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Calibrating and interpreting implicit-texture models of foam ow through porous
media of different permeabilities

0. Gassaa F. Douarch& , B. Braconnie?, B. Bourbiau®
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b|FP Energies nouvelles, Mechatronics and Numerics Division, France

Abstract

This paper proposes a robust methodology to calibrate steady-state models of foam ow through porous reservoirs
from foam displacements on core samples. The underlying approach is an equivalence between foam mobility and
foam lamellas density (or texture) at local-equilibrium. This calibration methodology is applied to foam displacements
at different qualities and velocities on a series of sandstones. Its advantage lies in a deterministic transcription of ow
measurements into texture data, by comparison with commonly-applied least-square- t methods that may yield non
unique solutions.

Scaling trends of foam parameters with porous medium permeability are then identi ed and discussed with the help
of theoretical representations of foam ow in a con ned medium. Although they remain to be further con rmed from
other well-documented experimental data sets, these scaling laws can increase the reliability of reservoir simulators
for the assessment of foam-based improved recovery processes in heterogeneous reservoirs.

Keywords: Enhanced Oil Recovery, Foam Modelling, Multiphase Flow, Capillary Pressure, Porous Media
Permeability, Reservoir Simulation

1. Introduction Foam reduces dramatically gas mobility compared to

gas owing as a continuous phase, whereas the mobil-

Since the sixties, foam-drive processes have beenlly Of liquid phase is presumed to remain unchanged

considered as a promising enhanced oil recovery (EOR)[8: 9, 10]. This reduced gas mobility can be seen as
technique [1, 2, 3, 4, 5]. Indeed, the injection of foam &N increased effective gas viscosity, a decreased gas rel-

instead of gas alleviates gravity override and detrimen- ative permeability, or also as a combination of the two
tal effects of heterogeneities and viscous instabilities on €ffécts [11, 12,13, 14]. Rheological properties of foam
displacement ef ciency. are complicated since they depend on several parame-

Foam in porous media is de ned as a dispersion of ters such as foam texturg, which is the result of ;everal
pore-level scale mechanisms of lamellas generation and

as in liquid carrying surfactants, such that at least a ; I .
J d ying destruction, gas and liquid velocities (foam behaves as a

fraction of the gas phase is discontinuous and the lig- H hinni i di bili d
uid phase is continuous and connected through WettingS ear-thinning uid in porous media), permeability an

Ims and lamellas separating gas bubbles. Surfactants POrOSity of the porous medium, surfactant formulation
in foam context are used to stabilize the thin liquid and concentration. Coarsely-textured foams are charac-

lamellas and promote the foaming ability of the mixture. t€f2€d E%a small.numbher of Iam.(cejllas anddare referred to
Foam is usually characterized by its texture, de ned as as weak foams since they provide a moderate gas mo-
the number of foam bubbles or lamellas per unit vol- bility reduction, whereas ne_ly-textured foams, called

ume of gas, and also its qualifiy which is the ratio strong foams, are characterized by a large number of

between the volumetric ux of foamed-gas and the total lamellas and reduce gas mobility remarkably. The tran-
volumetric ux of gas and liquid sition from weak foam to strong foam state is called

foam generation which is usually thought to be gov-
erned by pressure gradient (or equivalently total veloc-
Corresponding author ity) [15, 16, 17, 18]. ) )
Email addressfrederic.douarche@ifpen.fr  (F. Douarche) The strong foam resulting from that generation pro-
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Figure 1: (a) Contours of iso-steady-state pressure gradient as a function of gas and liquid velocities: vertical and horizontal contours represent
the high- and low-quality regimes, respectively (adapted from [6]); (b) Apparent foam viscosity for a single scan of foam quality at constant total
velocity (adapted from [7]).

cess exhibits two different regimes: the low-quality stable. By conducting foam ow experiments in bead-
regime, at which the steady-state pressure gradient ispacks, Khatib et al [20] found that the transition be-
almost independent of water ow rate, and the high- tween these two regimes corresponds to a maximum or
quality regime at which the pressure gradient is nearly critical gas-liquid capillary pressure, denoted above
independent of gas velocity. These two regimes were which foam collapses. Since capillary pressure is re-

rst highlighted by Osterloh and Jante [19] and later
on by Alvarez et al [6] who represented the iso-value

lated to water saturation, there is a limiting water satura-
tion S, corresponding t®; . It has been shown that the

contours of the steady-state pressure gradient of strongmagnitude of,, or equivalentlyS,,, varies with surfac-

foam as a function of gas and liquid volumetric uxes as
shown in Fig. 1(a). As any straight line drawn from the
origin in this diagram represents a xed foam quality,
one can distinguish a speci c value, called the optimal
foam quality fy, that divides the domain into two parts

tant concentration, electrolyte concentration, gas ow
rate and permeability [20]. The dependencePpfto

the permeability is not yet clearly elucidated. Nonethe-
less, predicting the evolution of foam apparent viscosity
with the permeability of the porous medium is of pri-

and provides the maximum pressure gradient that can bemary importance in evaluating foam process at the scale

obtained for any given value of the total velocity. One
can also clearly identify these two regimes from the evo-
lution of the apparent foam viscosity with foam qual-

ity at constant total velocity, as reported in Fig. 1(in.

is directly inferred from the pressure gradié® by ap-
plication of Darcy's law to foam considered as a single
homogenous phase, thatig= kjNPj=u, wherek is the
permeability of the porous medium andhe total ve-
locity. In the low-quality regimemry (or NP) increases
with foam quality fg until the optimal foam qualityf

for which the maximum value of the apparent foam vis-
cosity is reached. For foam qualities higher thign
lamellas rupture occurs antk (or NP) decreases, as
reported in Fig. 1(b).

The two strong-foam regimes are dominated by dif-
ferent mechanisms: the low-quality regime is charac-
terized by the mobilization of foam bubbles in propor-
tion to foam quality (bubble size is nearly xed), and
the high-quality regime is characterized by lamellas co-
alescence as the liquid Ims in this regime become un-

2

of a reservoir with permeability heterogenities.

The objective of this work is two-fold. Firstly,
a novel methodology based on lamellas population-
balance (PB) model [21] is applied to calibrate an
implicit-texture (IT) foam model from the apparent vis-
cosity data measured on a natural porous medium with
different foam qualities and ow velocities. Then, the
parameters of the IT model calibrated for three cores of
different permeabilities are analyzed in order to eluci-
date their scaling laws with respect to the permeability
of the porous medium.

2. Foam modelling in porous media

We consider a model for a two-phase ow in a porous
medium in the presence of foam. We distinguish two
phases: an aqueous phasand a gas phage This ow
is modi ed by the presence of foam. Modelling foam
requires the presence of a surfactant, which is trans-
ported by the water phase, and which is described by



an additional mass balance equation. The surfactant istion and reads:

either mobile or adsorbed on the rock. ‘
It has been shown that the transport of liquid is not u; = K g;‘(Npg rqg) with | gf = kL?
affected by the presence of foam [22, 23, 10]. On the ny

opposite, the gas velocity is signi cantly reduced by the ‘o - ]

presence of foam. Thus, to describe the water and gasWherel g is the gas mobility when foam is presekl,
phases, we consider a black-oil model [24, 25] where andmj the relative permeability and the viscosity of the
the gas phase involves a modi ed velocity which will foamed-gas, respectively.

be denoteahé. The mass conservation equations read: Let us consider now the case of a one-dimensional,
g horizontal and incompressible two-phase ow of gas
> T(FruSu)+ N (Fwlw) = G and water. System given by Eqs 1 and 2 becomes:
S S N S\ — S u . .

> ﬂt(FrwSNth(l Ff)rrCr)+ N (rwunwGy) = Gy, T(S)+ = h(f)= 0 with fg=]g+ygTh(S)

Tt(FrgSy)+ N (rgug) = qg ©)

(1) where

whereF is the rock porosity. For each phase denoted | K 1o dp
i 2f w;gg, S is the saturatior,; the mass density argi jg= 9 and yg= - gw ~'c (4)
the source/sink term per unit volume of porous medium. g+ Tw ulg+lwdS

s : A .
C; stands for the owing surfactant mass fraction in andP.= P, R, denotes the gas-water capillary pres-
the water phase ar@f for the adsorbed surfactantmass  gyre. Whenever the capillary pressure derivative is

fraction on the rock witlr; the rock mass density. MO~ gmg|| and/or the total velocity is high, the capillary
bile and adsorbed surfactant mass fractions are relatedpressure terny 4 is negligible and the fractional ow of

with an adsorption law such as the Langmuir isotherm gas reads:
[26, 27].
Under laminar ow conditions, the pure phase veloci-
ties in permeable porous media are governed by the gen-
eralized Darcy law:

= 5
PrPRETT ®)

fg=

When foam develops, Eqs 3 and 5 read:
Kki

= N ) u
uj m (NP rig) @) T (S)+ = T fg =0
. y . o g 1 (6)
wherek is the rock permeabilitym the pure phase vis- with  fg = — = :
cosity, B the pressure of the phasandg the gravity. lg+lw 1+ %%ﬂ
9

ki is the relative permeability for the pure phasée.
without lamellas. We suppose the relative permeabil-  Eq. 6 is completed by a foam model that relates gas
ities and capillary pressure functions are known, with permeability and/or viscosity to some foam and ow pa-
given saturation end points. In our speci c context of rameters that are relevant for the model formulation. In
foam modelling, we will only consider the gas and water the next section, we focus on a implicit-texture foam
phases, thu§; 2 [Syc;1  Swr] whereSycis the connate  model.
gas saturation an§, the residual water saturation. In order to simplify the notations in the following,
In order to simplify the notations in the following, we  the gas or foamed-gas fractional ow function will be
introduce the phase mobility, = ki=m and the inter-  denotedf.
stitial velocityv; = ui=(F §) (see [28] for more details).
We also introduce the phase fractional dn= ju;j=juj
where the total velocity = & pygq Ui is the sum of the
phases velocities. Since a gas viscosity increase is equivalent to a
As mentioned earlier, the gas velocity is signi- decrease in the gas relative permeability term, most
cantly reduced when foam develops. Hence, in the implicit-texture (IT) models include all foam effects,
presence of foam, the liquid velocity reads, = for the sake of simplicity, in the gas relative permeabil-
kKl w(NRy rwg), while the Darcy's law for the gas ity term, such that the gas viscosity remains unchanged
phase is modi ed to account for the gas mobility reduc- whatever foam is present or not, irqj = my. However,

3

3. Implicit-texture foam model



the gas relative permeabiliky, is multiplied by a multi- 4. Foam displacements experimental data
parameter interpolation functideM including the con-
tributions of physical parameters impacting the gas mo-  The experiments under consideration [33] consist in
bility reduction, such thaldg = FMkyg. The IT model foam displacements in three Fontainebleau sandstone
of IFPEN PumaFlow simulator [29] is considered in this cores. The gas phase is composed of 80 % of carbon
study for the only purpose of demonstrating the method- dioxide and 20 % of methane, and the aqueous phase of
ology of IT model calibration. Following PumaFlow IT ~ synthetic desulfated sea water (DSW), wherein a 5 g/L
model,FM is given by surfactant is dissolved to generate foam. The thermo-
1 dynamic conditions are 60C and 80 bar. For each of
M= 7 the three cores, a set of displacements was performed
1+(Mret 1) Oiz1F with different values of the foam quality. Each experi-
whereM¢f is the reference gas mobility reduction under ment at a given quality begins with the co-injection of
optimal conditions of the rock- uid-additive system un-  brine and gas at different total ow rates respecting the
der consideration, arfd are functions of the parameters ~ selected quality value. The pressure drop is recorded at
impacting foam performance that are surfactant concen- steady state at each selected total ow rate. The same
tration, water saturation, oil saturation and gas velocity, injection sequence at a given quality and different total
or equivalently the gas capillary number. In this paper, OW rates is then performed again, but with the surfac-
we focus on the effect of water saturation and gas veloc- tant solution instead of brine in order to generate foam.
ity on foam performance. Thus, we only consider the After the highest ow rate has been tested, foam is re-
so-called dry-out functiofi, and shear-thinning func-  injected at the initial rate to measure the hysteresis of
tion F4 (F1 andF5 functions accounting for the surfac- foam mobility. However, these hysteresis effects are not
tant concentration and oil saturation effect are not de- investigated herein. Table 1 summarizes the properties

veloped herein)& is given by of the three cores used during this experimental study.
1.1 Table 1: Core samples properties [33]
= —+ — : .
Fa(Sw)= 5+ JarcariQ(Sy S
where Q is the parameter governing the sharpness Core Diameter Length F k
of transition from the high-quality to the low-quality (cm) (cm) (%) (mD)
regimes of strong-foam when the water saturation ap- 1 24 8.8 12 368
proaches the valu§,. A very high value ofQ (sev-
| th ds) lead . din thi 2 2.4 13.1 11.7 121
eral thousands) leads to a steep transition and in this 24 15.4 10.9 55

case foam coalescence occurs at the single water satura-
tion S,,, whereas a low value (less than 100 for instance)
leads to a smooth transition in the vicinity®j. As pre- As raw steady-state pressure drop measurements
viously describedS, is close to the water saturation at show uctuations at low velocities, they were averaged
whichP, is reached and foam becomes subject to signif- to smooth unavoidable experimental uctuations. Then,
icant coarsening and collapsing. Note tRatfunction we infer the measured apparent foam viscosify® as

can be regarded also as an implicit description of the &xP 5@’ whereDP is the pressure drop measured

foam texture effects on gas mobility at local-equilibrium - 5t steady-state and the core length. Thus, for each

[21,7]. The shear-thinlning functidfy is de ned as core,nt*? is determined as a function of foam quality
ref’ € ¥ fy and total velocityu and constitutes the main experi-
Fa(Neg) = % with  Neg= % ment outputs.
C

WhereNgSf is the reference capillary number for which 5 |T foam model calibration

Mret IS reachedvgfJ = ucj:(F Sy) the interstitial foamed-

gas velocitiess the surface tension between gas and  Procedures to t apparent foam ViSCOS'lUS?Xp as a
water in presence of surfactant agdhe shear-thinning  function of foam quality have been provided by several
exponent. Thé&, function de nition remains controver-  authors [31, 34, 32, 35, 7]. Two methods will be applied
sial since some authors [30, 31, 32] consider the total and compared herein. The rst one is based on the pro-
velocity instead of the gas velociy to de ne the capil- cedure proposed by Farajzadeh et al [34] that we have
lary number. modi ed to account for the total velocity effects. The



second proposed method is based on the equivalence bewhere, for any fractional owfy 2 F 5, d(fg;X) is
tween implicit-texture (IT) and population-balance (PB) the relative error to measurement.DP®P(fy) and
foam models, such that the adjustment of the dry-out DPca'(fg;X) are the measured and the calculated pres-
function F, and the shear-thinning functidfy can be sure drops, respectively.
made separately, calibration is ensured directly from The minimum value of the objective functi@ﬁ(X)
the experimental measurements transcribed into dimen-is resolved on a discrete s¥t of the k; parameters.
sionless foam texture arfg is estimated from owrate-  This space is nely sampled over suf ciently-large in-
scan experiments at low-quality regime. Each method tervals: the lower and the upper bounds for each param-
will be applied for the three cores in order to investi- eter were selected such that the results will be consistent
gate the effect of rock permeability on the foam model with relative permeability fonctions of water-wet sand-
parameters. Conventional gas-water relative permeabil- stones [36, 37, 38].
ities are required and determined hereafter. For any such parameters combinatid2 X , the
pressure drop values are calculated in two steps. First,
5.1. Preliminary step: determination of conventional the gas Saturatioagl Corresponding to the investigated
gas-water relative permeabilities gas fractional ow fq 2 F 4, is determined by invert-
This step is mandatory if conventional relative per- ing the gas fractional ow equation reformulated below
meabilities are not available. Gas-water relative per- with the relative permeability power functions:
meabilities were determined from the gas-water coin-

jection data measured with different ow rate ratios (or fo(S) = W

qualities), as described in Section 4. Only the steady- 1+c S Sgc)rg

state measurements at the highest velocity are consid- 0

ered for the following reasons: (1) the magnitude of with c= @&(1 Sye Sur)"e ™
the measurements oscillation is reduced when increas- My Ky

ing the velocity, and (2) the assumption of negligible The steady-state pressure drop is then calculated by ap-
capillary pressure is more relevant at high ow rate (see plication of generalized Darcy law to any phase, for in-
expression of/ g in Eqg. 4). Power laws were used to  stance gas phase as follows:

adjust the relative permeability functions, namely:

Dpcal( fg. X) — %Lfgu

kg=ky(1 9" and kw=k,S¥ (7) Kkg(Sy)
whereS=(Sy  Sw)=(1 Sw Sy is the normal- A unique set ok, parameters was determined for the
ized water saturatiorg, the residual water saturation  rst two cores of highest permeabilities and another set
and Sy the connate gas saturatiokyy and k3, de- for the third one, because the porous structure differs

note the gas and water maximum relative permeabili- between the rst two cores and the third one according
ties, andng andny, gas and water relative permeabili-  to capillary pressure data. Indeed, the mercury injection
ties exponents. Hence, the relative permeability deter- curves measured on companion plugs show that pore
mination problem involves six unknowns that are the sijze distribution for Fontainebleau sandstone is modi-
water and gas saturation endpoints, maximum relative ed for permeabilities in the order of a few tenths mil-
permeabilities and exponents, leading to the 6-tuple Jidarcies or less, probably as a result of increased ce-
X'= Ng; Mw; Swr; Sye; k?g; Ko - menting. These mercury injection data were used to de-
These unknowns are determined by solving an opti- termine the gas-water capillary functions of our three
mization problem that consists in minimizing the sum samples as shown in Fig. 8(a). The third core capil-
of the squared differences between calculated and meaary pressure curve differs signi cantly from the other
sured pressure drops at steady-state for each fractionatwo that are homothetic. Hence, a unique sek.aba-
ow value investigated during gas-water co-injection rameters was determined for the rst two cores of high-
experiment. We not€ 5 the set of fractional ow ap-  est permeabilities from the minimization of the sum
plied to the core sampke = 1;2; 3. That s, for any core oi(x)ﬁu O‘2<(X), and another set for the third one by

a, we de ne the following objective function minimizing OX(X).
1
0% (X) = > a d(fgX)? 5.2. Foam model calibration
fg2Fa To start with, one determines the liquid saturation es-
th d(fX) = DPP(fg)  DP%@!( fg; X) tablished for each foam displacement. Taking into ac-
wit (fg: X) = DPexP( fg) count that the water relative permeabilky, remains



unchanged in the presence of foa8, is obtained by
inverting thek,, function. Indeed, combining the equa-
tions of the apparent foam viscosity and the general-
ized Darcy's law applied to the water phase, one has
kw = My(1  fg)=mP®(fg;u). Replacingk by the
power law function given by Eq. 7 yields the following
expression for the liquid saturati@y;:

Sye)

1=nw

my(1 fq) ®)

kpw mtraxp( fg; u)

As evoked above, two methods will be applied herein
in order to calibrate the IT foam model from the mea-
surements. First, we present the direct calibration
method proposed by Farajzadeh et al [34] which is

Sv=Sw+(1 Sw

The objective functio®™(Y) to be minimized was
de ned for each core as:

OMY)= = & A d(Yifg)’
fg2F a 12Ug
meP(fgu)  mfRl(Y; fqu)

with  d(Y; fgu) = T
where for any cora, for any experimental foam quality

fg and any experimental total velociyd(Y; fqu) is the
relative error on the measured apparent foam viscosity.
The objective function is minimized using a constrained
least-square algorithm. The constraints are in form of
lower and upper bounds on each foam model parameter
of the sety.

based on a least-square minimization. Then, we propose5.2.2. Identi cation method between IT and PB foam

our new mehodology that circumvents some dif culties
in the calibration method.

5.2.1. Farajzadeh et al method: adjustment by a least-
square minimization
The values of liquid saturation obtained in the sec-
ond step are used in the de nition of an objective func-
tion O™ that minimizes the differences between the
foam apparent viscosity values determined from exper-

imental data and the ones calculated according to the IT

foam model. Using generalized Darcy equations and the
modi ed kg function of IT model, the calculated appar-
ent foam viscosity for each point can be derived from
the following equation:

1
+ FM(Y;Sw; fgu) krg(Sw)
my

al (/. —
MY ) = e
My

whereSy is computed from the experimentdg with
Eg. 8 and

1
1) F2(Sw) Fa(fgu)

FM(Y; Sy; fgu) = 1+ (Mgt
re

whereY = ( Mies; S Q; €c) is the 4-tuple composed of
the IT foam model parameters to be adjusted. The con-

straints on parameters are needed to be set at physica

limits, namelyMret 0,Swr Sy 1 S, Q> Oand

e: 0. In addition, the reference capillary numh)d{@f

is set at the minimum reached value of the gas capil-
lary number during the experimental study reached in
steady-state, such that

my fgu

Nfef= min m
a2f1;2,3y fg2Fa;u2Ua SF§

cg

9)

models

The identi cation method is based on the equivalence
between IT and PB foam models at local-equilibrium, as
previously demonstrated by the authors [21]. The mech-
anistic PB models take into account of the dependence
of gas mobility on foam texture through an effective gas
viscosity, that is expressed as: [11, 39, 13, 12]
Cing

C
Vg

mf = my+ (10)
where the constar@s varies with the porous medium
permeability and the surfactant [40}s is the lineic
foam textureygfJ the foamed-gas interstitial velocity, and
¢ an exponent that expresses the shear-thinning behav-
ior of foam at xed foam texture. That viscosity law
results from an extension of the equation of gas bubble
motion in a tube proposed by Bretherton [41] to a train
of bubbles or lamellas [11]. These theoretical studies
indicate that the value afis close to% at lower veloc-
ities. The exact value of the shear-thinning exporent
remains controversial in the literature due to the com-
plexity of foam ow in natural porous media that can
hardly be assimilated to smooth parallel capillary tubes.
However, this rheological law allows to relate the sat-
uration (characteristic parameter of multiphase ow in
porous media) to foam texture (characteristic parameter
pf foam) in steady-state. The relationship between these
two parameters is obtained by including the expression
of nﬁ given by Eq. 10 in the fractional ow equation of
foamed-gas. After rearranging the terms, we obtain:

1 fy keg(Sw) fou ©
fy kn(Sw) FSy

Taking into account water saturation given by Eq. 8,
Eqg. 11 shows that a single value of foam textnfecan

Cing = (11)



be determined for any value of foam quality and of
total velocityu.

In view of the independence of the parameZgron
foam ow parameters, one can calculate the dimension-
less foam texture valuas, for each set of experiments
as:

Cin¢(fg;u)

max Cins(fOu
f2F a:u%U, (1)

np(fg;u) = (12)

Then, the paramet&; can be estimated from the max-
imum value of the produc®;n; which is, in this case,
equal toC¢n{"®, wherenf'®*is the reference foam tex-
ture value. nf'® is correlated to the average pore ra-
diusr of the porous megium under consideration which
can be estimated by= = 8k=F, following the simpli-

ed representation of the porous medium as a bundle
of identical capillary tubes with a radius nf'® de -
nition has to be speci ed further. Indeed, the pressure
gradient due to foam ow is related to the number of
lamellas per unit length in the ow direction under con-
sideration, therefore the foam texture to be considered
in Eq. 10 is a lineic texture, i.e. the number of lamellas
per unit ow length. Then, considering foam bubbles as
spheres of radius equal (or proportional) to pore radius
r, the number of lamellas per unit ow length within

. . 2
pores of radius is equal toz 2 = -3 %, where

3p( )3
| is a proportionality constsant between the bubble and
the pore radius. For model calibration developed later
on,| will be arbitrarily taken equal to 1 (spherical bub-
bles of radiug). Finally the maximum texture}'® also
denotech"®, will be quanti ed as:

r
3 F

4 8k

naX= pmax =

(13)

The experimental ow conditions for which the max-

where Négf is the minimum of the values obtained by
considering the Eq. 9. The paramel&gs can be easily
determined from the physical paramet€sandnf'®,
characteristic of the rock- uid-additive system under
consideration. However, the calibration IBf and F,4
functions is not straightforward and needs to be detailed
further in the following.

Calibration of K function. The shear-thinning expo-
nentc is determined from ow-rate-scan experiment at
the low-quality regime. Combining the expression of
the apparent foam viscositg = kjNPj=u, the general-
ized Darcy equations for water and gas, and Eq. 10, we
can expressy as:

2 3
Cinf®np (Sw) f
-4 5 g
MM TR T keg(Sw)
Cinf® o (Sw)  fy
sNeg © kig(Sw)

That apparent foam viscosity formula is an approxima-
tion that ignores liquid slugs contribution to the appar-
ent viscosity and considers that the continuous-gas vis-
cosity value is negligible compared to that of foamed-
gas. Considering that the texture functiog does
not account for uid velocities effecta)p(Sy) can be
xed for a given foam quality. Thus, we conclude that
M kig(Sw)  (Neg) ¢ for a ow-rate-scan experiment at

a given quality within the low-quality regime (excluding
coalescence regime at the highest qualities). Thus, for
any such experiment, the values of the shear-thinning
exponent can be determined from the t afy kg(Sw)

data to a power function dfleg. As the tted c value
does not much vary from one quality to another, an av-
erage value can be adopted, as shown later on.

imum texture is reached are referred to as reference con-

ditions.

Then, the foamed-gas mobility expression according
to the IT model is identi ed to the mobility expression
derived from the PB model in order to calibrate the con-
stants and functions of the IT model as detailed in [21].
That identi cation leads to the following equalities:

8 _

e&=2¢C

Cfnmax c
% Mrer = 1+ f I’be
my NGgs
g 5= o (14)
Nref c

. Fi= _c9

4 Neg

Calibration of F, function. The dry-out function is
identi ed to the dimensionless foam texturg, that

is, the parameter® andS,, can be determined by ad-
justing np. Alternatively, one can determine graphi-
cally these two parameters plottimg(Sy). First, S,

is identi ed as the inverse ofp(Sw function for a
dimensionless texture equal %) Once S, is iden-
tied, the parameterQ can be determined by setting
F = 1 at the reference water saturati&if (satura-
tion data corresponding to the maximum foam texture).
As F, is de ned as an arctan function, a toleranee
on F»(5¢" is considered such thak(S) = 1 e,
henceQ = tan[p(3 €)' S,). The latter graphi-
cal method is accurate if the dimensionless foam texture



np data covers the transition range between low- and
high-quality regimes. Otherwiseg, and Q can only

identi cation of IT foam model to PB model. We start
with the determination of the shear-thinning exponent.

be roughly estimated and a least-square method may beFor this purpose, the produats k4 (S,) at different to-

used to further adjust those parameters.

6. Results and discussions

6.1. Adjustment of conventional gas-water fractional
ow

By following the method detailed in Section 5.1,
we calibrate the end-points and exponents of the gas-
water relative permeability functions. To that end, the
two optimal parameter sets that minimize the objec-
tive functionsOf + O% and Of as de ned in Section
5.1, are searched on a discrete space de nedgo¥
[1:3;2:8] with Dng = 0:1, ny, 2 [2:8;4:2] with Dny =
0:1, Syr 2 [0;0:4] with DSyr = 0:05, Sy 2 [0;0:2] with
DSye = 0:05,k3, 2 [0:1;0:5] with DkJ, = 0:05 andky, 2
[0:6; 0:9] with Dk?g = 0:05. The optimal sets are listed
in Table 2, and the corresponding gas-water relative
permeabilities and fractional ow curves are plotted in

tal ow velocities and given quality are adjusted to a
power law function with an exponent equal to the shear-
thinning parameter according to previous developments
(see Section 5.2.2). As shown in Fig. 4, adjustecl-

ues are very close and an averagealue can be re-
tained. Averaged values are also very close from one
core to another, as reported in Table 4; as a consequence
we did not attempt to identify any scaling law.

Then, we proceed with the calibration of the dry-out
functionF. To that end, th€¢ns values calculated us-
ing Eqg. 11 are plotted against foam quality, in order to
determine the maximur@;n; product, that is equal to
Csn'® sinceCy is invariant for a given foam-rock sys-
tem. The maximum foam texturg'® s estimated from
the characteristic pore size of the core under consider-
ation (estimated itself from its porosity and permeabil-
ity as speci ed before). Results are shown in Fig. 5.
The dimensionless textung can then be calculated and
drawn versus foam quality, or versus saturation by tak-

Fig. 2. The corresponding steady-state pressure dropsing into account the bi-univocal relationship betwegn

are reported in Fig. 3.
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Figure 2: Adjusted gas fractional ow curves and relative permeabil-
ity functions for cores 1 and 2, and core 3 (optimal parameters are
reported in Table 2).

6.2. Calibration of IT foam model parameters

On one hand, we begin with Farajzadeh et al method
(see Section 5.2.1). The set of foam model parame-

andS, resulting from Eq. 8. The so-determineg(Sy)
function can then be used to calibrate the constgpts
andQ of the dry-out functior. A least-square method
of adjustment was used and applied to the sole experi-
mental data at low velocity that best re ects the texture
effects and are also less dispersed (see Fig. 6). Indeed,
the IT foam model implicitly assumes thBs, and in
particularS,, is independent of ow rate whose effect is
accounted for by functiof,. InvariantS,, is also con-
sistent with the concept of xed limiting capillary pres-
sureP, as explained by Zhou and Rossen [42]. To end
with the IT-PB identi cation method, the reference gas
mobility reduction,Myes is calculated from Eq. 14. To
summarize, the above calibration sequence turns out to
be an almost-fully deterministic treatment procedure of
experimental data based on a transcription of apparent
viscosity measurements in terms of both saturation and
texture. Of course, the resulting foam model remains an
approximate model, which is inherent to the usual noise
observed on foam ow data and to the underlying as-
sumptions of the foam ow model, such as the absence
of any capillary effects.

The steady-state PB model parameters obtained from

ters, denoted, is adjusted using a least-square method the identi cation method are mentioned in Table 3 and
applied over a discrete domain of unknown parameters the calibrated IT foam model parameters using the two
limited by lower bound 107%;10;Syr;0:1 and the up- methods are reported in Table 4.

per bound 10%; 10%; Sy, + 0:3;0:8 . The IT foam model The predicitive capacity of the IT model calibrated

parameters calibrated with that method are given in Ta- before was tested from the comparison of both the
ble 4. On the other hand, we apply the method of foamed-gas fractional ow and the apparent foam vis-

8



Table 2: Optimak; functions for both cores 1 and 2, and core 3.

core  ng() Mw() Sw() S k() kw0
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Figure 3: Comparison between the calculated/measured steady-state pressure drops after adjustment of the relative permeabilities with respect to
the higher total ow rate in each case: (a) core 1, (b) core 2 and (c) core 3 (lines and symbols represent the calculation and the measurements,
respectively).

Table 3: Adjusted steady-state PB model parameters with respect to Eq. 6 with the IT-model formulation. that is
apparent foam viscosity measurements. The constahbwn in the '

unit of C; is the calibrated shear-thinning exponent for each core.

1
f(Y; ) = (15)
1+c c max 1 m kw(S)
Core Cf (m**°Pa.s ©) nf*™(m %) I A (Y% ke ()
1 3.56 10 10 1.52 10° .
2 1.42 10 10 263 10° whereY is one of the two sets of IT-model parame-
3 0.498 10 10 375 10 ters given in Table 4. Indeed, the foamed-gas fractional

oW versus gas saturation was constructed by nely dis-
cretizing the variation interval0; 1] of fy and calcu-
lating for each point the corresponding gas saturation

cosity calculated with that model, with the experimen- <o by inversing Eq. 15. Then, we use the relatifyp
tal data. First, we solve analytically the fractional ow v In order to compute the IT-model apparent viscosity

. . : L FM :
equation obtained by expressing the foam mobility in from % = %V + Tkrg. Comparison results are shown
9
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Figure 4: Adjustment of ow rate-scan experiments at low-quality regime by power laws in order to determine the shear-thinning exponent: (a)
core 1, (b) core 2 and (c) core 3. The lines are the nal adjusted power laws and the symbols the experimentalada¢s. shown in sub- gures
correspond to the adjusted exponents for each foam quality. The shear-thinning expfumezgich core is calculated from the average ofghe
values.

Table 4: Adjusted foam model parameters with respect to experimental data obtained from both Farajzadeh et al [34] method and identi cation
method.

Core  Mret (-) Sv() Q() NE() c=é& ()
Farajzadeh et al method

1 4342 10° 0.3409 424 2774108 0.72

2 2.983 10° 0.3918 308 2.77410°8 0.76

3 2.055 103 0.2782 549 2.774108 0.67
IT-PB identi cation

1 5.317 10° 0.3232 36 277410 7 0.75

2 3.002 10° 0.3816 34 2774107 0.73
3 2.736 10° 0.3016 16 2.774 107 0.79

in Fig. 7. The comparison is shown for both models cal- tion between low- and high-quality regimes are fairly-
ibrated with either the least-square method or the PB-IT well matched for the two rst cores, whereas for the
identi cation method. We found that the fractional ow, third one, the low-quality regime is hardly predicted.
the maximum apparent foam viscosities and the transi- This issue is clear on Fig. 6(c) since it shows that the

10
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Figure 5: Variation of the produd@;ns versus foam quality: (a) core 1, (b) core 2 and (c) core 3 (dashed lines represent visual guides for the
variation at constant total velocity and symbols the measurements).

foam texture decreases with water saturation in the low- acquiring consistent and complete data sets to constrain
quality regime, which is unexpected, and consequently models. In this context, we investigate the impact of
cannot be captured by thHe function of an IT foam the porous medium, essentially characterized by its per-
model that assumes a constant foam texture in the low- meability (or its capillary pressure), on IT model pa-
quality regime. Due to the poor consistency of core 3 rameterization by interpreting the results of model cal-
data, some reserves will be taken in the scaling of foam ibration for the reviewed cores. Porosity does not vary
model parameters with respect to the permeability, as by more than 1 %, hence it has been discarded in the
discussed in the last section of that paper. analysis presented hereafter. Furthermore, our analysis
is mainly based on the results of the PB-IT identi ca-
tion method. The impact of ow velocity conditions

) . . seems to be independent of the porous medium proper-
Foam generation, propagation and destruction mech-jes according to the obtainedexponent values which

anisms that determipe itg texture and mobility arein U-  are very closed from one core to another, as previously
enced by the pore size distribution, characterized by the §iscussed in Section 6.2. Thus the scaling of the func-

capillary pressure of the porous medium through which 5, F4 parameters is not studied in the following.
foam is owing. In this regard, IT foam model param-

eters, speci callyS, (or equivalentlyP.), Q and My,

are believed to vary with the porous medium. This is-
sue is addressed in the literature [20, 34, 43]; qualita-
tive trends are only reported due to the dif culties in

6.3. Effect of permeability on foam model parameters

11
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6.3.1. Effect of permeability on critical saturation, S  the permeability decreases for cores 1 and 2 that have

and critical capillary pressure P the same porous structure (i.e. homothetic, following
the same J-function). That result is consistent with the
observations from other authors, Farajzadeh et al [34],
Khatib et al [20]) and Kapetas et al [43]. Interpretation
of such result is proposed as follows.

The dependence of critical saturatid), on the
porous medium properties can be analyzed in terms of
capillary pressure due to the univocal relationship be-
tween saturation and capillary pressure. To that end, one
has to specify thosE(Sy) functions for the the three
cores under consideration. Different ow behaviors be-
tween the rst two cores and the third one lead us sus-
pect that the latter had a different porous structure. This
was acknowledged by the. data measured on similar
plugs respectively of 50 mD and 465 mD, that are found
not to obey the same dimensionless J-function. Then the
P. functions of cores 1 and 2 were determined from the
same J-function derived from the 465 mD-plagdata
and the thd>, function of core 3 from the J-function de-
rived from the 50 mD-pludP. data. Thesé&; curves are
given in Fig. 8(a).

A quasi-static viewpoint of foam ow at low veloci-
ties is adopted. This leads us to assume that foam co-
alescence starts when the saturation corresponds to a
xed critical value of the capillary pressure, that is equal
to the characteristic disjoining pressure of the foam un-
der consideration, whatever the porous medium proper-
ties. Retaining that for a xed?, assumption for given
foam, the inversion oP; function for P, leads to &S,
value that necessarily increases for homothetic porous
media of decreasing permeability (like cores 1 and 2).
The reason is that (a) gas-wafgris a monotonous de-
creasing function of,, and (b)P; increases when the

Let us now examine the evolution &f, between the  permeability of homothetic cores decreases. We tried to
three cores. Table 4 shows an increaseSpfwhen verify if previous interpretation was consistent with the

12
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Figure 7: Comparison between both the computed foamed-gas fractional ow and the apparent foam viscosity, and the experimental data: (a)
core 1, (b) core 2 and (c) core 3. The lines represent the computed results (dashed lines for Farajzadeh et al method and solid lines for the PB-IT
identi cation method) and the symbols the experimental data.

Sy values calibrated for homothetic cores 1 and 2. To value of Table 4. Finally, it turns out that a xefg-
that end, we determind@, as theP; value of core 1 at assumption would explain the trend of evolutionSpf
the critical saturation (given in Table 4) then inverted the with permeability, but is not valid from a quantitative
P function of core 2 for that xedP, value. Unfortu- standpoint.

nately, theS,, determined this way for core 2 was about

0:83 which is much higher than the actually-calibrated Let us then examine the evolution of the critical cap-

illary pressure with the permeabilityP, values were
13



simply determined from thi, curves of Fig. 8(a) forthe  discussed above and the resulting parameters evolution
calibratedS,, values of Table 4. The resultirigy values with permeability. Undoubtedly, the problem is proba-
for the 3 cores are shown in Fig. 8(b) as a function of bly more complex and cannot be reduced to the simple
permeabillity. P, is found to decreasg with increasing analysis attempted above. As indicated by Rossen and
permeability. An evolution close to=l k is found as Zhou [45], the texture of foams changes under critical
in several published studies from Khatib et al [20] and conditions, and hysteresis and gas trapping (Chen [46])
Farajzadeh et al [34]. renders the analysis still more complex. De nitely, fur-
Interpretation of such an evolution can be attempted ther research work is required to clarify the ow charac-
from a dynamic standpoint. We have to consider the terls_t|cs under these so-called cr_|t|cal conditions, on the
conditions of rupture of Ims owing in pores. Film basis of well-dqqumgnted experlme_ntal data that cover
rupture occurs dynamically through a shear process the whole transition in foam ow regime.
when the transverse gradient of local velocity within
pore, denotediw=dy (derivative of the local velocity
within a pore with respect to distangérom pore axis),
exceeds a given threshold valug,,, that is a charac-
teristic of the foam under consideration. For a laminar
(Poiseuille) ow of gas in a capillary tube of radius
dw=dy is maximum at pore wall and equal %jNPj.
Therefore, the limit of stability of Ims is reached for
a pressure gradiepilPjmax equal to 208, i.e. in-
versely proportional to characteristic pore radiuslo
that maximum pressure gradient corresponds a maxi-
mum value of the dynamic capillary pressure within
the porous medium, called the critical capiIIarkg pres-
sureP;, that is also inversely proportional toor = k.
Finally, the dynamic viewpoint of Im stability ex-
plains the observed evolution Bf wiHLthe permeabil-
ity. However, a scaling o, as = k would imply
thatS, remains constant for homothetic porous media
whereas an increase §jf with decreasing permeability,
although moderate, is acknowledged. Eventually, nei-
ther the quasi-static ( xed, ) interpretation model nor
the dynamic ( xedS,)) one explain botlg, andP, evo-
lutions with k. The reality seems to lie between these

two models but looks closer to the dynamic one, such regime is reached (L.62(SP) = 1 €). Expressings

=@ wi 1 ,

thatk, 13C witha 3. ' _ function atg"" andSyP* shows that the produt€ is in-

In order to develop the equivalent scaling law of the yariant and does not depend on the permeability. Thus,
limiting water saturation, we write the capillary pres- parametef can be obtained fror® ﬁ In particu-

_ 1 :

sure as [44Fc(S) = RS 7, whereR. is the the en- |5 it the transition interval is narrower when the per-
try capillary pressures the normalized water satura-  meapility decrease€) would increase with decreasing
tion andl the pore size distribution index (= 3 in permeability. Application to the data of cores 1 and 2
our pase). Then, 'the relation bgtweap and B, is yieldsQ,= Qi Ili=l,= 36 0:14=0:15= 33:6, which
obtained by inverting the; functlonl atR, leading s yery close to the adjusted value®j (cf. Table 4).
105, = Sw+(1 Sw So)(R=Re) . Inserting the On the other hand, if we assume a constant destabi-
scaling law ofF; in (;t_ge latter exprels(ilogs)dﬁn, and lization pressure interval of lamelldsentered o, (k)
knowing thatPe k “*yieldsS, K™ ™. Thus,  guch as)=[P,(k) DR; P,(K)+ DR, whereDP; is
whena < 0:5, the limiting water saturation (as the lim- e capillary pressure increment, we obtain the follow-
iting capillary pressure) Increases with decreasing per- jng relationship that governs the variation@between
meability. In our caseg, k ™ for the two homoth- 4y homothetic cores of permeability andk, (with
etic cores. ko < k1), porosityF ; andF 2, and capillary pressui@.

Table 5 summarizes all the Ims stability standpoints andP;:

14

6.3.2. Evolution of transition paramet€ with perme-
ability

Results from Table 4 would indicate that the transi-
tion paramete increases whek decreases as found
also by other authors [34]. However, if we only con-
sider the two homothetic cores, the param&appears
to be invariant. In any case, explaining such evolution
is dubious and still being debated in the literature. We
propose herein a simple graphical method to construct
scaling law for the paramet€r with permeability in the
case of homothetic porous media. We assume a desta-
bilization pressure zone of lamellas which can be cen-
tered onP, values and bounded by two parallel lines
following the observed scaling law &%, as illustrated
in Fig. 9. Thus, we can determine for each permeability
the saturation intervdlover which the transition occurs
" by identifying the intersection between tRecurve and
the destabilization zone. The transition interivaln be
expressed as=[1 S¥%1 0", whereS" is the
water saturation below which foam does no more exist,
or equivalentlyF>(S7'") = e wheree is the tolerance,
and SP' the water saturation above which low-quality



(a) (b)

Figure 8: (a) Capillary pressure curves used for each core; (b) Effect of permeability on the limiting capillary Pes3iepoints are estimated
from the water saturatioi, given in Table 4 using the identi cation method and the line is a power law adjustment. The optimal adjustment yields

PC k 0:4.

Table 5: Scaling law trends recapitulation.

Expected?,

Theoretical model
evolution withk

for Ims stability

Expecteds,
evolution withk

| Static picture Constan®,

Sy increase wittk decrease ||

| Dynamic picture

Constant5,

\ \
| P 1= k \

Observation | P, 1—ka with

ModerateS,, increase
with k decrease &S, K (@ 05)

Figure 9: Graphical method to determine the param@tas a func-
tion of the permeability for homothetic cores. The green lines repre-
sent the destabilization pressure zone of lamellasand |, are the
transition interval of saturation for the rst permeabiliky and the
second permeabilitk, (with k; < k;), respectively. The transition
parameteR for each core can be estimated@s % andQ> %

(see the text).

< Sw2 (16)
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where§,; and§,,, are the limiting water saturation of
core 1 and core 2, respectively. Application of Eq. 16
to predictQ; in our case give®), = 37 which is still
acceptable value comparing to the adjusted one. Note
that in the speci c case df, p-LR and small porosity
variations, the transition paramet@rscales roughly as

Q

6.3.3. Effect of permeability on /M

For a given foam, the mobility reductioMes rep-
resents the ratio between the continuous gas mobility
kig=my and the foamed-gas mobility that is de ned as
krfg:nb in IT models, or ask,g:rrg in PB models, at
optimal foaming conditions. Scalinyl,e; for differ-
ent porous media characterized by the sdggefunc-
tions can then be reduced to the scalingré)f Analogy
between ow in a capillary tube (originally formulated
by Bretherton [41]) and ow in a porous medium has
led most authors to use the empirical rheological law
given by Eq. 10 for foamed-gas. Eq. 14 My tells us
that, for a given velocity, the mobility reduction is at the



rst order determined by the product of const&ahtand
maximum texturenf'?.

permeability core 3 is characterized by a porous struc-
ture slightly different from that of cores 1 and 2. Mkt

Kovscek and Bertin [40] derived an expressioméf valu_e is also Iowe_:r than the valu_es for cores 1 and 2 but
scaled with respect to rock permeability and capillary Scaling permeability exponent differs frofn The de-
pressure by establishing an equivalence between rheoPendence of the parametdret to the permeabilitk, as
logical law given by Eq. 10 and Hirasaki and Lawson's °btained from Table 4, is shown in Fig. 10.
formula [11] for the apparent viscosity of a train of bub-
bles of pre-determined volume owing in a capillary
tube, that is:

Wi

mj = 0:85my & r2+ 2 —— (17)
e Vg

wherer is the tube radius and. the curvature radius
of the Plateau borders separating gas bubbles. That for-
mula also assumes that the surface tension gradient ef-
fects on effective gas viscosity are negligible, as well
as the impact of water slugs when touching bubbles are
owing through the capillary. Actually, that expression
of the effective viscosity can be considered for scaling
purpose, because it is related to the geometrical char- Fijgurf loitpeﬁ)egdegfe Oyer to thl?hpemr:?ﬁb“tir:y(('j Note r:hat th? "

Toti H H aajustment Incluaes three cores althou e third core has a sl
actgrlstlcs of capillary tgbes, or to the properties of the difjferent porous structure. The optimal e?djustmentyien?ﬁi K036, o
equivalent porous medium represented as a bundle 0fthe gata of the homothetic cores 1 and 2 showiat k.
such capillary tubes. So that, we consider again the
above formula; however, our analysis differs from the
development made by Kovscek and Bertin.

For a given foam owing in a porous medium of per-
meability k and porositpr, capillary tube radius is
equivalent to the quantity 8k=F andr. is related to
the disjoining pressure of the Ims of the foam under
consideration [47]. r¢ is therefore assumed invariant
for the same foam displaced through different porous
media. Furthermore, we assume thatis negligible
compared to pore radii (such an assumption may not be
valid however in very-low-permeability media). There-
fore, nbf scales as_r? under given velocity conditions.
For porous media of dngrent permeabilities with simi-
lar porositiesy scales as k and the lineic foam texture,
n_, quanti ed as% 6see Section 5.2.2), scales as Xk,

hencenbf scales as k. To end with, above analysis in-

dicates thaMes is expected to increase as the square A new methodology based on an equivalence with
root of permeability for porous media of different per- 3 foam texture model has been implemented to cali-
meabilities. That scaling approximation neglects small prate the steady-state implicit-texture model to predict
pOfOSity variations ComparEd to permeability variations foam ow effects on gas m0b|||ty in reservoir simula-
in many natural porous media. tors. This deterministic calibration approach was ap-
Analysis of Mrer results for homothetic samples 1 plied to foam ow data measured on a series of sand-

and 2 is consistent with the previous relationship. In- stones of different permeabilities, both for demonstra-
deed, for homothetic cores 1 and 2, Table 4 indicates tjon of the advantage in terms of solution unicity, and

To conclude, the evolution of foam model parame-
ters with porous medium properties seems to follow the
scaling laws derived from an equivalence between foam
ow in a porous medium and foam ow in capillary
tubes. Such results are worth being investigated further
on the basis of more extensive data set acquired on well-
characterized porous media. Indeed, scaling foam per-
formance with respect to rock properties is an important
reservoir engineering issue because foam processes are
primarily dedicated to reservoirs where the detrimental
impact of heterogeneities on displacement has to be re-
duced.

7. Conclusions

that, according to our modelling methodology by IT-
PB models identi cationM,ef2) = 3002 is very close to

ko=k; = 5317 121=368= 3049. The low-
16
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for elucidating the scaling of foam ow model param-
eters with respect to porous medium properties. The
following main conclusions can be drawn:



(&) AnIT foam model can be calibrated in a determin- Acknowledgements

istic way to t experimental steady-state apparent

viscosity data, including the transition betweenthe  The authors thank L. Nabzar and L. G. Pedroni for
two low-quality and high-quality regimes. Calibra-  useful discussions and IFPEN for permission to publish
tion may however remain approximate for incom- this work.

plete or scattered data sets such as the one acquired
on the low-permeability core under consideration
in this study.

(b) Scaling trends of foam parameters with porous [1]
medium permeability were found consistent with

other published observations and interpreted: [2]

- The shear-thinning function that models the [l
ow velocity impact on foam mobility ap-
pears to be fairly invariant for cores of differ-  [4]
ent permeabilities, with a characteristic expo-
nent equal to about 0.7.

- For homothetic porous media, the critical wa-
ter saturatiorfs, increases slightly when the
permeability decreases; accordingly, the cap-
illary presgyire increases according to a law
close to ¥ k but maybe not exactly if one [7]
considers theS, change. Interpretation of
such results were attempted thanks to two
static and dynamic viewpoints of foam bub-  [g]
bles coalescence.

(5]

(6]

- The transition between low-quality and high-  [g]
quality regimes seems to be more abrupt
in low-permeability cores than in high-
permeability cores. Different explanations
have been provided herein on such observa-
tion. [11]

- The main result is a scaling of the mobility
reduction ratiaVi,es as the square root of per-  [12]
meability. This scaling law was inferred from
an analogy between foam ow in porous me-
dia and foam ow in capillary tubes, and was [13]
found consistent with the modelling of avail-
able experimental data on three cores, and
with other experimental ndings. [14]

(20]

To conclude, we dispose of a robust procedure to an-
alyze and model foam ow measurements in porous [i5]
media. The scaling trends derived from the analysis
of available data require to be further conrmed and
extended to natural porous media of different struc-
tures and properties, with the help of other extensively-
documented and accurate experimental data sets. How{17]
ever, they represent a rst encouraging step for the as-
sessment and selection of a foam-based process for im-1g;
proved oil recovery purposes.

[16]

17
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