturation is zero). The
incremental recoveries of residual liquid for all cases with
mass transfer, as compared to the immiscible case (mass transfer
suppréssed),  were shown on Table 10. As discussed, the
incremental recoveries for fluid systems C:E and D:F were due to
viscous forces and relative permeability effects tending to
reduce recovery for - the immiscible case. Similarly, the
incremental recoveries for system A:Q shown on Table 10 were
consistent with a thermodynamic first-contact miscible

displacement process once provision was made for solvent

=70
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Table 10
Due to Mass Transfer
(At 19000 kPa)

Residual Oil Recovery 1
Using Sor Using Actual

Fluid Sor Incremental Oil Produced @1.0 @1.2 @1.0 @1.2
System (PV) @1.0 PVGI @ 1.2 PVGI PVGI PVGT PVGI PVGI
A:M 0.1 0.018 "0.094 18.0 94.0 15.7 85.5
0.3 0.209 0.232 69.7 77.3 64.9 72.0
A:Q2 0.1 0.019 " 0.150 19.0 100.0 17.3  100.0
0.3 0.196 0.328 - 65.3 100.0 70.5 100.0
B:M 0.1 0.100 0.040 100.0 40.0 47.2 36.4
0.3 0.084 0.088 28.0 29.3 27.9 29.2
C:E 0.1 0.045 0.076 45.0 76.0 20.8 35.2
0.3 0.085 0.089 28.3 29.7 22.1 23.1
D:F 0.1 0.010 0.020 10.0 20.0 4,2 8.4
0.3 (0.007) (0.007) (2.3)  (2.3) (1.9) (1.9)

Notes:

1. The values quoted using the Sor are based on the theoretical residual
oil saturations of either G,1 or 0.3 while the other values quoted are
based on the actual oil remaining in the simmlated slim tube at the end
of the numerical model experiment.

2. Values for residual oil recovery at 1.2 pore volume gas injected
(PVGIL) were manually adjusted to a maximum 100 percent to account for
solvent condensation. ,



condensation. The results: for £fluid system A;M and B:M,
however, showed some striking differences as shown in Figure 20.
The incremental recovery versus pore volume gas injected for
fluid system A:M shown in Figure 20 were very similar to those
for the fluid system A:Q (a thermodynamic first-contact miscible
gas—-liquid system). These results strongly suggested that the
gas~liquid displacement for fluid system A:M is miscible, with
the glightly ‘lower ultimate recoveries indicating conditional
(dynamic or multicontact) miscibility. . By comparison, the
results for fluid system B:M shown in Figure 20 were quite
different, having an essentially flat (as opposed to inclined
upwards) slope with an ultimate incremental recovery
approiimately one~half of that observed for the other two
systems., Consistent with the work of Lee et al [65] and Sibbald
et al [72]; the éas—liquid digplacement for £fluid system B:M

would appear to be a highly-efficient, immiscible gas drive.

These results, with the- application of baseline immiscible
displacements in Runs 6 to 25 (where interphase mass transfer
was suppressed) have quantitatively confirmed recent theories in
the technical literature respecting the nature of the gas-liquid
displacement process, including a highly-efficient, immiscible
gas drive. The good agreement between the immiscible gas drive
and the equilibrium gas drivé results further illustrated the
influence of relative permeability when mass transfer was not

significant. Taken together, these results clearly demonstrated
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that the gas-liquid displacement process exists as a gradation
of design alternatives, with the highly efficient, immiscible
gas drive process examined in this work attaining about one-half
the incremental oil recovery achieved by employing a miscible as
opposed to a purely immiscible displacement process.,
Equilibrium gas drives were observed to be 1little better than
purely immiscible gas drives since recovery gains caused by
interphase mass transfer did not occur. From the standpoint of
unit displacement efficiency, many other interrelated factors
must also be examined in the design and implementation of field
scale tests. In field terms, the baseline equilibrium gas drive
corresponds'to pressuré maintenance by reinjection of produced
solution gas. | The highly efficient immiscible gas drive
corresponds to pressure maintenance by reinjeétion of stripped
solution gas (i.e., intermediate and heavier components removeé
by surface gas processing facilities) which evaporates residual
0il behind the displacemen; front (analogous to revaporization
of retrograde condensed liquids by dry gas).‘ The miscible gas
driveg_ipyglye reinjection of solution gas sufficiegtly enriched
with ethane or propane such that miscibility is achieved. As a
practical matter, make-up gas may also be requirgd if a
constant reservoir pressure is. desired since reinjection of

produced solution gas will not completely replace voidage.

Ultimate 1liquid recoveries versus pressure at 1.2 pore volume

gas injected -and 0.3 residual liquid saturation were shown in



Figure 21. The results showed that the complete gradation from
immiscible to fully miscible displacement was investigated in
this parametric study. The recoveries for fluid systems C:E and
D:F at 14500 kPa were much lower since the original £luids,
which were single phase at 19000 kPa, separated into two phases
at the lower pressure. At pressures above 19000 kPa, for fluid
systems C:E and D:F, liquid recoveries increased due to mass
transfer. Numerical model results for fluid system D:F were
difficult to interpret as the original liquid was at a near
critical state that made it difficult for the simulator to
clearly distinguish the gas and liquid phases, necessitating the
use of the net recovery of n-decane to estimate equivalent pore
volume liquid produced (spot—checks showed that this was a
reasonable assumption). These results strongly suggested that
there is a need <£for improvement in the present compositional

. model for the treatment for critical and near-critical fluids.

Fluid system A:Q displayed dynamic (or multicontact) miscible
behavior in terms gf displacement efficiency at 14500 kPa and
Qas a thermodynamic fiést—contact miscible displacement at 19000
kPa and at 20500 kPa. Fluid system A:M displayed near-miscible
displacement behavior at 14500 kPa, dynamic miscibility at 19000
kPa, and was about halfway to thermodynamic £first—-contact
miscibility at 20500 kPa. The results for £luid systems A:M and
A:Q shown in Figure 2} demonstrated that there were some modest

incremental gains in unit displacement efficiency by going from
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a dynamic to a first-contact miscible gas-drive process in the

one-dimensional linear case without gravity or capillary forces.

Fluid system B:M behaved as a highly-efficient, immiscible gas
drive that sﬁowed a steady increase in recovery as the pressure
increased. Stripping (of 1light ends £from the o0il) and
condensation (of solvent heavy ends) effects, which had
complicated the analyses for the other fluid systems, were
minimized for fluid system B:M by defining it as pure methane
displacing pure n-decane. The importance of stripping and
condensation effects was clearly shown by the fact that f£fluid
system B:M had the smallest slope (and increase) in Figure 21 of
0il recovery with pressure of any of the f£luid systems studied
in this investigation. These results suggested that one way to
improve solvent design for field scale projects may be to
deliberately include o0il stripping and solvent condensation
effects, as is sometimes done for steamfloods (see Volek and

‘Pryor [93], and Konopnicki et al [94]).

The displacement characteristics for each £fluid system were
shown in Figures 22 to 26, inclusive, at conditions of 0.7 pore
volume -gas injection, linear oil relative permeability Curve
IIT, and at 19000 kPa. These conditions were selected since the
gas—-liquid displacement was well-developed at 0.7 pore volume
gas injection, to minimize further unnecessary review of

relative permeability effects, and to facilitate comparison to

baseline immiscible displacements. Figures 22 to 24 show
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FIGURE 23

79

DISPLACEMENT CHARACTERISTICS FOR FLUID SYSTEM C E AT

0.7 PVGI USING LINEAR RELATIVE PERMEABILITY CURVE III

AT 19000 kPa (RUN 69)
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FIGURE 24 80

DISPLACEMENT CHARACTERISTICS FOR FLUID SYSTEM B:M AT
0.7 PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE Il
AT 19000 kPa (RUN 57)
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FIGURE 25 8]

DISPLACEMENT CHARACTERISTICS FOR FLUID SYSTEM A:M AT
0.7 PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE Il
“ AT 19000 kPa (RUN 33)
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FIGURE 26 ’ 82

DISPLACEMENT CHARACTERISTICS FOR FLUID SYSTEM A:Q AT
0.7 PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE Il
‘AT 19000 kPa (RUN 45)
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immiscible displacement characteristics for fluid systems D:F,
C:E and B:M, with the latter suggesting a modest degree of mass
transfer. Figure 25 shows generated or multicontact miscibility
for £fluid system A:M as the physical properties of the gas and
liquid phases become similar at the displacement front. Figure
26 shows a first-contact miscible displacement for fluid system
A:Q where the physical properties of the gas and 1liquid phases
become virtually indistinguishable at the displacement front.
These results were consistent with the displacement mechanisms
considered dominant for each system as previously discussed.
However, the "snapshot" portrayal of the displacement process
provided limited information on the changes that occurred as the
gas—liquid displacement front advanced. To better illustrate
these changes, methane and decane concentrations at grid block
50, in the middle of the simulated slim tube, versus pore volume
gas injected £for each fluid system were shown in figures 27 to
31, inclusive, using linear oil rélative permeability Curve III
and at 19000 kPa. These conditions were selected to facilitate
compa£{§o§.y}th the "snapshot" results shown in Figures 22 to
"26, inclusive. The results shown in Figures 29 to 31 clearly
illustraté the passing of a displacement front, with an obvious
mixing zone where thermodynamic equilibrium was attained between
the displaced liquid and displacing gas. Figures 27 and 28
illustrated an equilibrium gas drive for fluid systems D:F and
C:E, with constant compositions throughout the displacement.

Figure 29 shows a limited degree of mass transfer for fluid



FIGURE 27 4 &4

METHANE AND N-DECANE CONCENTRATIONS AT GRID BLOCK 50
VERSUS PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE IiI
AT 19000 kPa FOR FLUID SYSTEM D:F (RUN 81)
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FIGURE 28 85

METHANE AND N-DECANE CONCENTRATIONS AT GRID BLOCK 50
VERSUS PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE III
AT 19000 kPa FOR FLUID SYSTEM C:E (RUN 69)
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FIGURE 29 | | 86

METHANE AND N-DECANE CONCENTRATIONS AT GRID BLOCK 50
VERSUS PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE IlI
AT 19000 kPa FOR FLUID SYSTEM B:M (RUN 57)
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FIGURE 30

METHANE AND N-DECANE CONCENTRATIONS AT GRID BLOCK 50
VERSUS PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE IlI
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FIGURE 31

METHANE AND N-DECANE CONCENTRATIONS AT GRID BLOCK 50
VERSUS PVGI USING LINEAR OIL RELATIVE PERMEABILITY CURVE IlI
AT 19000 kPa FOR FLUID SYSTEM A:Q (RUN 45)
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system B:M until wequilibrium compositions similar to fluid
system C:E were reached. Figure 30 shows a dynamic miscible
displacement for fluid system A:M, with £inal equilibrium
compositions similar to fluid system C:E. These results clearly
demonstrate that the mass transfer process acts to recover the
intermediate and lighter components of the 1ligquid. Figure 31
shows a first-contact miscible displacement for fluid system A:Q
with ;n obvious transition zone that followed the complete
displacement and recovery of the liquid phase. The critical
issue, namely the relative efficiency of each displacement, was

not immediately obvious from these results.

The effecf of pressure and mass transfer on the residual liquid
saturations for systems B:M, A:M and A:Q are .shown in Figures
32, 33, 34, respectively. Figure 32 showed only a slight change
in residual liquid saturation £for £fluid system B:M as the
pressure increased, essentially limited to a modest level of oil
vaporization behind the displacement front near the inlet end of
the simulated slim tube. Figure 33 shows a transition from an
immiscible displacement at 14500 kPa to a miscible displacement
at 19000 kPa for fluid system A:M, with a slightly more
efficient miscible displacement at 20500 kPa. A zero liquid
saturation just behind the displacement front at 20500 kPa
occurred when the simulator was unable to distinguish the gas
and liquid phases in the critical region. Figure 34 shows a

first-contact miscible displacement for fluid system A:Q at
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FIGURE 32

EFFECT OF PRESSURE ON RESIDUAL LIQUID SATURATION
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FIGURE 33

9]

EFFECT OF PRESSURE ON RESIDUAL LIQUID SATURATION

FOR FLUID SYSTEM A:M AT 0.7 PVGI USING

LINEAR OIL RELATIVE PERMEABILITY CURVE Il
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FIGURE 34

EFFECT OF PRESSURE ON RESIDUAL LIQUID SATURATION
FOR FLUID SYSTEM A:Q AT 0.7 PVGI USING

LINEAR OIL RELATIVE PERMEABILITY CURVE Il
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19000 and 20500 kPa. The  immiscible  displacement

characteristics observed at 14500 kPa are misleading in that the
active mass transfer between the gas and 1ligquid phaes is not
apparent, nor is the increased recovery of hydrocarbons observed
in the simulation results. With reference toA the numerical
model results shown on Table 8 for an immiscible residual liquid
saturation of 30 percent, this work supports as a criterion for
first-contact miscibility the definition used by Cardenas et al
{91] who defined miscibility to occur when 90 percent of the
liquid was recovered at breakthrough (which, based on this work,
would occur at about 1.0 pore volume gas injectién). This work
is also consistent with Wu et al's [68] criteria of 90 percent
0il recovery at 1.2 pore volume gas injection £for dynamic
miscibility and 99 percent 0il recovery at 1.2 pore volume gas
injection for first-contact miscibility. I£ appears that the
more straightforward criteria of Cardenas et al [91] result from
the fact that only the mixing zone 1enéth between the displaced
liquid and the displacing gas need be considered in
first-contact miscible displacements (limited data (67, 84]
suggest that, for well designed slim tube displacement fests,
the minimum feasible mixing zone ‘length is about 10 percent of
pore volume). By comparison, dynamic miscibility also involves
a significaﬁt degree of interphase mass transfer, which benefits
may not be fully evident at less than 1.2 pore voluﬁe gas
injection. The results of this worklalso suégest éhat quoting

liquid recoveries after breakthrough at more than 1.2 pore



volume gas injection may be misleading as solubility (i.e., oil
evaporation) effects may so complicate the interpretation of
laboratory results as to make their direct application to a
field test tenuous and perhaps even unreliable for design
calculations. Further research, outside the scope of this
investigation, 1is required to quantify both the magnitude and
precise influence of these observed effects upon .gas-liquid
displ;cements. The results shown in Figpres 32 to 34 clearly
demonstrated that the residual liquid saturation decreases as
pressure and, hence mass transfer, increased. However, the
residual liquid saturation decreased to Zero only when
thermodynamic first-contact miscibility was achieved. Also,
consistent with the published literature, solvent condensation
and o0il stripping, analogous to the condensing/vaporizing gas
drive process, occurred, most noticeably for fluid system A:M.
Without more data, a firm conclusion cannot be reached, but it
appeared that the occurrence of a vapbrizing-gas frontal drive
or a condensing-gas drive at the tail end of the process,
descriygg _bg Lee et al {65], was dependent on the
characteristics of the particular fluid system as was the highly
efficient, immiscible gas drive process. The basic gradation,
in terms of linear unit displacement efficiency for two-phase

gas—0il systems followed this sequence:

(1) a purely immiscible lean gas drive with no mass transfer

that exhibits a "leaky-piston" displacement behavior since gas



bypasses the liquid as a result of an unfavorable viscosity
ratio that yields a low unit displacement efficiency for a given

volume of gas injection;

(2) an immiscible gas drive.with no mass transfer that as a
result of a more £favorable viscositi ratio exhibits a ﬁore
"piston-like" displacement behavior (observed for the
equilibrium gas‘ drives studied in this inveséigation) than the
previous case, and yields close to the theoretical maximum unit

displacement efficiency for a given volume of gas injection;

(3) a highly efficient, but immiscible gas drive, that
significantly benefits from the condensation/vaporization
phenomena  which improves the effective fractional £flow

characteristics of the displaced liquid phase;

(4) a dynamic (or multi-contact) miscible displacement process
where either the wvaporizing or condensing gas-drive process

dominates (although both probably occur); and

(5) a thermodynamic first-contact miscible displacement.

L— —~

The parametric approach used in this investigation was based on
limited experimental data and was entirely predictive in nature.
The £fluid systems in the open literature‘ were not
thermodynamically rigorous when presented in a ternary diagram.
Public domain data [95] were obtained for twenty slim tube

experiments where the liquid was similar to fluid C, and where



four of the tests were performed using a solvent similar to gas
E. All twenty slim tube tests were performed at about 14500 kPa
and 71°C, comparable to Runs 62 to 65. The results were
compared on Table 11 and showed good agreement with those for
"the longer élim tube. The results from the longer slim tube
were reported to provide a better definition of immiscible and
miscible displacement, which suggested that the results for the
longer slim tube should be ‘used,n consistent with findings

reported by Flock and Nouar [96].7

The other sixteen slim tube experiments used increasingly richer
solvents, and while not directly comparable to the results of
this numerical model investigation, gave qualitatively similar
results, Interestingly, apparent liquid tecoveries above 100
percent were observed for the richest solvent, which results
were attributed to oil éwelling effects. In summary, the
numerical model results, while predictive, showed good agreement

with actual physical experiments (when such data were obtained).



S/

Table 11
Liquid R .

PV 0il Produced
@ 1.0 PVGI Ultimate

Fluid System C:E Sor = 0.1 0.630 0.666
Sor = 0.3 ' 0.533 0.539
Forty-Foot Tube (6 hour test) : 0.481 0.500
(0.5 hour test) 0.525 0.526
Five-Foot Tube (22 hour test) 0.716 0.732
(2 hour test) 0.736 0.806
Notes:

1. Experimental liquid was 0.413 methane and 0.587 mole fraction n-decane.
2. Experimental gas was 1.000 mole fraction methane.
3. All results based on a slim tube pressure of 14500 kPa and 71° C.



CHAPTER VI -~ IMPLICATIONS FOR FUTURE RESEARCH

Introduction

The eighty~five numerical model experiments performed in this
investigation have been analyzed and evaluated. The results and
performance of the numerical model were used to identify areas
where future research efforts may be appropriately directed. A
separate section on the implications for future research was
warranted since the identifigd areas for potential investigation
were more basic and fundamental in‘nature than expected. Three
areas, the simulation of laboratory experiments, phése behavior

modelling, and viscous instabilities were examined.



Simulation of Laboratory Experiments

Few publications ([89], p. 321) exist respecting the use of
numerical models to simulate 1laboratory experiments. The
results of this investigation and the performance of the
numerical model has shown that the rsimulator has a weak or
inappropriate treatment of well models for laboratory conditions
[86—85]. That limitation fundamentally stems from the
assumption that the well inflow and wellbore flow equations at
the field scale are also suitable for the different flow regimes

and physical geometries existing at the laboratory‘ scale.

Consequently, £fine details such as the difference in results of.

slim tube displacement tests that may be observed due to £luid
compressibility depending on whether or not an initial pressure
gradient exists across the apparatus from the inlet to the
outlet end, could not be modelled. The ability to model these
fine details is desirable since it would provide the means to
resolve uncertainties respecting the significance of what may
appeag_fo.?e_minor variations in experimental technique on the
reliability of results so obtained. New experimental
measurement techniques such as an example application ‘of x-ray
computerized tomography reported by Wellington and Vinegar [97]
have confirmed the existence of these fine details that are not

presently simulated. For example, Wellington and Vinegar

described the bypassing of o0il in a laboratory coreflood caused

by end effects where the flowlines converged to the production



outlet despite adjustments to laboratory equipment to minimize

this end effect.

This observed weakness, while not insurmountable, continues to
pose a modest logistical barrier to the appropriate use of
numerical models to simulate laborator& experiments to either
validate the numerical model or to interpret the experimental
results. The nature of these identified logistical barriers can
also result in a situation where it is almost infeasible to
determine precisely what may have caused observed discrepancies
between computed and experimental re;ults. In summary,
eﬁhancements in the treatment of £flow regime§ and physical
geometries at the laboratory scale are required £for numerical

models to more accurately simulate these processes.
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Phase Behavior Modelling

The numerical model experiments performed in this invesﬁigation
were used ‘as a parametric study of the factors influencing the
unit displacement efficiency of gas—liquid displacements in a
permeable, porous medium. A precise match of experimental and
computed phase behavior was not required in this investigation;
even so, some inconvenient, albeit minor, éifficulties were
encountered. Further research work will likely require a more
precise match of computed and experimental phase behavior. Some

general improvements that were identified as desirable included:

(1) a need for an improved treatment of critical and near
critical fluiés in existing two—-parameter equations of state
(Benmekki and Mansoori [98] reported improved results by using a
more appropriate treatment of mixing rules and the unlike

three-body attraction);

(2) a need for an improved treatment of therrepulsive parameter
in two-parameter equations of state to permit a better estimate
of liquid densities (Firoozabadi et al [99] reported that better
density estimates were obtained with an equation of state that

did have a more sophisticated treatment of the repulsive

parameter); and

(3) an apparently limited validation of commonly used

correlations for estimation of 1liquid wviscosities against

=101



experimental data for £luid systems of interest in petroleum
reservoir engineering, particularly for critical and dense gas

phase mixtures.

These identified weaknesses fundamentally limit the accﬁracy of
numerical models in regions of the gas-liquid displacement
process that are of greatest research and commercial interest.
In summary, enhancements in these ‘areas are required €for
numerical models to more accurately estimate the improvements to
unit displacement efficiency for the gradation from a purely
immiscible to a thermodynamic first-contact miscible

displacement process.

-102



Viscous Instabilities

The numerical model experiments performed in this investigation
also included a grid refinement study that found that the number
of grid blocks had to be adjusted to be consistent with the
interphase mass transfer between the displaced 1liquid and the
displacing gas behind the displacement front. Numerical model
experiments to assess the relationship between the number of
grid blocks and viscous forces were not performed. Kremesec and
Sebastian [100] found a rough correlation between the number of
grid blocks and the gag/liquid viscosity ratio for the
displacement"of reservoir oiis by carbon dioxide in long Berea
cores above the minimum miscibility pressure determined from

slim tube experiments. However, Kremesec and Sebastian [100]

did not perform a rigorous test of the relationship between’

interphase mass transfer and the number of grid blocks.

These results strongly suggests that there is a relationship
between the number of grid blocks, and both viscous forces and
mass transfer, in the simulation of gas-liquid displacements in
é permeable, porous medium. Some researchers have chosen to
characterize the relationship by means of the Peclet number,
using an empirically determined "effective mixing coefficient"
to describe dispersion (see, for example, Negahban et al [101])
without consideration of the mechanistic basis for the observed

results. In summary, further investigation of this topic is

~103
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required to fully describe the mechanistic basis for the

observed results.
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CHAPTER VII - POTENTIAL INDUSTRIAL SIGNIFICANCE

Introduction

Folden [1] reported that the hydrocarbon miscible gas-liquid
displacement process was in use at more than 50 sites within the
Province of Alberta in 1987, with nearly 40 of these projects
characterized for modelling purposes as a linear vertical
gravity-stable process. McCaffery, Sigmund and Wardléw (102]
presented a detailed review and critique of recovery methods in
carbonate reservoirs in the Province of Alberta, observing the
potential for significant reserves additions by use of miscible
gas displacement and, other forms of gas—injection operations.
Gravity stabilization effects were seen as especially beneficial
for vertical displacements. Stelzer [103] demonstrated that
models can be reliably used to predict future field performance.
The commercial significance of an improved mechanistic
under§§§nq}qg of the gas~liquid displacement process that would
increase the reliability of numerical models as engineering
design tools, with a corresponding reduction of technical risk
for thé high technology miscible displacement - process, is

obvious.

A separate section on the potential industrial significance was

warranted since the identified areas for potential investigation
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were more basic and fundamental in nature then expected. Three
areas, miscible flood design and optimization, the use of

alternative solvents, and well models were examined.



Miscible Flood Design and Optimization

Industry has been making increasing use of numerical models to
design and optiﬁize hydrocarbon recovery projects as shown by
published comparative solution projects for commercial reservoir
simulators [104-109] and methodologies for engineering control
[29-30]. Killough and Kossack [108] presented a comparison of
numerical models used to simulate miscible £loods, including the
numerical model (GEM - General Equation of State Model) used in
this investigation, and £found reasonable agreement between
computed results. However, care had to be taken in the
calculation of near well phase mobilities and relative
permeabilities when wells were constrained by the flowing bottom

hole pressure.

A brief discussion was included herein to clarify the
significance of near well and wellbore flow conditions to
miscible flood design and optimization when using numerical
models. In a field scale project, £luids are produced and
injected thrdough a wellbore connecting surface £facilities and
the subsurface petroleum reservoir.. The project operators have,

as their only means to influence the performance of the miscible

£lood, some limited abilities to modify well production

performance characteristics by stimulation treatments, the size
of the interior tubing, the choice of completion interval (e.g.,

perforations through the wellbore casing to permit inflow of
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fluids from the reservoir) and the use of some form of

artificial 1ift (e.g., pumps) to raise the £luids to the.

surface. The project operators can more or less control the
fluids injected into the petroleum reservoir but cannot directly

influence the actual £luid £flow in the petroleum reservoir.

Therefore, it is crucial that the numerical model adequately

represent both the actual physicél mechanisms active in the

displacement proceés and the well flow characteristics.

Howes [110] described miscible flood projects in Canada and
listed three approaches to increase an inherently low volumetric

conformance caused by viscosity ratio and gravity effects:

(1) gravity stabilization, which ié_ primarily limited to a

linear vertical process;

(2) alternate injection of solvent and water in horizontal
miscible floods to limit gravity segregation of the solvent and
0il caused by the high density contrast as well as reducing the

relative permeability for the flowing gas phase; and

(3) larger injection volumes of solvent to ensure that more oil

is eventually contacted by the solvent;

Tiffin and Kremesec [11l1] performed a mechanistic evaluation of
gravity-assisted miscible flooding and £found that it was
inherently more efficient than horizontal displacements and that

displacement efficiencies increased at lower rates as viscous

-108



fingering decreased. Nutakki [112] examined horizontal miscible
displacements in some detail and found that alternate injection
of solvent and water may not fully eliminate gravity segregation
in the reservoir and that an initial free gas saturation was
undesirable since it promoted solvent channeling. Stalkup [61]
reported that comparisons of incremental recovery, solvent
volume, and solvent richness were "clouded" by the wide

variations in reservoir conditions for the various field tests.

However, given the identified limitations of the numerical
models used to simulate miscible floods, the results of this

investigation do have some bearing on field scale projects:

(1) the highly efficient, immiscible gas-drive process may have
some advantages in.gravity—stable displacements since there is a
higher inherent volumetric conformance and potential benefits
from (a) viscous drag effects, (b) vaporization of ;esidual oil
behind the displacement front, and {c) gravity drainage of o0il

at low saturations [46];

(2) the thHermodynamic first-contact miscible process may be more
desirable in non gravity stable displacements in order to ensure
that all oil contacted by the solvent is displaced since viscous
fingering [113, 114] acts to decrease volumetrié cbnformance,

-

and, hence, the ultimate o0il recovery.

There was an obvious design tradeoff in the above observations.

The solvent must, perhaps unconditionally, displace all oil
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contacted in a non gravity-stable displacement due to inherent
limitations on volumetric conformance. The possible use of less
rich solvents for gravity-stable processes recognizes the
benefits of gravity drainage and the fact that essentially all
0oil will be contacted by the solvent due to an inherently high
volumetric conformance [110]. However, in non gravity-—stable
carbon dioxide displacements, the reduced density contrast
.between the carbon dioxide and the reservoir o0il and swelling of
the o0il by carbon dioxide may reduce somewhat the desirability
of employing a first—contact miscible process, since there is
some improvement to the effective volumetric conformance as
gravity override 1is reduced. A related, but unresolved,
question for gravity stable miscible floods that employ a slug
of enriched gas, followed by chase gas, was whether transient
gravity segregation of heavier components in the solvent
occurreq during the life of the project (see Metcalfe et al,
[115], and Williams and Dawe, [116]); which would have obvious
design implications fér the solvent slug process. In summary,
fundaqggpai _limitations on the reliability of numerical models
need to be addressed to reduce the technical risk of the high
technology misciblej displacement process used widely in the

Province of Alberta.
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Use 'of Alternative Solvents

The use of alternative solvents proceeds directly from the
previous section where possible advantages of using a highly
efficient immiscible gas drive in a gravity-stabilized
displacement were discussed. The obvious injection gas was
nitrogen, which can be readily extracted from the atmosphere and
used at any geographic location. Sayegh et él [117] performed
static thermodynamic miscibility experiments, and consistent
with Nutakki [112], found that minimum miscibility pressures
significantly increased with higher nitrogen content. Sayegh et
al {118] also performed slim .tube displacement tests using
nitrogen and found that although a high o0il recovery was

observed, miscibility was not achieved at reservoir conditions.

Mechanistic aspects of gravity-stable nitrogen displacements
have been investigated by ¥Ypma [119]. Doscher et al [120] found
that nitrogen was about as efficient as carbon dioxide in the
displacement of crude o0il in a gravity stabilized system and
stated that it may result from gag drive effects (e.g., viscous
drag and relative permeability) being more important than oil
swelling and solution effects. Other workers [121-123] have
experimentally confirmed that gravity stable immiscible nitrogen
displacements can achieve very high displacement efficiencies at
certain conditions. These results suggest that conventional

slim tube displacement tests may not be the most appropriate
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means to evaluate gravity stabilized nitrogen displacements.

Sayegh 'et al [118] also performed vertical corefloods using a
core 28.6 centimetres in length. However, Omole and Osoba [124]
reported data for gas—liqﬁid displacements in 50, 150, and 600
centimetre long vertical sandpacks that clearly showed
breakthrough recoveries to increase with length, contrary to
reported findings for conventionai slim tubes [95, 96]. The
available data strongly suggest that conventional slim tube
tests may underestimate the potential recovery -of gravity
stabilized nitrogen disélacements in field applications. The
economics for a highly efficent, immiscible nitrogen gas drive
could be enhanced if byproduct oxygen were used in an adjacent

fireflood.

In summary, the use of other drive gases such as nitrogen in

gravity-stable displacements may warrant  more serious
consideration and possible field testing once mechanistic and

performance uncertainties are resolved.
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Well Models

Well models used in the simulation of field scale projects are
generally assumed to have a radial flow regime while laboratory
displacements are assumed to have a linear flow regime [86].
The assumption of a radial flow regime, however, may not be an
adequate approximation of the spherical f£low regime that does
occur in some instances (see Muskat [125]), unless a very
refined grid is used. Williamson and Chappelear ({126, 127]
reviewed the theory and implementation of well models in
numerical reservoir simulators and statéd, consistent with
Killough and Kossack [108], that "some near-well effects may be
simulated inadequately", such as the productivity for an
injection weli, the productivity indices of slanted wells, and
backflow. Pedrosa and Aziz [128] described the use of a hybrid
grid to improve .the treatment of near wellbore flow in field
scale simulations. A cylindrical (or elliptical) grid was used
for the well blocks with a cartesian grid elsewhere. It was
necessary to partially decouple the solution of the flow
equations for the well and Vreservoir regions in order to
minimize the imposition of small timestep sizeé caused by rapid
saturation changes in the vicinity of the wellbore. Pedrosa and
Aziz [128] stated that decoupling may not be feasible when a
fully implicit treatment is required, which could significgntly
reduce the savings in computational expense for this approach

since small timesteps may be required. Tang and Peaceman [129]
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compared analytical and numerical solutions and the effect of
boundary conditions on the radial dispersion of solute around an
injection well in order to reduce the uncertainties associated
with the use of simulators to design enhanced oil recovery
projects. Carey and Chow [130] developed a more general
treatment of well singularities in reservoir simulation that
rigorously verified some existing approaches and allowed for

treatment of irregular grids and variable permeability.

The basic engineering problem is that coarse grids are adequate
to define reservoir scale flow, while refined grids are
necessary to predict solvent breakthrough and coning in miscible
processes. In addition, as previously discussed, there are
limitations on the adequacy of the theoretical treatment of well
boundary conditions in field scale simulation.” These concerns
are being addressed ({131, 132], and may facilitate the direct
evaluation of the potential for alternative well configurations
such as horizontal wells [133] which are used on an experimental
basis [134] at six sites in the Province of Alberta (as of

August,” 1988). Future enhancements may eliminate the need to

treat horizontal wells as a series of point source/sinks in.

adjacent grid blocks to approximate the actual line source/sink

behavior.

In summary, enhancements to field scale reservoir simulation
well models are required to facilitate future research and more

reliable simulation of design alternatives for field scale
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CHAPTER VIII - SUMMARY OF RESEARCH FINDINGS

1., Mass transfer between the displaced liquid and displacing
gas, when it occurs, dominates the unit displacement
efficiencies oObserved in the " numerical model experiments

performed in this investigation.

2. There exists a gradation in wunit displacement efficiencies
between  purely immiscible and' thermodynamic £irst-contact

miscible displacement, largely caused by mass transfer.

3. Relative permeability and viscosity ratio effecﬁs are oé
secondary importance respecting unit displacement efficiencies
by comparison to mass transfer effects caused by variations ‘in
the operating pressure or the composition of the displacing

drive gas.

4, The highly efficient, immiscible gas drive process, that

benefits from mass transfer effects, and the dynamic miscibility

process are preferred design alternatives for gravity

stabiliZed gas—-liquid displacements.

5. Numerical models can be employed to investigate mechanistic
aspects of gas-liquid displacehents in a permeable, porous

medium.
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APPENDIX A

DESCRIPTION OF NUMERICAL MODEL

A phase behaviour package [A-1] and an équation—df—state
compositional model [A-2], that were developed by the Computer
Modelling  Group, were uséd throughout this investigation.
Compositional models such as the General Equation of State Model (GEM)
applied in this inﬁqstigation are widely used [A-3, A-4] to siﬁulate
design alternatives and optimization strategies for improved oil
recovery processes. The compositional model GEM has also been
successfully applied to the simulation of laboratory displacement
experiments [A-5] similar in concept to the ﬁumerical model experiments
performed in this investigation. |

The general flow equations have been derived elsewhwre [A-6] and
are presented 1in summafy form below (symbols are defined in the

nomenclature to Appendix A):

-
g
1l

d

Ckk
Tp= [p——] " \ (@)

Equation (1) is the general partial differential equation for the
flow of a compressible fluid [A-6] with the phase transmissibility
defined by equation (2). The governing discretized flow equations for

the compositional simulator GEM have been presented by Collins, Nghiem
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and Li (A—7] and are summarized below (symbols are defined in the

nomenclature to Appendix A):

B m ntl m
¢p = ATo (Ap 7, AD)
m n+l m m
+ AT A + A - AD
o (ap Poog” Vg )
+1
m n+l m m a n+l
+ 0 AT (4p = BP0 Yy AD) + §i:=l q
n+l v n+l S ntl
+ 4 qnc+l e [¢ (poS0 + pgSg + 4 prW)
n n
- ¢ (poSo + pgSg+:€ prw) ] = 0 (3)
g; = An fig — An fio =0 1=1,...,nC (4)
S, = (N./p) / [Z N /) } mo,g,w (5)
q q=0,8,w

Equation (3) represents the discretized flow equation with
thermodynamic equilibrium defined by equation (4) and fluid saturations

defined by equation (5). These equations are solved numerically.
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NOMENCLATURE

D — depth

fim — fugacity of Component i in:Phgse m (m=0,g)

g — phase equilibrium equation

k - absolute permeabiliéy to flow, pmz

kf - relative permeability

Ni — moles of Component ilper unit of pore‘volume (i=l,...,nc+l)
Ng — moles of gas per unit of pore voiume

No — moles of oil per unit of pore volume

Nim — moles of Component i in Phase m (m=0,g)

per unit of pore volume

P - oil—phase pressure

pCog — gas—oll capillary pressure

Povo — oil-water capillary pressure

9 — molar injection/production rate of Component i
Sm — saturation of Phase m (m¥o,g,w)

t — time

Tm - Qolar transmissibility of Phase m (m=o0,g,w)

v — block volume
ryim — gradient of Phase m (m=o0,g)

T ’ — gradient of Phase m (m=o,g,w)

v - gradient operator

A - differenée operator

0 — scaling factor fbr water equation and variables
p — molar density of Phase m (m=o,g,w)
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— porosity

— material balance equation



Superscripts

m ~ 0ld or new time level .

n — old time level

n+l — new time level

Subscripts

i,j,s — subscripts for components
g — gas phase

m,p — subscripts for phases

0 — 01l phase

w — aqueous phase
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