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Abstract

Certain heavy oils which foam under severe depressurization give rise
to increased recovery factor and an increased rate of production under so-
lution gas drive. These oils not only stabilize foam, but also stabilize dis-
persion of gas bubbles at lower volume ratios. The way this phenomenon
is related to the chemistry of the oil and its viscosity is presently not under-
stood. We present here a mathematical model of reservoir flow of foamy oil
which depends only on the velocity through Darcy’s law, the pressure and
the dispersed gas fraction. The theory governsonly in situationsin which the
bubbles do not coalesce to produce the percolation of free gas. In this theory
the bubbles move with the oil as they evolve. The main empirical content
of the theory enters through the derivation of solubility isotherms which can
be obtained from PVT data; modeling of nucleation, coalescence, bubble
drag laws and transfer functions are avoided. The local pressure difference
and dispersed gas fraction are in equilibrium on the solubility isotherm. In
a pressure drawdown the time taken for the system to return to equilibrium
is described by arate law characterized by an empirical relaxation time (rate
constant). The resulting systems of equations can be reduced to a coupled
pair of nonlinear PDE’s for the dispersed gas fraction and pressure differ-
ence, which can further be reduced in the equilibrium case to a second order
evolution equation for the pressure difference. This system of equations can
also be derived from usual theory of two-phase flow in a porous media based
on relative permeability under the assumption that the bubbles and oil move
in lock step. We propose areformulation of the conventional theory in which
the concept relative permeability of the porous media is replaced with the
more familiar concept of an effective phase viscosity. The equations of our
relaxation theory are solved numerically, and the mixture viscosity function
and relaxation time are selected to match the sandpack experiments of Maini
and Sarma [1994].



1 Introduction

In this paper amodel is presented that is motivated by the need to explain anoma-
lous features associated with production from reservoirs of so-called foamy oails.
These qils are described by some of their properties of response to pressure de-
clines; it is noted that they nucleate dispersed gas bubbles and display obvious
foaminess in well head samples produced by solution gas drive in which oil and
gas are produced by the drawdown of pressure (Huerta, Otero, Rico, Jiménez, De
Mirabal, & Rojas, [1996], De Mirabal, Gordillo, Fuenmayor, Rojas, Rodriguez &
Sanchez, [1996]).

When compared with the response of conventional oils, the response of foamy
oils to drawdown of pressure is more favorable; primary recovery factor (percent-
age of the oil in the reservoir which can be recovered), the rate of production, the
volume ratio of oil to gas which is recovered and the length of time that a given
pressure gradient or rate of production can be maintained are all increased substan-
tially; the reasons for the favorable response of foamy oils in solution gas drive
are not well understood and tentative explanations which have been put forward
are controversial (see Maini [1996], Pooladi-Darvish and Firoozabadi [1997] and
Sheng, Maini, Hayes & Tortike, [1999a] for recent reviews).

Foamy oils carry considerable amounts of dissolved gases in the condensed
state. The relevant thermodynamic property for this is “gas solubility”; a func-
tion of temperature and pressure at equilibrium which gives the volume ratio of
dispersed gas from the crude oil by outgassing. Tables of solubility of methane,
carbon dioxide and other gases in various Canadian crude oils have been given by
Svrcek & Mehrotra [1982], Peng, Fu, Bird, & Hsi [1991] and others. The oils
considered to be foamy evidently cavitate small dispersed bubbles which, under
some conditions, are believed to move with the crude oil in which they are dis-
persed. Experiments done by Pooladi-Darvish & Firoozabadi [1997] have shown
that bubbles which arise from depressurization of silicone oil and heavy crude of
equivalent viscosity are very different; the bubblesin the silicone il are larger and
much more mobile than the onesin crude oil. Viscosity alone might not be enough
to demobilize dispersed gas; it is desirable to ook at other properties like surface
tension and surface active agents. Possibly there are surface active agents which
are present naturally in foamy crudes which alow them to stabilize foam, but the
precise agents, their composition and the mechanics by which they are released
apparently have not been studied.

A “foamy oil” isaheavy oil which foams under rapid depressurization. Maini
[1996] notesthat “. . . theterm “foamy oil” isoften used to describe certain oilspro-
duced by solution gas drive which display obvious foaminessin wellhead samples.
The primary production of heavy oil from several reservoirsin western Canadais



in the form of an oil continuous foam. This foam resembles a chocolate mousse in
appearance and often persists in open vessels for several hours...” Foaming at a
well head is a kind of foam formation analogous to the head on beer. To get such
a head the pressure decline must be sufficiently severe to alow the bubbles which
rise from outgassing of condensed gas in the bulk to accumulate at the free surface
faster than they collapse. Perhaps there are surfactantsin foamy oil which stabilize
the films between the bubbles preventing collapse, promoting the buildup of the
head. Foam stability measurements in the laboratory have shown that the foami-
ness of crude heavy oilsis comparable to agueous foams used for steam flooding
applications (Sheng, Hayes, Maini & Tortike [1996]). The outgassing of condensed
gas will not lead to foam at the well head if the rate of depressurization istoo low.

To create foam in a reservoir or in a sandpack it is necessary to depressurize
rapidly enough to produce close packed solution gas bubbles which can undergo
a topological phase change to stable films and plateau borders. This kind of in
situ foaming of sandpacks has been achieved in the experiments of Maini & Sarma
[1994]. Gas and liquid move in lock step in these foams and lead to very high
primary recovery factors. At the actual reservoir, gas fractions can be as low as
5to 10%. At these gas fractions the oils cannot foam but are well-dispersed and
protected against coalescence, possibly by the same natural surfactants that might
stabilize the foams.

In solution gas drive of foamy oil the depressurization of the sample leads to
cavitation of small dispersed bubbles. The volume ratio of dispersed gas increases
the volume of our composite fluid and it acts as a pump, gas coming out of solution
pumps the fluid outward. This pumping action is well described by the continuity
equation (4.4) which impliesthat in a closed volume v with boundary S containing
dispersed bubbles of volume fraction ¢

/ﬁ%fdv = %u.ndS (11

v S

where n isthe outward normal on S and u isthe velocity of our composite fluid.

The relative velocity of dispersed gasisimportant; if the bubbles coal esce and
move relative to the oil more gas and less ail will be produced. Good recovery
is sometimes described by a critical gas saturation value; this is the volume frac-
tion of gas at which the gas becomes connected and starts to move faster than the
oil. Maini [1996] identifies this critical saturation as a percolation limit, whilst
Firoozabadi, Ottensen, Mikkelsen and December [1992] and Pooladi-Darvish and
Firoozabadi [1997] identify this even by visual observation of bubblesin aviewing
window. The values given by Firoozabadi et al. are about 5 times smaller than
those given by Maini and his coworkers.



Mastmann, Moustakis and Bennion (2001) wrote a paper " Predicting foamy
oil recovery” which they applied to the Driza crude oils found in alarge Albanian
oil field. Thisoil givesrise to huge amounts of stable foam under rapid depressur-
ization. They say

The basic mechanism of foamy oil behavior isrelated to the existence
of what is commonly termed a “pseudo” bubble point. The true bub-
ble point is the pressure at which, at the reservoir temperature, the
first small bubbles of free gas evolve from solution in the oil and nu-
cleate as a distinct free gas phase. For most conventional oils having
relatively low viscosity, the gas rapidly coalesces into large bubbles
and evolves almost immediately from the oil to form a separate and
distinct gas phase. In many reservoirs, this forms a secondary gas-
cap during depletion operations and results in high gas-oil ratios at
production wells due to the high mobility of a free gas phase in the
porous media in comparison to the more viscous oil. For this reason,
for conventional or non-foamy ails, the bubble point and the  pseudo”
bubble point have the same or very close to the same values.

For foamy oils, due to the high viscosity of the ail, the gas bubbles
cannot immediately coal esce together to form bubbles large enough to
allow gravitational forces to separate from the oil. For this reason, the
oil phase remains as a continuous dispersed gas-oil emulsion with a
higher and higher concentration of increasingly larger bubbles trapped
in a milkshake-like format within the oil as the pressure is reduced.
The point for the foamy oil a which the bubbles of free gas can finally
start to escape from solution as a distinct free gas phase is known as
the pseudo bubble point.

Their use of the term “pseudo bubble point” is sightly unconventional. We
prefer torefer to thiscondition asa“ percolation threshold.” Thisthresholdisafluid
mechanics, possibly rheological property of the oil and the producing reservoir or
sand pack, and not athermodynamic property; it could depend on time. Under very
rapid depressurization in a sandpack or at the well head in the reservoir, the gasis
nucleated so rapidly that it closes packs and, in afoamy oil, forms a foam without
gas percolation. In areservoir, after long time evolution of gas the mechanics of
coalescence is such asto lead to percolation.

When the gas percolates, the good news about recovery is over; it isno wonder
that all authors find that the critical saturation values are about the same as the
primary recovery factors (which is the fraction of oil recovered by solution gas to
ail in the reservoir) even when they disagree about definitions.



A few models of foamy ail flow have been put forward; each emphasize some
special feature. One of the most recent models by Sheng et al. [1996], Sheng et
al. [1999a] are multiphase theories based on conservation laws with transfer from
solution gas to dispersed gas and from dispersed gas to free gas. Their theory does
not seem to follow the curve of experimenta values. Sheng et al. [1996] say that

Published modelsinclude the psuedo-bubble point model (Kraus, Mc-
Caffrey, & Boyd [1993]), the modified fractional flow model (Lebel
[1994]) and the reduced oil viscosity model (Claridge & Prats[1995]).
Maini [1996] gave a detailed review and discussion of some of these
models. These models have been used to history match heavy ail pro-
duction, but their common weakness is that the dynamic processes
which areimportant features of foamy oil flow were not included prop-
erly. Although it may be possible to get an acceptable history match
using these models, the predictive ability is likely to be limited. . .

A more successful approach to modeling was recently advanced by Sheng,
Hayes, Maini, & Tortike [1999b]. This model a so requires the modeling of nucle-
ation, bubble growth and disengagement of gas bubbles from the oil. The model
ultimately leaves undetermined two adjustable parameters which fit the theory to
experimental data better than previous models.

To predict foamy oil behavior, Mastmann et al. (2001) use “Eclipse” whichis
acommercial “black oil” smulator. The model equations at the foundation of this
simulator are the conventional multiphase ones based on the concept of relative
permeability (see section 2) which is not well suited to the description of a ho-
mogenous mixture in which the oil and gas move in lock step. Obviously, in such
a state the molecular viscosity of the gasis not important. The “black oil” model
alows for gas evolution through solubility tables and not through an equation of
state like our (2.14)

The present theory could be called a continuum mixture theory which is appro-
priate for foamy oil flow with dispersed gas of low mobility relative to the liquid
and leads to three coupled nonlinear partial differential equations for u, p and the
gas fraction ¢, five scalar equations in five unknowns. Our model has a few fea
turesin common with the excellent early work of Leibenson [1941] on the motion
of gas saturated fluid in a porous media.

The model proposed here does not require information about nucleation, bub-
ble growth, compressibility or forces which produce relative velocity. We put up a
one-phase or mixture theory in which the dispersed gas is described by a gas frac-
tion field in a single fluid in which the viscosity, density and mobility in Darcy’s
law all depend on the gas fraction. This fluid satisfies the usual Darcy law, and
the continuity equation together with a kinetic (constitutive) equation required by
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the condensation and outgassing of methane (or other gases) in heavy crude. The
theory depends only on parameters which can be measured in aPVT cell and sand-
pack. The virtue of the model is simplicity, but it can work only for relatively
immobile dispersed gas bubbles in which divergence-free velocities are excluded
(seethe discussion following (4.4)). Certainly such atheory could not be expected
to give rise to a percolation threshold or even to a critical gas fraction. We shall
show that it can describe many features of solution gas drive of foamy oilsin the
regimes when the bubbles in the mixture are dispersed and even when they are
trapped in foam.

The assumption that bubbles move in lock step with the oil could not hold
when the diameter of a large humber of the nucleated bubbles grow larger than
atypica pore diameter. Nor would our theory work if the diameter of many of
the bubbles were so small as to produce a sensible effect on the mixture pressure.
Under the high pressure conditions of a typical reservoir one atmosphere is very
small and even a one micron bubble with atension of 30 dynes/cm would produce
acapillary pressure of 6 atmospheres. Our theory then assumes a large fraction of
small bubbles but is not restricted to small gas fractions.

It is our idea that the increased recovery and production are generated by the
pumping of nucleating and growing gas bubbles embodied in (1.1). However re-
covery factors and production rates are not the same and we might test some ideas:
if two foamy oils have the same viscosity, the one with higher solubility having
more gas to release will have higher primary recovery and production rate; if two
foamy oils have the same sol ubility, the one with lower viscosity will have a higher
rate of production because the mixture is more mobile, but a lower primary re-
covery because the percolation threshold is lower. If the oil foamsin situ, oil and
gas move in lock step and the primary recovery factor increases while due to the
increased viscosity of foam the rate of production could decrease.

2 Equation of statefor dispersed gas

Solubility isotherms are an eguation of state for foamy oil in which al of the gas
not in solution is dispersed in small bubbles. Free connected gas is not allowed.
When the pressure is dropped, the mass of dissolved gas released goes entirely into
dispersed gas bubbles. We have obtained solubility isotherms from measurement
in PVT cells and applied the results to characterize the outgassing and absorbing
of gassesin foamy oil in porous media. We have adopted the view that foamy oil
will have the same equation of state in a porous mediaas a PV T cell; the thermo-
dynamics of the fluid are independent of the wall of the containing solid provided
that these walls are not so closely spaced as to effect the thermodynamic properties



of the bulk fluid.

In the experiments of Svrcek & Mehrotra [1982] the pressure is dropped from
p and T to prg and Trr Where in the experiments p ¢ IS atmospheric and Tyef =
373.2°K. It is assumed that all the gas in the live ail at p, T' comes out. Defining
Now:

Vy(p, T') isthe volume of dispersed gas,

Vi(p, T') isthe volume of live ail,

V*(p, T isthe volume of dispersed gas which evolves from the
condensed gas when p, T are dropped t0 p ref, Tres-

In thismodel we avoid all constitutive equations regarding nucleation rates and
bubble growth. In our model we have only a mixture of liquid and dispersed gas,
and the dispersed gas enters only through the volume fraction

Vs
= —=— 21
¢ Vi+Vy (21)
Equation (2.1) may be solved for
_ W
Vg = T (2.2

Svrcek and Mehrotra[1982] give volumetric solubility curves (COo and meth-
ane, figures 8 and 12, pages 34 and 36). Their results show that

V =V*"/Vi(p,T) (2.3)

isalinear function of pressure, with alarger slope at lower temperatures. We can
assume that this tells you how much dispersed gas can come out of a solution of
dissolved gas in oil which is at a saturation value at any pressure and tempera-
ture. We are going to assume that this V determines the dispersed gas fraction ¢
following an argument put forward in what isto follow.

The data of Svrcek and Mehrotra[1982] show that

A~

p—pret =(T)V (2.4)

where§ = dp/ dV isthe slope of the solubility isotherms shown in figures 8 and
12. This dope is approximately constant. Here we have chosen p (¢ as a small
pressure at which a negligible amount of gas is dissolved in the oil. For practical
purposes this could be standard (atmospheric) pressure. In the present approach
we have no way to predict the size distribution of gas bubbles. This means that we
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are free to choose the size and distribution to measure V and the most convenient
choice is when all the released gas is collected at the top of a PVT such asin the
experiment of Svrcek & Mehrotra.

We first suppose that al the gas which comes out of a solution is dispersed
and does not percolate or foam. We must suppose that the nucleation, growth and
compressibility of gas bubbles are working, but these microstructural features are
not monitored in these experiments which give only the solubility V. Thisisaso
what we do in the mathematical model.

To convert (2.4) into arelation between p and ¢ at equilibrium we note that the
total mass M of gasinthelive ail isinvariant, independent of p and T" and

where

My(p, T) isthe mass of dispersed gas.
M.(p, T) isthe mass of condensed gas.

Since the mass of condensed gas does not change when it is vaporized and assum-
ing that this vapor is a perfect gas, we have

M. = pretV" | RT et (2.6)
where R isthe gas constant. From the same gas law
My =pVy/RT. (2.7

Hence, from (2.5), (2.6) and (2.7) we have

=PV, PtV (2.8)
and, using (2.3) and (2.4)
M:p_VgJr Pret (P~ Pref\ |, 2.9)
RT ' RTyg B b '

We next introduce the bubble point pressure p as the pressure at which thereis
no dispersed gas, all the gas is dissolved in the live oil sothat vV, = 0;7 & 7

when V, = 0 and from (2.4)

b — pret = A(T)V (2.10)



where

Ve, T)=V"®T)/Vi(p,T). (2.11)

Since M isinvariant, we may evaluate (2.8) at the bubble point

Dref . ~
M = Vilp, TV (p,T). 2.12
RTref l(p7 ) (p7 ) ( )

Using (2.10) to eliminate V in (2.12) and equating (2.12) and (2.9) we get
T — p — .
e Py, (I’Vﬂ) Vi(p,T) = (pvﬂ) VB T). (213

In most depressurization experiments the change of liquid volume due to out-
gassing and compressibility is smal and V (p,T) ~ Vi(p,T). In this case the
termsproportional to p ¢ in (2.13) subtract out and after replacing V,, with ¢V, /(1—
¢) we get

_pr—p 2.14
B % . (2.14)
where
T
= %"fl (2.15)
Dref

is completely determined by the solubility isotherm. Since the variation of T is
small on an absolute scale, the values T'/T ¢ arejust slightly larger than one.

The variable V is called gas-ail ratio and V is the gas-oil ratio at saturation
pressure. From (2.10):

. pP—p
(1) = 220 (2.16)
\%
Substituting this value of 4 in (2.15)

T N —
g=IdP " Dref (2.17)

T DretV

In most practical situationsp > p ¢ SO that from (2.17)

g Tt P (2.18)

T pgV’

It is also customary in the oil industry to characterize live oil by its saturation
pressure p and itsgas-oil ratio V' at saturation pressure. By virtue of (2.18) one can
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calculate the solubility parameter 5. Note that in most experiments p (¢ IS chosen
as atmospheric pressure and Ty as60°F = 15.6°C.

Vauesfor ;3 for two Canadian heavy oils, LIoydminster and Lindbergh (Maini
& Sarma, 1994) and for a Venezuelan heavy oil, Cerro Negro, are given in table
2.1. Graphs of the isotherm (2.14) for various values of 8 are shown in figure 2.1.

It can be noted that the solubility value for heavy crude oils from very different
regions are very close, which indicated that they contain similar amounts of dis-
solved gases at the same pressures. The ail industry calls oil with dissolved gas
"live oil.”

When ¢ and p satisfying (2.14) vary from point to point

—Bp®
VP Sa-op
According to Darcy’slaw, u = —A\Vp where A is the mobility of the foamy mix-
ture in the porous media; hence the fluid flows up the bubble gradient toward re-
gionsin which there are more bubbles where the pressure is smaller.
Departures from the equilibrium solubility relation (2.14) are indicated as su-
persaturation or subsaturation. Defining the function

V. (2.19)

f(p,8) < 5—p—Bpe/(1—¢), (2.20)

supersaturation (f > 0) corresponds to having more gas dissolved than there
should be under thermodynamic equilibrium; subsaturation (f < 0) correspondsto
having less gas dissolved than there should be under equilibrium. Supersaturation
occurs when the pressure in the reservoir is drawn down, but the oil cannot evolve
gas fast enough to keep up with the depressurization. Subsaturation, on the other
hand, occurs when there is not enough gas available to dissolve in order to sat-
isfy thermodynamic equilibrium at prevailing reservoir pressure and temperature.
The function f in our theory is thus an indicator for departure from equilibrium
solubility.

Qil B T(°K)
Lloydminster 3.40 293
Lindbergh 3.17 293
CearoNegro 353 327

Table 2.1: Solubility coefficients for some heavy ails.
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Figure 2.1: Graphs of the solubility isotherm (2.14) for various values of 3. The
limits of validity of the dispersed gas model can be roughly set at a close packing
value, say ¢. = 0.68. When ¢ > ¢. some bubbles must touch and form foam film
or to coalesce. Thisimpliesthat results for drawdown greater than those for which
¢ = 0.68 must take into account foaming and fingering of free gas.

The equilibrium isotherm f = 0 alows for dispersed gas fraction ¢ from zero
to one; from al liquid to superdry foam. Our theory makes no distinction between
bubbly mixtures, wet or dry foams.

Consider a drawdown to atmospheric pressure p, = 10%dynes/cm? from a
saturation pressure p = 4.83 x 107dynes/cm? as in the experiment of Maini &
Sarma[1994]. Using 8 = 3.4 for LIoydminster (from table 2.1) and evaluating the
gasfraction of ¢ = ¢, at atmospheric pressure we find

¢o = 0.93 . (2.21)

This is too much gas to exist as a bubbly dispersion; either the bubbly mixture
passed into foam near to some critical value, say

¢ = ¢ = 0.680 (2.22)

or close packing or €l se some of the bubbles coal esced as free gas which fingers out
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of the sandpack. Probably foam and free gas both evolve at the outlet of a closed
sandpack after a sudden drawdown to atmospheric from high saturation.

We aso note that the physics of supersaturation is complicated by the fact
that bubbles cannot nucleate continuously and that the mechanism by which they
nucleate is still not well understood. A bubble which might form in crude ail by
the vaporization of dissolved gas at supersaturated conditions can be expected to
satisfy Laplace’s law

Puvapor — P = 27/R (2.23)

where v is surface tension (say 30 dynes/cm) and R is the bubble radius. Un-
der mildly supersaturated conditions p is slightly smaller than the vapor pressure
Duvapor; NENCE, R satisfying (2.23) cannot be very small. In deriving (2.14) we have
assumed the continuity of pressure across the bubble surface, ignoring the small
pressure drop implied by (2.23).

It is argued that the vaporization of dissolved gas under supercritical condi-
tions requires the simultaneous presence of undissolved gas hidden in crevices of
impurities which are wet by gas preferentially. The curvature of the gas-oil in-
terface in such a crevice is opposite to a bubble and it is controlled by capillarity
rather than interfacial tension. The supersaturated dissolved gas vaporizes at the
undissolved gas hidden in the crevice and the volume of the gas grows there until a
bubbl e breaks away restoring the nucleation siteto its original condition. Thetrain
of gas bubbles which emanate usually from a single site on a glass of beer as the
gas comes out of the solution is aconvenient example of outgassing at a nucleation
site. The pore wallsin a porous media are nucleation sites for outgassing of foamy
oil. The possibility that asphaltenesin the oil are nucleation sites for dissolved gas
isacurrent but unresolved question.

3 Liveoil and dead oil

Oil without dissolved gas is called dead oil. Oil saturated with dissolved gas is
called live oil. The dissolved gas can be considered condensed and live oil is a
mixture of miscible liquids, dead crude oil and condensed gas. The mixture of
miscibleliquidsislike glycerin and water with the caveat that the oil and dissolved
gas do not mix in al proportions; the fraction of dissolved gas at saturation is a
function of temperature and pressure. The weight fraction of dissolved gasesrange
from 0.3 to 6%. (See the tables corresponding to figures 8 and 12 in Svrcek &
Mehrotra[1982]).

The viscosity of live oil can be orders of magnitude smaller than the viscosity
of dead ail; the viscosity of live ail isastrongly decreasing function of the amount
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of dissolved gasin solution just asthe viscosity of glycerol strongly decreaseswith
the water fraction. In a pressure decline the viscosity of the live oil will increase
because less gas is dissolved and because the presence of dispersed gas should
increase the viscosity of the composite fluid.

We may seek to answer the question “what is the density of the dissolved gas
in solution.” We are not able to measure the density of the dissolved gasin oil, but
the density p of the mixture is available in data presented by Svrcek and Mehrotra
(1982, see figures 6 and 11, pages 34 and 36). Let us note that this data shows
that the density of the CO, in bitumen is a weak function of the pressure; hence
the density of the non-saturated bitumen is independent of the volume ratio ¥ of
soluble gas in bitumen. Dissolved methane has a density only dightly different
than bitumen (see their figures 8 and 12). A theory of miscible mixtures which
appliesto live ail can be found in Chapter X of Joseph & Renardy [1992].

4 Model description

In this model we avoid al constitutive equations regarding nucleation rates and
bubble growth. In our model we have only foamy oil and dispersed gas and the
dispersed gas enters only through its volume ratio ¢. The model combines Darcy’s
law, with a ¢ dependent mobility, a mass conservation law for ideal mixtures to-
gether with aconstitutive equation governing the evol ution of departuresfrom equi-
librium solubility. For flow not in equilibrium gradients and time derivatives are
crucial. The time derivatives which are used here have amaterial derivative

D 0
E—a&—i-u-v (4.1)
where « isthe porosity. The continuity equation is given by
dp D¢ o
%D—t + p(d))dIV u=0 (42)
where
p(®) = pgd + pi(1 — ¢) =~ pi(1 — ¢) (4.3

because p, < p; Where p; is the density of live oil which depends only weakly on
the volume ratio of dissolved gas. Combining (4.3) and (4.2) we find that

Dlog(1 —¢)
Dt

Equation (4.4) restricts the theory to dispersions of low mobility relative to the
suspending liquid. In any motion u(x, t) of the composite which is divergence free

+divu=0 (4.4
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div u = 0, the dispersed gas fraction does not change following the motion of the
fluid

D¢ _ 9y

Dt dt

Bubbles rising under gravity would lead to divergence free motions as would

any motion of the bubbly mixture in which dispersed bubbles do not nucleste,

diffuse or compress. Motions with non-zero divergence satisfy (1.1); the flux out

of any closed volume, over which the div u does not sum to zero, must be non zero.
Thisisthe ssimplified way that our theory accounts for nucleation and diffusion.

Turning next to Darcy’s law, we let = increase in the direction of gravity. Then

u=-MVp—pge.} =~ -A{Vp—pg(l—¢le,} (4.5)

+u-AyYy=0.

where

@) = k/u(4) (4.6)

isthemobility, 11(¢) istheviscosity of live oil with dispersed gas of volumeratio ¢
and k(¢) isthe permesbility. The viscosity u(¢) increases with ¢ for two reasons:
dispersed gas bubbles and the reduction of live ail viscosity due to outgassing of
light components.

4.1 Relative permeability

Equations (4.2), (4.5) and (4.6) are implied by the usua theory for two phase flow
through porous media based on relative permeabilities under the assumption that
the average liquid and gas velocities are equal. The demonstration of this fact
leads also to aformula(4.24) for ratio of the relative permesabilities under the same
assumption.

The composite volume average velocity is given by

u= Ul + Ug (4.7)
where
U =(1-9¢)u,U; = du, (4.8)

are superficial velocities (volume flow rate over total area) and U is the average
oil velocity and U, is the average gas velocity. The mixture density p(¢) is given
by (4.3) and the composite mass average velocity is given by

w, — [oi(1 = d)w + pg¢uy] (4.9)

p(¢)
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The equations expressing the conservation of mass of each of the two phases are

091~ ) 4V - (1~ g = 0, (4.10)
aag—‘f +V - pyduy = 0. (4.12)

When u; = u,, the average gas and liquid velocities are equal and from (4.7),
(4.8) and (4.9)

U, =u=1u =1ug4. (4.12)

After adding (4.10) and (4.11), using (4.12) we get equation (4.2).

We now introduce relative permeability and show that we may replace the
concept of relative permeability with an equivalent concept of effective viscos-
ity, which isamore familiar concept in the general theory of mixtures. Neglecting
gravity and capillarity we have

k ke k
l-puy=U=—""Vp=———_Vp, 4.13
(1-d)w ! o P T VP (4.13)

k ky k
pu,=U,=——"2Vp=———Vp (4.14)
g g Ng Ng(¢)

where k is the permeability which we will identify asthe k in (4.6), k,; and k., are
relative permeabilities, »; and 7, are molecular viscosities and

def def Mg (4.15)

l )
s ki Ho krg

are effective viscosities.

Theintroduction of effective viscositiesis nothing more than a definition; how-
ever, the definition implies that the differential flow resistance can be associated
with two fluid phases and not with the porous media. Noting now that u in (4.5) is
the composite velocity, we may write (4.5) and (4.6) neglecting gravity as

k
u=-——-—V 4.16
(@) " (419
and using (4.7) together with (4.13) and (4.14), we get
1 1 1

WD ® @) .17
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Equation (4.17) and (4.15) relate the effective viscosity of the gas-liquid mixture
to the relative permeabilities.

The consequences of our basic assumption that the dispersed gas moves with
theliquid u = u, = u; may be extracted from the above equations. We find that

1 _ 1—¢
(@~ Al (4.18)
and
19
(@)~ wl®) (4.19)

The effective gas and liquid viscosities are compl etely determined by the effec-
tive viscosity of the mixture when u = u, = u;. Moreover, the ratio of relative
permeabilitiesis

ko mpg(¢)  1—9m

krg  mgui(d) ¢ g (420
is determined by ¢ and the ratio of molecular viscosities.
When vy # u;, we may introduce
X = ui/ug (4.21)
and then
ko mpg(9) (1= @)mx 4.22)

krg  mgm(9)  ¢ng

Theratio x of local velocitiesis related to the ratio of superficial velocities by

Uip
Ug(1—9)

x isauseful and easily computed parameter for flow diagnosis. When y = 1, the
flow is homogeneous. When x = 0, the flow isall gas and the gas has percolated.

When x # 1, the homogeneous theory leading to the continuity equation (4.2)
does not apply. Instead, the conservation equations (4.10) and (4.11) for the gas
and liquid phase must be used.

Y = (4.23)
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4.2 Constitutive equations relating the dispersed gas fraction to the
pressure

We are proposing models in which the basic variables are the pressure and dis-
persed gas fraction and are such that disturbed systems which are not forced will
relax to equilibrium with pressure and temperature on the solubility isotherm
f(p,¢) = 0 given by (2.14). There are many possible ways to build models with
the above properties. The simplest conceptual model with the desired propertiesis
afirst evolution model

Df
e =
which guarantees that a disturbed stationary system will relax exponentially. The
implied assumption that both factors in the equilibrium isotherm relax at exactly
the samerate is probably overly restrictive.
The constitutive equation

D é D (p—-p\ p—p B¢
Tlﬁ<1—¢>+72a( P )_ P 1-9¢ (424

alows for separate rates of relaxation. Obviously this equation is very closely tied
to the equilibrium isotherm. To evaluate the possibility that a simple model based
on (4.24), involving only the pressure and dispersed gas fraction, can describe
solution gas drive of foamy oil, we must integrate the equations and apply the
results to experiments and field operations. In this work, we apply our model to
the experiments of Maini & Sarma [1994]. The model requires that we identify
a viscosity function n(¢) of the dispersed gas fraction and two relaxation times
7 and 7. In our first attempt at evaluation we put 7y = 0; in this case (4.24)
reduces to a Maxwell-like constitutive equation with pressure relaxation leading a
hyperbolic system of PDE’s that support wave propagation of pressure and bubble
fronts. This system could not be made to simultaneously match experiments on
steady flow, the rate of production of oil in the same steady flow, and the cumulative
production in a blowdown experiment. We get a better match when 7o = 0 with
71 # 0 and we are able to select a viscosity function n(¢) = (1 — ¢)~!! and
71 to match all the sandpack experiments, but the match of model to drawdown
experiments (figures 9.2 and 9.3) are less good. We speculate that the mismatch
is due to percolation of free gas from the sandpack due to the massive pressure
decline in blowdown that must, at best, lead to the copious formation of relatively
dry foam.

Obviously we may get a better agreement with the model by fitting two relax-
ation parameters (m; and 1) rather than one; in this case we might expect to model
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short time phenomenon associated with nucleation. We prefer to proceed in the
future by keeping fitting to a minimum and to look carefully at field data, not only
the experiment of Maini & Sarma.

In this work we confine our attention to the cases in which al the gas that
comes out of a solution is dispersed in gas bubbles. In a pressure drawdown the
gas bubbles nucleate and grow until the gas fraction ¢ isin equilibrium with the
pressure, f(p, $) = 0. We shall describe relaxation to equilibrium with afirst order
rate equation of the form (4.24) with 2 = 0, 7y = 7 written as

p D¢
(1-¢)? Dt

f(p,9). (4.25)

D/ Dt isthe usual expression (4.1) for the substantial derivativein a porous media.
It is easy to verify that (4.24) and (4.25) give rise to relaxation. If the pressure is
dropped from saturation, at which p = p and ¢ to p1, theinitial responseis given
by

TD(¢/1—¢) P—Di (4.26)

= >0
Dt Di

to that the dispersed gaswill begin to increase toward the value of ¢ on theisotherm

f(pi; ¢) = 0.
After eliminating u in (4.4) and (4.24) using (4.5), we find that

0 0 ¢ _p—p ¢
T(aa—)\Vp-V—l—)\plg(l—qb)%)1_¢— » —,61_¢7 (4.27)

1 o¢p
. 0¢ , 0

= ~div(AVp) = 20 pig - + Npig(l=9) 5. (4.28)

A mathematical theory for the system (4.27), (4.28) is not yet available. We

note that except for divAVp the system is of first order, so that we might look at

the problem as initial value problem for a second order PDE in p for which end

conditions on the pressure and initial conditions on the pressure and gas fraction

are appropriate. We will solve these equationsfor sandpack problemsin the sequel.

The system 4.24 and 4.5 may be regarded as describing the flow of arelaxing

compressible fluid through a porous media. To see this, we replace ¢ with p =
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pi1(1 — @), using 4.3. Then 4.24, 4.4 and 4.5 may be written as

0
T [aa +u-V

. (4.29)
a% +u-Vp+pdiva = 0,

pL—p . pL—p
] = p—p—Pp——

)

u = —AVp+ Agpe; .

5 Constant state solutions

5.1 Constant state solutions, drainage and stability

The constant state solution are uniform solutions p q, ¢ o, ug of (4.27), pg and ¢q
satisfying

f(po, d0) =D —po — Brodo/(1 — ¢o) =0 (5.1

and

ug = ezug, up = A($0)p1g(1 — ¢o) (5.2

The constant state solution is a drainage flow; this flow may be used to deter-
mine the mobility A(¢). Thissolution is stable to small perturbations using normal
modes (see Joseph, Kamp & Bai [2002)])

6 Sandpack experiments

Sandpack experiments are used as laboratory surrogates for the flow of oil and
gas in porous reservoirs. In figure 6.1 a cartoon of atypical sandpack experiment
copied from a paper by Sheng et al. [1996] is displayed. The pack may be loaded
with sand from reservoirs.

Sandpacks provide an excellent way to get precise data under controlled condi-
tions simulating flow in reservoirs; they are convenient for mathematical modeling
because they lend themselves to one dimensional treatments. It is useful to look at
these one-dimensional models for horizontal sandpacks in which gravity may be
neglected and for vertical flow in which gravity may be important. In both these
cases we have our governing eguation (4.28) with V = e ,0/0z. Terms propor-
tional to gravity are put to zero in horizontal sandpacks.

Different experiments can be carried out in a sandpack corresponding to differ-
ent conditions listed below.
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Figure6.1: (Sheng, Hayes, Maini & Tortike[1996].) Cartoon of a sandpack exper-
iment. Live oil can be injected at the inlet and a pressure depletion rate controller
isat the outlet. Different experiments are described by prescribed conditions at the
inlet and outlet.

Maini & Sarma[1994] reported results of experimentsin ahorizontal sandpack
like that shown in figure 6.1 where pressure at inlet and outlet are controlled. A
table of properties of the sandpack is given in table 6.2. “Prior to the start of the
flow experiments, each oil sample was cleaned of its suspended materials. The
oil was then recombined with methane gas in the recombination equipment at a
pressure of 4.83MPa” They did steady flow experiments using Lloydminster and
Lindbergh crude oil in which the inlet pressure was at saturation

p =P = 4.83MPa= 4.83 x 10" dynes/cm?

varying the ”drawdown” pressure at the outlet.

Table 6.3 gives the properties of the two "live” oils at saturation.

The pressure distribution along the core sample which was measured in steady
flow by Maini and Sarma [1994] is shown in figure 6.2 and 6.3. Six pressure
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Parameter Vaue

Length (m) 20
Cross-sectional area (m?) 16.1 x 1074
Sand size (u m) 74-105
Porosity (fraction) 0.33
Pore volume (mL) 1062
Permesbility (um?) 3.35
Confining pressure used (MPa) 14.0

Table 6.2: Properties of the porous medium.

Core Average
Qil Density (g/cc) Viscosity (Poise) ¢ at maximum S
drawdown
Lloydminster 0.968 30.07 0.138 3.40
Lindbergh 0.978 39.70 0.148 3.17

Table 6.3: Properties of "live oil” at saturation.

transducers were placed at intervals aong the pack. Each transducer measures the
pressure drop between two taps equally spaced along the pack; the pressure drop
across two taps is caled a " differential pressure.” The plots given in figures 6.2
and 6.3 are of straight line segments between pressuretaps. Maini & Sarma[1994]
aso did "blowdown” experimentsin which the inlet was closed and pressure at the
outlet suddenly dropped to 0.1 MPa (see figure 9.1).
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Figure6.2: (Maini & Sarma, 1994). Pressure distributionsin steady flows of Lind-
bergh oils at various pressure drawdowns.

5

Increasing Pressure
Drawdown

Pore Pressure (MPa)

0 I I |
0 50 100 150 200

Axial Distance from Inlet (cms)

Figure6.3: (Maini & Sarma, 1994). Pressure distributionsin steady flow of Lloyd-
minster oils at various pressure drawdowns.
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7 Dimensionlessequations, rate constant and viscosity func-
tion

We are going to choose model parameters to get a best fit to the experiments of

Maini and Sarma [1994]. To get the maximum generality from our study and to

identify the fitting parametersit is useful to express the governing equations (4.27)
and (4.28) in dimensionless form. We introduce dimensionless variables

\

X x/L,
T = t/b, s (7.1)
P = p/ﬁa
A(¢) A(@)/ 20 = n(0)/n(4)
and find that if
0 = aL?/\(0)p (7.2)
then
op 0 oP
o= o |0~ 9@ 5] 73
and
J A OP 8¢\ 1-P B¢
(1—¢)2{8_T_ (‘b)a_Xa_X}_ P 1-4¢ (74
where L isthe pack length and
J = mpA(0)/ L? (7.5

is the dimensionless relaxation parameter. The outlet isat X = 0 and the inlet at
X = 1. The system (7.3) and (7.4) is completely determined by arate constant J
and a permesbility function A(¢) or equivalent viscosity function n(¢).

We are dealing with dispersions of small gas bubbles that are spherical when
not crowded. It is usua to fit the viscosity function of equivalent dispersions of
solid spheres with

n(¢) _ (1 _ é) - (7.6)
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where A isamaximum packing fraction, ¢ < A, and m > 0 isselected from data;
m = 2 workswell.

It is altogether different for gas bubbles at large ¢ where stabilized bubbles
would change phase, first to wet and then to dry foams. To be consistent with the
solubility expression (2.14) we should seek a viscosity that increases continually
with ¢ from dilute dispersionswith ¢ ~ 0 to dry foam with ¢ ~ 1; hence A = 1
and m isto be determined. The viscosity function

()
n(¢) = a-gm

says that dry foam has an infinite resistance to flow. Of course, the foam would
break under pressure for dispersed fraction ¢ near one; the gas bubbles would col-
lapse with free gas channel s percolating through the pack. We have aone parameter
family of viscosity functions depending on the exponent m. After fitting our model
to the experimental data of Maini and Sarma[1994] we found that m = 11, which
at small ¢ gives

m >0

n(¢) =n(0)(1+11¢+---). (7.7)

The value 11 is greater than the Einstein value m = 2.5 for dilute dispersions of
solid spheres possibly because of the additional increases in the viscosity of the
liquid phase caused by the vaporization of dissolved gases; in other words, the
viscosity of mixture increases because there is less dissolved and more dispersed
gas.

It follows now that the system (7.3) and (7.4) is well characterized when the
parameter J and m

Alg) = (1 —¢)" (7.8)

are known. We have tried to fit the model predictions to the experiments with a
nearly best, but imperfect fit, when

m=11, J=5. (7.9)

In the next section we describe the experiments and compare the data with the
model prediction. Using the data given in section 6 we found that

J =1.345 x 10 %7, (7.10)
Our datafitting gives J = 5 or 7 = 3.71 x 106 sec.
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8 Steady flow in a horizontal sandpack

Foamy oil is driven from a reservoir at saturation P = 1 at X = 0 to another
reservoir at the outlet pressure pr,, Pr, = pr./p < 1. Since 0¢/0T = 0 for steady
flow, equation (7.3) implies that

—A(p)(1 — d));l—)lz_ = C = constant (8.1

Equation (8.1) saysthat the oil velocity

dP

—)\d—X(l — ) (8.2

isaconstant in steady flow, independent of X. Combining (8.1) and (7.4) we get

JC 8¢ 1-P B¢

A-gpox P  1-9¢ (63
Equations (8.1) and (8.3) are to be solved subject to the conditions that
P =1 ax-=0 8.4)
P = PL ax=1
when J =0
C(B-1¢+1dX  [(B-1)p+1]? '
and
o = 0 ax=0
6 = 4 1- Py (8.6)

1+ (B-np,  AXEL
Elimination of dP/dX in (8.1) then givesrise to the following quadrature
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¢ BA(n n)d
CX = / ];7 (8.7)
The constant C'is then determined by the outlet pressure given by (8.6). Theinte-
gral in (8.7) can be done when A(n) isgiven by (7.8).

Ingenera, when J = 0, thefirst order system (8.1) and (8.3) may be solved nu-

merically. The steady distributions of pressures along the sandpack are compared
with data from experimentsin figures 8.1-8.3.

510°
4.5 10° |
S 410° .
&
& 6
5 3510 —
N
o 106 e J=5m=11,p=34
3107 - e  Lindbergh
m Lloydminster
2.510° | | |
0 50 100 150 200
X (cm)

Figure 8.1: Comparison of theoretical and experimental pressure distributions at
drawdown pressure p; = 3MPa.
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Figure 8.2: Comparison of theoretical and experimental pressure distributions at
drawdown pressure p; = 1MPa.
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Figure 8.3: Comparison of theoretical and experimental pressure distributions at
drawdown pressure p; = 0.75MPa.
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Figure 8.4: Comparisons of oil production ratesin steady flows at various pressure
drawdowns.
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Maini and Sarma[1994] also reported the rate of oil production in steady state
as a function of the drawdown pressure. The oil production is the mass flow rate,
thevolume flow rate of oil timesthe oil density p ~ 0.97 g/cc. The superficial mix-
ture velocity u is given by Darcy’s law (4.16), Au, where A is the cross-sectional
areg, isthe volume flow rate of the mixture of gas and oil, which islarger than the
volume flow rate u(1 — ¢) of oil alone. Hence the mass flow rate of oil aloneis

° dP
pQ = —pA(1 - ¢))\(¢)ﬁ (8.9)
which according to (8.2) is a constant, independent of X. A comparison of the
measured and theoretical resultsform = 11,J = 5,5 = 3.4, A = 16.1 x 10~%m?
isgiveninfigure 8.4.

The modest discrepancy between measured and theoretical values for large
drawdowns may be due to the formation of foam. This foaming might be ex-
pected to reduce the rate of production because of flow resistance, and to increase
the primary recovery because foam effectively traps the gas; al the oil must come

out with trapped gas.

9 Blowdown experiment

We turn next to the blow down experiment of Maini and Sarma [1994] (their fig-
ure 9, our figure 9.1). They describe their experiment as follows (the emphasis
indicated is ours).

A different type of experiment was needed to estimate the total re-
covery potential of solution gas drive. This experiment started with
the sand pack at maximum "live oil” saturation. The pack was a-
lowed to blow down to atmospheric pressure through the outlet end,
and the inlet end remained closed. Figure 9 shows the recovery and
pressure-drop behavior. More than 20% of the original oil was recov-
ered in this primary depletion experiment. The value is surprisingly
high for the viscous oil system and suggests that the critical gas satu-
ration was much higher than what would be measured by an external
gasdrive experiment. Typically, the external drive experimentsin such
systems show the critical gas saturation to be lessthan 5%. Therefore,
this experiment a so suggests that amechanism is present in heavy-oil
systems to increase the critical gas saturation. We suggest that this
mechanism is the formation of an oil-continuous foam.
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We have already remarked that the solubility isotherm with 5 = 3.4 or 3.17
leads to dispersed gas fractions of the order 0.93; foaming isinevitable.

The blowdown experiment is unsteady. The experiments shown in figure 9.1
show that the pack is still producing oil after 200 hours; the terminal steady and
uniform state has not been achieved.

2 250
-
S
Q« |
51'5 200§
N S
3 8o
4 -1 150 =
: 3
A1 S
§ - 100%
<
£.0.5 S
Q -1 50

0 0

0 50 100 150 200

Time (hours)

Figure 9.1: (Maini & Sarma, 1994). Change in the pressure drop across differ-
ent core segments and cumulative oil production with time during the blowdown
experiment with the LIoydminster system.

The initial value problem corresponding to the blowdown problem is to solve
(7.3) and (7.4) subject to the initial conditions

P=1, ¢=0 for0<X <1lwhenT <0 (9.1

and boundary conditions

dP
- = aXx = 9.2
X 0 (9.2

and
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P=Py1-H(t)] aX=0 (9.3)

where H (t) is unit step function p;, = 0.1MPa, p = 4.83MPa, P, = pr/p =
0.0205. Theintegration of these equations was carried by numerical methods.

The cumulative production may be obtained astheintegral over time of therate
of production

t
po Q(t) = po / Q) dt (94)

where

Q= AXN1—¢)dP/dX (9.5)

isevaluated at X = 0, the open end of the sandpack. A comparison of the model
predition with m = 11 and J = 5 and the experiment are shown in figure 9.2.
The valuesm = 11,J = 5 were selected for a best fit for the steady pressure
distributions given in figure 8.1 through 8.3, the rate of production in steady flow
giveninfigure 8.4 and the comparison of theory and experiment in drawdown given
infigure9.2.
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Figure 9.2: Comparison of theory and drawdown of pressure in experiment for
Lloydminster oil.
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Figure 9.3: Model prediction of the evolution of the differential pressurein 6 seg-
ments for the blowdown experiment in figure 9.1. 8 = 3.4,m =11, J = 5.

The differential pressure in the 6 segments defined by pressuretabsisgivenin
figure 9.3. The theory greatly overpredicts the drop in pressure in drawdown.

The blowdown experiment produces large amounts of gas because the pressure
drop is very severe. The appearace of foam was observed, consistent with rapid
outgassing. Blowdown also favors the formation of connected gas, due to bubble
rupture, which percolates out of the sandpack without a trace reducing both the
pressure and the emulative production. These effects of free gas are not allowed in
our model and may account for the discrepancies between theory and experiment
exhibited in figures 9.2 and 9.3.

10 Discussion and Conclusion

The theory which we have developed could be called a continuum mixture theory
for foamy oils flow with dispersed gas of low mobility relative to the liquid which
leads to three coupled nonlinear partia differential equations for u, p and the gas
fraction ¢, five scalar equations in five unknowns.



We derived an equation of state (called an equilibrium isotherm) for foamy ail.
This equation gives the volume fraction of dispersed gas at agiven temperature and
pressure at equilibrium for the situation in which the gas that comes from releasing
disolved gas remains dispersed. This equation depends on only one material co-
efficient, a function of the temperature which can be obtained from measurement
inaPVT cel. Such measurements were made and yielded only modestly differ-
ent values of the coefficient for two Canadian and one Venezuelan crude oils. The
empirically based equation of state avoids constitutive hypotheses about nucleation
and bubble growth, which are implicit in the measured equilibrium values of the
volume fraction of dispersed gas. The derivation and application of equilibrium
isotherms is one of the principal contributions of this paper.

Another contribution is the development of a flow description for foamy oail
whose center pieces are a continuity eguation for the bubbly mixture, Darcy’s law
and a relaxation equation for the equilibrium isotherm. The relaxation equation
depends on a to-be-determined rate constant which allows for delay in the growth
of the gas fraction ¢ to a change of pressure expressing the idea that it takes time
for bubbles to nucleate and grow. It is possible that the pressure also relaxes, but
the modeling of pressure relaxation would introduce another rate constant and is
left for future work.

The mobility function A(¢) which appears in Darcy’s law must also be mod-
eled. The mobility function for our model is the measured permeability of the
porous media over the to-be-determined effective viscosity of the mixture.

The modeling of the viscosity of the mixture as afunction of the dispersed gas
is very difficult and we have no guidelines from the literature. Our model, which
depends only on the dispersed gas fraction, makes no formal distinction between
bubbly mixture and the foam that arises inevitably under the kind of severe de-
pressurization seen in the Maini-Sarma blowdown experiments. The range of the
dispersed gas fraction is from ¢ = 0, in which the ail is saturated with dissolved
gases, to ¢ = 1 which can be interpreted as a super-dry foam. The viscosity of
the foam ought to be much greater than the bubbly mixture but less great than con-
centrated dispersions of solidsthat can’'t move at all when they are closely packed.
An additional complication in the modeling of the viscosity is that the viscosity
of the liquid increases rather sharply when gas is released; its like lowering the
fraction of water in a glycerin and water mixture. So the viscosity of the mixture
increases both because of the presence of more bubbles and because the continuous
liquid-phase viscosity aso increases.

We related our flow description to the conventional description of two-phase
flow in porous media using the concept of relative permeability. We write down
al the usual equations with the caveat that the mobility function for each phaseis
expressed in terms of an effective viscosity rather than a relative permeability; for

35



the gas we have

_ kg _ K
B Mg _Ng(¢)

Ag(9) (10.1)

where k is permeability, &, is relative permeability, 7, is gas viscosity, and 114(¢)
is effective gas viscosity. Of course, we have done nothing but change the names
of symboals, but our concept is closer to mixture theory in which we describe flow
properties of fluid phases in a porous media of fixed properties independent of the
fluid and flow. Moreover, our effective viscosities can be directly related to the
measured values of the mixture viscosity

1 1\t
ul#) = (ug(qs) - ul(qb)) (102)

where 1;(¢) isthe effective viscosity of the liquid phase.

Our mixture theory arises as arigorous consegquence of the conventional theory
under the assumption that the average velocities of dispersed gas and liquid are
identical and in this case we get explicit

(o)

pg(¢) = e (10.3)
() = (1“ (_¢3b) (10.4)

relating effective viscosity of the phases to the effective viscosity of the mixture.
In addition we find that

kn _1—¢m (10.5)

kTg ¢ Mg
relating the ratio of relative permeabilitiesto the ratio of molecular viscosities.
We applied our theory to the sandpack experiments of Maini & Sarma [1994],

backing out the rate constant and mixture viscosity function to fit data. The viscos-
ity function was selected in the frequently used form

w(9) = u(0) / (1 - %)m (106)
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where ¢,, is the maximum packing fraction. ¢,, is a perfectly clear concept for
solid spheres and might be considered for bubbly mixtures. But if our bubbly
mixtures foam we can get dispersed gas al the way to ¢ = 1, hence ¢,,, = 1.
Our equilibrium isotherm aso allows for a full range of dispersed gas fractions
0 < ¢ < 1 uptodry foams. We then look for a single continuous expression
for u(¢) in the form (10.6) with ¢, = 1. We think that dry foams are rigid
unlessriding on aliquid layer, which is not easily formed in a porous media; hence
u(p) - coas¢p — 1.

In the dilute limit

(p) = p(0)(1+map). (10.7)

In foamy oil m should be larger than the Einstein value 2.5 because of the added
viscosity increase of the continuous oil phase due to the release of dissolved gas.

We backed out a viscosity function by fitting, finding m = 11 together with a
relaxation time corresponding to adimensionlesstime J = 5. With thesevalueswe
achieved some good agreements between the sandpack model prediction and data
for steady flow but with larger discrepancies in blowdown experiments in which
dispersed gas probably percolated into free gas.

We think that this comparison of model and experiment establishes adirection
for model building using the average velocity of phases, the pressure and volume
fraction of dispersed gas as primitive variables. It is possible for the dispersed gas
to move relative to the oil without forming connected gas through coal escence and
percolation. To describe such a condition we would need to consider momentum
and mass balances of the two phases, but the description could be formed with same
set of primitive variables, replacing constitutive equations for nucleation, bubble
growth and possibly some coalescence, with relaxation of equilibrium isotherms
from PVT data

Our model has limitations; it only applies for small bubbles, but not too small
either. Since monitoring of bubble size in porous medium is hard to do, or even
presently impossible, there is no way of knowing whether the assumptions that
we made are valid. The results seem to indicate that they might be. Models, like
the one proposed here, should be tested against more data particul arly against data
from producing fields. For production the conditions for the breakdown of models
that work when all the gas is dispersed due to the formation of connected gas is
even more important than the models themsel ves.
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