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MODELING THE SOLUTION GAS DRIVE PROCESS
IN HEAVY OILS

Primary heavy oil recovery relies on the Solution Gas Drive mechanism, which has been the
object of many recent research efforts. Current models are unreliable, and it is likely that they do
not represent important physical effects. Here, we introduce a Darcy scale model in which the rela-
tive permeability of the gas phase is replaced by a new expression for the gas phase velocity based
on the relative strength of viscous, gravity and capillary effects.

[lepBoHayanbHas MOOBIYA TSDKENBIX HE(TeH OCHOBBIBACTCS HAa MEXaHU3ME BBITCCHCHUS HX
PACTBOPEHHBIM Ta30M, KOTOPBIA B MOCIEIHEE BpEeMs CTal OOBEKTOM MHOTOUMCIICHHBIX HaYYHBIX
uccienopanuid. CyIIeCTBYIONIME Ha HACTOSIIUN MOMEHT MOJICITH HE HAJCKHBI U, BIIOJHE BEPOST-
HO, HE OTPaXKaroT BKHBIX (pH3MUeCKUX (PCHOMEHOB. B pabote mpemaraercs MacmTabHast MOJICIb
Japcu, B KOTOpol OTHOCHTEIbHAS (ha30Basi MPOHUIIAEMOCTb T'a30BOM (ha3bl 3aMEHEHA HOBBIM BbI-
pakKeHUEM JUTsI CKOPOCTH Ta30BOM (Da3bl, yIMTHIBAIOIINAM BJIMSHUE BA3KOCTH, IDIOTHOCTH M KaITHJI-

JspHOTO 3 deKTa.

Introduction.

Cold production involved in primary oil
recovery is deemed the most economical pro-
duction mechanism. Yet it needs a pressure
support which can be provided, for example, by
a strong aquifer, by a gas cap or by an over
pressurized reservoir. This pressure support can
also be provided by the gas in solution in oil,
forming a dispersed phase as the pressure drops
below the bubble point pressure. The bubbles
expanding during depletion will «push» the oil
out of the reservoir. This is called a Solution
Gas Drive (SGD) process.

The SGD mechanism is often modeled
by laboratory depletion experiments. In such
experiments, long sample of rock is initially
saturated with live oil, a high pressure mix-
ture of lighter and heavier species. By slowly
decreasing the pressure at one end of the
core, oil and gas are produced in variable
proportions. Usually, the pressure decreases
at a set rate over the duration of the experi-
ment. When experiments are modeled by

commercial simulators, several difficulties
arise. The main one is that relative perme-
abilities have to be adjusted as a function of
the rate of decrease of the pressure or deple-
tion rate. In other words, relative permeabili-
ties matched for one depletion rate do not
match the results for the other depletion rate.
This is a classical difficulty in heavy oil
modeling.

In order to address these difficulties, we
introduce in this paper a model with new physi-
cal effects related to capillarity and viscosity. In
a few words, the new model assumes the exis-
tence of relatively large gas bubbles and relates
their ability to move to the relative strength of
viscous and gravity effects and of the capillary
effects. The motivation for the use of this num-
ber is that gas bubbles in the porous medium
grow until they become larger than pore
throats. They are then considerably slowed
down or even blocked by capillary effects.
Only when the viscous forces on the bubble are
large enough does the bubble move.
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The model.

Thermodynamics and mass conserva-
tion. Thermodynamic equilibrium between
the dissolved gas phase (made of light species
only) and the liquid phase is obtained when
the mass fraction of light species dissolved in
the liquid is x = x.,, where the equilibrium
mass fraction x., is related to the pressure P
by Henry’s law x., = KP, where K is a con-
stant. More sophisticated thermodynamic
models K may depend itself on temperature
and pressure.

We use a simple perfect gas equation
p, =C,P, where C,=M,/RT to relate the gas

density to the pressure. The liquid is incom-
pressible. Initial conditions for the model are
usually a high initial pressure P;,;, and a cer-
tain initial dissolved mass x;,. The pressure
at which the mixture is predicted to start
boiling is the bubble point pressure, given
by Prussie = Kxini. It is also customary to define
a standard pressure Py, = | bar, and a standard
gas density at the standard pressure [lg yq.
The Ratio of saturation is then defined as
Ry = Upin/! g wa. Three mass conservation
equations may be written

00, (P, S)+0.(up,) = R(x-x,), (1)

00, (p,(1-8)x)+0,(u,px) =—R(x—x,,), (2)

¢0,[p, (1= S)(A=x)]+0.[u;p,(1-x)]=0. (3)

In these equations, S is the fraction of
the pore volume filled with the gas phase.
The term R(x —x.,) represents mass trans-
ferred from the liquid to the gas phase. It is
proportional to the supersaturation (x —x,),
and the factor R depends on the speed of
growth of bubbles by diffusion. For an iso-
lated bubble R = (4811"""' [, DN*?§"3(1 - 8),
N is the number of bubbles per unit volume,
D is the diffusion coefficient for the light
species in the liquid.

Liquid and gas mobility models. The ve-
locities are given in usual reservoir scale mod-
els by Darcy’s law. For the liquid this law takes
the form

— _ kkrl (S)

u =

(0.P+p,g)-
By (x)

In this equation, k is the rock permeabil-
ity, k,; the relative permeability and p; (x) the
liquid viscosity which depends on the mass
fraction of dissolved gas. In classical models
the relative permeability is derived from the
match of the experimental data. However in
what follows we shall attempts to represent
the experiments using the straight line per-
meability, k; =1 - S.

For the gas we introduce a new model of
motion. We consider that bubbles smaller
than the pore throats have negligible motion:
either they are attached to the solid matrix or
they are so small and sparse that their contri-
bution to the gas flux is negligible. Bubbles
larger than the pores are slowed down by cap-
illary effects. We consider that these bubbles
are predominantly blocked until they become
large enough to start moving as discussed by
Valavanides et al. (1998). The balance be-
tween capillary forces and viscous forces may
be viewed as follows. Consider a bubble or
«ganglion» of size r, larger than the typical
pore size. The pressure that opposes bubble
motion is the capillary pressure 2[17,o.. The
force that drives the bubble is the pressure
gradient in the liquid and the force of gravity
in the gas. The pressure gradient force is lar-
ger than the capillary force when

VP-p,g|>K

()
mobility
rP

The two forces may be compared through
a number Ny (force number) and the bubbles are
entrained by liquid motion when » >> r, while
when r << r. the bubbles are blocked:

B

Kradius crit rp
y =——— and NF
N c

F
We model the gas velocity by

kS
u,=-K —(0,P+ .
g v bubble MI(X)( z pgg)
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When the bubbles are entrained by the
liquid, their velocity may actually be larger
than the velocity of the surrounding liquid,
thus the coefficient K,y As ganglia be-
come even larger, they eventually merge to
form a connected gas phase. In a connected
gas phase, the gas is much more mobile as its
motion is not impeded by the liquid. This
connected gas phase occurs when the gas
saturation is above a percolation threshold S.

)

m
(]

@
=
=
=
b= =

O @)
Bubbles

trapped by
capillary forces

Large moving
ganglia

r >
Fces << F >

that depends on the rock characteristics. The
gas velocity then takes the classical form

kS
u, =——(0,P+p,g).
L

Again we simplify the model by assuming
a straight line relative permeability, k,, = S. The
model may be summarized by the schematic
view on fig.1.

Connected gas

Dispersed gas phase
S < S,ercoation

phase
- B - A—

Fig.1. Schematic view of the bubble mobility model

Finally, we consider a smooth transition
between the various regimes, using sigmoid
functions for the transitions. We need the
smooth transition because all the bubbles do
not become mobile simultaneously: instead,
statistical effects make a fraction of the bub-
ble move at any time. The resulting gas ve-
locity is

kS B
ug B __{K"bubble —gf(l/’,l”c )(D(S’Sc) +

g !
+i-ocs,5)]He.P+p,g)

where [] is a smooth function that varies be-
tween 0 and 1 around the percolation threshold
and the function f'is given by
2
r
frn)= =

+r

c

Ganglia coalescence model. In order to
model the growth of the ganglia size, we de-
velop a model of bubble coalescence through
an evolution equation for the number of bub-
bles. The number of bubbles in a Representa-
tive Elementary Volume of the porous me-
dium located at z, at time ¢ is N(z, ) and
obeys the equation

O,N+0_u,N)=-4SN /1.,

where ¢, is a characteristic coalescence time

given by,
3
wr, (7
tc = Kcoalesc £ [_\} .
(e} I”p

More details on the model can be found
in Zaleski et al. (2005) and Chraibi et al.
(2006).
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Fig.2. Predicted and measured oil and gas productions for the 8 bar/day experiment (@)
and the 0,8 bar/day experiment (b) with the following tuning parameters K, p,pp. = 15,
Kmd[us crit = 0717 Kcoalesc = 0705 and Sc = 074

Results.

The model is computed using the IMPES
method (IMplicit Pressure Explicit Satura-
tion). Parameters are given in Table 1 at the
end of the paper and follow those of the
8 bars per day and 0,8 bars per day experi-
ments of Bayon, Cordelier and Nectoux
(2002). Some of the physical parameters are
measured independently, while others are un-

known, such as the initial bubble radius and
the initial number of bubbles. Finally four
parameterS: Kvbubble, Kcoalesc, Kradius crit and Sc
are purely model parameters. Fig.2 shows the
results on the productions. Good agreement is
obtained for both experiments even if the fast
depletion results could be improved. Work is
in progress to improve the model to better
reproduce both depletion rates.

39

Cankm-Ilemepbype. 2008



Experimental parameters:

Length of core 4, m 0,9
Mean porosity 0,172
Mean permeability, mD 630
Oil viscosity at bubble point, cp 308
Dead oil viscosity at final pressure, cp 2130
Saturation pressure Py, pp., bar 52
Ry = Xii Ui/ g s> Stdm?/Stdm’ 15,5
0Oil density, g/em® 0,984
Diffusion coefficient D, m*/s 1,210
Number of bubbles N, 1/mm® 20
Initial bubble radius r;;, microns 0,01
Surface tension, kg/s 2 0,028
Approximate depletion rate, bars/day 8/0,8

Conclusion and discussion.

We have presented a new model for lig-
uid-gas two-phase flow in porous media that
takes into account the dynamics of bubble gan-
glia. The model is markedly different from the
classical models as it does not rely on arbitrary

fitting functions such as relative permeability
curves. The parameters are independent of de-
pletion rates. However the agreement with ex-
perimental results is still tentative. Progress is
reported towards the goal of predicting oil and
gas productions for the same set of parameters
independently of the depletion rate.

REFERENCES

1. Valavanides M.S., Constantinides G.N., Payatakes
A.C. Mechanistic Model of Steady-State Two-Phase Flow in
Porous Media Based on Ganglion Dynamics, Transport in
Porous Media. 1998. Vol.30. P.267-299.

2. Zaleski S., Franco F., Chraibi M. and Tardy P.
Analysis of a macroscopic nucleation model for simulation
of the solution gas drive in heavy oils, paper SPE 97798;
ITOHOS 05, Calgary, AB, 2005.

3. Chraibi M., Franco F. and Zaleski S. A new model
for the solution gas drive, paper 1225, ECMOR X, Amster-
dam, Sept. 4-8 2006.

4. Bayon Y.M., Cordelier Ph.R. and Nectoux A. A New
Methodology To Match Heavy-Oil Long-Core Primary De-
pletion Experiments; paper SPE 75133; prepared for presen-
tation at the SPE/DOE Thirteenth Symposium on Improved
Oil Recovery held in Tulsa, Oklahoma, 13-17 April 2002.

ISSN 0135-3500. 3anucku I'opnozo uncmumyma. T.174



