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Abstract

Presently, the most attractive empirical models for representing macroscopically viscous fingering behavior in miscible
displacements are from Fayers, Jouaux, and Tchelepi and from Todd and Longstaff named hereafter respectively FIT model
and T&L model. Although successful in representing most of the cases investigated in their paper, the FJT formulation
requires two phases and two components to represent the behavior of a single non ideally mixed phase with two components.

The transition between a two-phase multi-pament model to a two-phase two-component model, as a Fayers type model is
presented. Then, a new fingering function is introduced, which allows for getting a single phase two-component model for
representing fully miscible displacements at unfavorable viscosity ratios.

The new model, - which is shown to reproduce very closely the pressure drop and fractional flow obtained by Fayers et al.
with their so-called A, function for any mobility ratio, heterogeneity factor or gravity number -, demonstrates the
dependence of the effective viscosity of the single ‘non homogeneous’ phase on the heterogeneity, the effective phase
behavior appearing then not to be purely of thermodynamic type.

Introduction

The instabilities occurring in first-contact miscible d&m@ments at unfavorable viscosity ratio lead
to development of viscous fingers and decrease the sweep efficiency. From a thermodynamic point of
view, only one phase is present in the porous medium since there is no interfacial tension between the
injected and displaced fluids. The proper simulation of the single phase flow at a macroscopic scale
requires an appropriate scaling-up of the component material balance equations together with an
appropriate thermodynamic model for the calculation of the physical properties (viscosity, density) of the
unique phase ; this latter requirement is far more unexplored than the former.

For gas-oil systems, a compositional tool, as a multi-component finite difference compositional model
(one of the earliest being the one proposed by Chatuld be used to simulate the composition of the
unique phase. But the single phase physical properties are usually still obtained with the assumption of a
full mixing of the components at the scale of the grid block, not relevant at a macroscopic scale.



The first empirical models, Kovéland Todd and Longstaif for representing macroscopically viscous
fingering behavior in fully miscible displacements, have been obtained from a ‘Black-Oil' approach :
each component, considered as a phase, has an effective viscosity and density. The chief contribution of
Koval is the introduction of a component fractional flux function based on an effective viscosity ratio,
and a heterogeneity factor, shofmo reproduce quantitatively the Blackwetlal. experimental results

More recently, Fayets have used a two-component two-phase approach with physically interpretable
parameters, based on a so-called fingering function corresponding to a relationship between the sub-
phase gas saturation and its composition. Then Fayers, Jouaux, and Tchelepiintroduced a new
fingering function including the heterogeneity factor from Koval.

The FJT model performance has been found superior to that of the T&L tndtiel draw-back of the
formulation is that it requires two phases and two components to represent the behavior of a single non
ideally mixed phase with two components.

The present paper examines first the transition from a two-phase multi-component model to a two-phase
two-component model, as a Fayers type model. Then, a new fingering function is introduced, which

allows for getting a single phase two-component model for representing fully miscible displacements at

unfavorable viscosity ratios, and also an extension of the Koval's model.

The new models reproduce very closely the pressure drop and fractional flow obtained by Fayers et al.
with their so-called A" function for any mobility ratio, heterogeneity factor or gravity number. The
effective phase properties of the single ‘non homogeneous’ phase are shown to depend on the
heterogeneity factor, the effective phase behavior appearing then not to be of pure thermodynamic type.

Unidirectional two-phase multi-component displacement

The k-component material balance equation of such a problem, ignoring source and
diffusion/dispersion terms, are usually written in a compositional simulator as :
1L of[e(eSx+&SY)] +0,(&ux +&uy,) = 0.

A full description of the symbols is given in the nomenclature. The component molar fractions are named
X in the oil phase, y in the gas phase. The equilibrium constants, and the phase physical properties are
obtained from a PVT model.

The closure equations of the problem are :
2. §+§=1;2x =12y, =1.
The phase velocitieé, from the kDarcy law, can be written as :
_ A A kApgsing _ %J )\o)\qkApgsind)%
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whereA, (p = 0,0) is the phase mobilityx, = %‘* , A is the total mobility A, = A, + A, . Ap is the
p
difference between the phase densitiép := p, — p, - § is the angle between the horizontal and flow

directions.
The total velocity i defined by : u= y,+u,, is given by :



4, u = —k)\t@XP—%gpﬁ%po%g sinq)%.

Towards a two-phase two-component model

Applying this problem to the reduction to one dimension of a fully-miscible unstable displacement
in a cross-section, the oil saturation variable can be considered as representing the fractional volume of
not-contacted oil bypassed by the fingers ; the bypassed oil keeps its initial composition described by the
fractions x . Furthermore, if all the injected components are assumed to keep the same velocity and
dispersivity, the composition of the gas sub-phase is given, at any time and position, by :

5.y = Lx+Vy = x+V(y,-x),
where the molar fractionskiydescribe the composition of the injected fluid, L and V being the molar
fraction of respectively initial oil and injected gas in the gas sub-phase (L +V = 1).

The gas phase density is then given by :
6. P =&Y MM, (Lx, +Vy,) =& (MM, L+MM,V) = EQ%L+%V%

MM | is the k-component molar mass, M&hd MM, are respectively those of the oil and of the injected
gas (both of constant compositiop),andp, their phase densitie§, andg, their phase molar densities.

Summing the conservation equations 1 for all the components leads to :
7. 0(9g) +0,(ug) =0,

with =¢§ S+, S,,§ =& G, +¢,G,, and where i (p = 0,9) is the phase fractional flux ; @%‘* .

&, represents the resident non-homogeneous hydrocarbon phase molar densifyrepnelsents the
flowing non-homogeneous hydrocarbon phase molar density.

Given the equations 5 and 7, the k-component conservation equation becomes :
8. M -x)[0,(PESV)+0, (V)] = 0.

The resolution of the two-phase multi-component problem is hence analogous to that of a two-phase two-
component problem (L and V) such that :

9. x =0;Xx=1;y=1;¥ =00 y.=V.

All the material balance equations reduce then to the following equations :

10. 0, (9& S y.) +0,(&uGy) =0

11 0 [0(ES*+&SY)] +0,[u(E G +&Gy)] = 0

The average molar fraction of injected gas in the resident hydrocarbon phaggyen by :

[ 4 :
12. = with = .
2T ES+E,S 2= 8y
and the corresponding average molar fractional flux is given by :
& G, V. :
13. Z,= with = .
£ G+, G, 4= GY

Usually, in a miscible gas-oil case at high viscosity ratio, the phase molar densities are different. It is to
be noted that, to get the context in which most of the miscible modets/e been developed, & and

&, have to be assumed equal : as a matter of fact, this assumption is equivalent to assuming the gas phase
density to be given by :

4. p=p Y. *+p (1-Y).
With this assumption, there is an identity betweesnrlz,, between ZandZ,, betweerf, andg,.



Another assumption usually met in miscibility models, the fluid incompressibility, may becedsary,
as far asp,, p, andp, are calculated at each current pressure. This remark holds also for phase molar
densities and phase viscosities.

From equation 3, the gas-phase fractional flyx&h be written as :

15. G =FK(1-I), with I = Neﬂm_—lApn kr, being a gravity correction factor,

k(p. =p)gsing Ap K A
) A = ) = ) F = - i)
(L~ H) U T AL TR I
represents respectively the gravity number, the reduced density difference, the viscosity ratio between the
oil and the injected gas, the gas phase fractional flux in absence of gravity effect.

Besides, it is also necessary to set a relationship between one of the saturation variables, chogen to be S
and one of the composition variables, chosen tq,.bEhe key contribution of Faye?ss the introduction

of the fingering function concept to expressaS a function of y at any position in a cross-section, S
corresponds to the finite fractional widthoccupied by fingers (S A(y,) ) ; at the leading edge, the
fingers have simultaneously a small fractional width and an oil-rich charactés ¢ynall), and the
fractional width gradually broadens towards the rear with increasing y

where N =

One-phase two-component model

If the fingering function is such that botl) &d y can be expressed analytically as functiong de
then it becomes possible to write the equations 10 and 11 as :

16 al(cpErZV)+ax(EleIZV) = O’ at(cpErZL)+ax(ElelzL) = O QV+ZL:11 ZV+ZL:1)1

or, with the assumption of no volume change on mixing :

17. 0 (9&z)+0,(uz) =0, 0(p&z)+0(Euz) =0 (z+z=1, 2+Z=1),

thenz, (z,) can then be used as a primary unknown in these fully compositional equations of the problem.

Keeping in mind that the oil and gas phases are in fact sub-phases of a single non-ideally mixed
hydrocarbon phase, the Darcy velocity of which should be written as :

18. uy = —%[GXP—’bgsinq)] :
i

it follows, per comparison with eq. 4, that the effective flowing hydrocarbon phase properties in the
Darcy equation are :

A _ 1 A A A
19 U—)\t p_)\p9+)\p0'

It should be noted that, even assuming equal phase molar derggite§, = &, theng = ¢ = §), the
average phase density in the accumulation is not eqpa,l bait given by the following relatlonshlp

20. p =¢&(MM,z +MM, 2).
Fingering functions

Fayers’ has proposedA(y,) = a+by® ,witha+b = 1, for an homogeneous problem, but a +
b < 1 for a heterogeneous case, depending on Peclet number.

Later, Fayers, Jouaux and Tchelepave introduced the following fingering functions :
Hm -Hm,
Ay,) = «

W) = @ Hm) sy Hm (Hm - 1)

The A, function has been developed to fit exactly, in absence of gravity and compressibility effect, the
molar fractional flux function of Koval :

___mHz
21. F e

H is the heterogeneity parameter (H = 1 for a homogeneous mediynt)ergas-oil viscosity ratio is
obtained from a quarter-power blending rule :

AY) = v PP



22. m= =y mM-n+g”

m, is a constant effective viscosity ratio obtained from equation 22 for a given concentrgto 22
in the original work of Koval). Considering gs the gas concentration just inside the leading edge of the
fingers, Fayerst al. have proposed :

23. If N.<O0:y = 0.22 +(0.075 + 0.0018 )MArcTanE 1.6 N) , else : y= 0.22 (1- N.*) .
In the FJT model, the relative permeabilities are defined by :

- HS - 1-
24. krg_HSg+1—Sg and ki = 1-kr,.

The new fingering function, which is proposed hereafter, is derived from the hypothesis that the V-

component molar fractional flux could be a function of the reduced compositional vé’?a:bié .

K

Under the same hypotheses as Fayers and using the same relative permeabilities at #aykisis

v, Y, , . L _ V. = V.
, then the fingering function iK(y,) = .
1-y. gering ) mHY (1-y)+Y -V
Providing a modification of the definition of,ythis fingering function gives results similar to those
obtained with theA\, function. However, with this function as with,, it is not possible to derive

analytically y and $ from z.

In absence of gravity, s expected to behave as Hence, a more tractable fingering function, allowing
for choosing zas a primary unknown in a one-phase two-component model, is obtained from keeping
the definition of y (eq. 23) and stating :

assumed that : F= Ry, =

Y.~ Y - _ Y.~ Yo
25. F = or y,=@A-y)JF +ty or = .
“ 1y, %= 1% Y “TmMHA-y) +y -y
The corresponding fingering function can be expressed alternatively as a functjam gf.y
1 — Y. z,
26. Ay) =7 L) N(z) =

Yom H(@-y) + Y, Y A-y) Rty
The V-component molar fractional flux in absence of gravity effect(= F, y, ), is not formally equal
toF :

FE = (rng Lnik:ll.)/\/i(z(vz)v)_i_l’ with m, = [[(1_yK) FK+yK] (TTL 1/4_1)+J] .

Contrary to the Koval function, a leading shock, depending on the viscosity ratio and the heterogeneity
factor, can occur :

27.

yvmolar fraction inside the finger at Finger fractional width at the
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The various fingering functions, at,m 30, N, = 0, are compared hereafter, on the left hand for H = 1
and t = 0.35 pvi, on the right hand for H = 1.4 and t = 0.25 pvi :
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The new fingering function is relevant with the numerical experiments of Fayers et al. where bumps near
the leading edge have been observed, for example at H =130 N, = 0 and N = -2. OnlyA, andA,,

which incorporate a dependence on the heterogeneity, are further compared. In the new one-phase two-
component miscible model (named,)Mderived from using\,(z,) in the FJT approach, i a primary
unknown, y and § are intermediate calculation variables.

It is also to be noted that, Femains very similar to Fon a large range of viscosity ratios and
heterogeneity factors. Thus, the slope otz = 0 is formally equal to that of Fthen to (m H) .

Extension of the Koval’'s model

One can use this particular feature £, ) to derive, from the preceding equations, the following
extension of the Koval's model, named,"KThe V-component molar fractional flux is given by :

) ) . _ m, Hz m-1_vy(y.~2)
28. Z = FK(l r) with FK _(mKH—l)Z/+1’ m, (H_l)Z/+yv

wherey = (1-vy,) F +Y, is an auxiliary variable, and, ys given by eq.23. The total Darcy velocity
(eq.18) is computed using the following effective average phase properties :

H-1)z +y
29. l=p :
u lJ(mQH_:I‘)Z/-'-yv
The non-homogeneous single-phase physical properties are then found to depend on the heterogeneity.

andl = N,

P=p-(-p)F., mfromeq.22.

Model comparison

Both the comparison of the fractional flux function and the comparison of the pressure gradients are
necessary to illustrate the behavior of the miscible models. The pressure gradients can be expressed in the
following dimensionless form (a : two phases, two components, b : one phase two components) :

30.0P & — @m @—1_r§—NA % 0p 2 — EL' ﬁ—ﬁ N B
HPENC 1 m -1 o O TN.-10m-10 wO Tcp-p

In the further illustrations, are included the Todd & Longstaff model (withwthielue adjusted as in ref.
6), the FJT model, the kand M, miscible models.
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Although the number of examples shown here above is limited, tlemdM, models have been found
very close to the FJT model on a wide range of dimensionless parameta;s Kb,

Numerical simulations

An industrial compositional simulator (ATHOS - BEICIP Franlab) has been used to simulate two-
component first contact miscible displacements. Hereaftéllugated the results of a gravity stabilized
injection of methane into decane, at 121°C and 370 bar, in a cross-section (injection at the top,
production at the bottom). In these thermodynamic conditions, the phase molar (feoisityPeng-
Robinson equation of state) is nearly twice less for pure decane than for pure methane. The porous
medium is slightly heterogeneous (permeability distribution is log normal with a reduced correlation
length of 0.01 in both directions amlog k) = 0.7) ; from a tracer test, H has be found equal to 1.15.
The length to width ratio is equal to 3. The average permeability (1 Darcy) is high enough for limiting
the local pressures to small variations. Hence, the compressibility effects are not very significant.

A good agreement is found between the molar fractional flux, from the numerical simulation, and from
the FJT, M, and K, models with the assumption of identical molar densities for the injected and in-place

fluids. As the pressure gradients are very small, the magnitude of the relative dén@li©nonsiderable

and the results are scattered ; the general trend is in better agreement with the T&L model than with the
three other models. The observed tendency is not far different from that obtained by Fayers et al. for the
simulation (with gas phase density from eq.14) of a gravity-stabilized displacement in a homogeneous

medium at N = 0.67 and m= 30. It appears then that the assumption of equal molar sub-phases
densities allows for deriving analytical models which giveaaoeptable approximation of the present
case and of other simulated cases not reported here. This result may be not general.
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As shown below, the average phase molar density depends on the composition, and can be approximated
using the bulk composition and the original PVT model (i.e. without changing EOS parameters) :
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Implementation

In a compositional simulator, s a primary unknowq when solving the equations 17. The multi-
component fluid representation is obtained usipng=z X + 2 (yk - x) The average phase molar
density¢ is calculated with the standard PVT model using thedar fractions. The phase density is
obtained from eq.20. For the, Knodel, the molar fractional flux function, & taken from eq. 28., and
the Darcy velocity is computed from eq. 18 and 29. For thenbdel, Z is derived from Z=F, (1-T)

(F, from eq.27, 26" from eq. 15,14) and the Darcy velocity is to be derived from eq. 18 and 19.

One way to implement the new models in a Black-Oil simulator is to transpose the equations 17 in a
Black-Oil form (z, z represent the saturation variables andZZthe dynamic relative permeabilities) :

0, (0p* S*) — 6@) kkr (0 P- pgsmd))ﬁ-o with & =z ; ki = Z,;

0,(0p: 8) 0, B kkr e.p-pgsnef]=0 wih §=z; =z,

p,F andp* correspond respectlvely m* = & MM, andpg = & MM, ; they have to be entered as
functions of $. p andu keep the same definition as in the composmonal implementation. Both phases
have then differentiated fluid densitigg*( and p,*), but a same fluid viscosity and a same fluid density
for the calculation of the Darcy velocity.

Conclusions

1- The transition from a two-phase multi-component model to a one-phase two-component model has
been presented. It arises that the material balance equations have to be modified by the introduction of
fractional molar flux functions, and a specific fluid density for the calculation of the Darcy velocity.

2- One-phase two-component models .(MK,) for representing fully miscible displacements at
unfavorable viscosity ratio have been derived from using a new fingering function in a Fayers type
model. The K model is an extension of the Koval’'s model : effective phase properties are provided
and the fractional flux functions are corrected to take into account the gravity effects.

3- The new models reproduce very closely the pressure drop and fractional flow obtained by Fayers et al.
with their so-called A, function for any mobility ratio, heterogeneity factor or gravity number. The
effective phase properties of the single ‘non homogeneous’ phase are shown to depend on the
heterogeneity factor, the effective phase behavior appearing then not to be of pure thermodynamic

type.

4- Both models can be implemented either as a multi-component compositional model (one phase) or a
Black-Oil model (two phases).

Nomenclature

k : absolute permeability kr : relative permeability

() : porosity g : gravity acceleration

S : saturation ¢ : angle between the horizontal and the
P : pressure flow directions

XY,z component molar fraction in the oil, i : phase molar density

gas, bulk phase



Subscripts

P, P phase density, phase density in the _
potential evaluation of the one-phase 0,9 9||,.gas
model L,V : liquid, vapor component
v viscosity [ : reference
u Darcy velocity n ' normalized or reduced
A phase mobility t total .
Z component molar fractional flux r : accumullanon term
F phase fractional flux f : convection term
MM molar mass Xt position, time
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