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Resumo

Negtetraba ho gpresentamos o método semi-anditico parao cd cul o dasol ugdo deum sitemadeleisde conservagzo,
usado nas mul aco darecuperacdo de dleo por meio dainjegéo depolimeros. Por razdes econdmicasbancosd &gua
com polimeros s2o injetados durante o processo de recuperacao. Portanto as condicdes de fronteirasdo dadas por
fungdesdo“sep’. A ndolinearidade das curvas defluxo fracionério eas condicbes defronte rasio responsivei spelas
descontinuidades que surgem nasol ugdo do S tema Diss pagBes numéricas paradi screti zagbes usuai sgparecemna
gproximacdo numéricadasol ugdo. Usamaoscompos gdesdasol ugdo do problemade Riemann propostasem Johansen
(541-566) eocd culo das curvas de desconti nui dedes dasol ucio globd do stemadel eisdeconservacéo com condigdes
inidasedefrontara. Um programacomputaciond fol desenvolvido parao cd culo dea gunspassosnecessrios comoas
intersecOes das curvas, pontostangentes, etc. A presentamos umaaplicacéo do método andisando ainfluénciada
adsor¢@o do polimero pelo meio através do historico da producdo. Este método rdpido pode ser usado para
pequenos bancas, concentracdes de polimero e outros aspectos do processo dainjecdo de polimeros.
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Abstract

Inthis paper we present asemi-analytical method to compute solution for aconservation lawssystem usedinthe
simulation by polymer insection in enhanced oil recovery. For economic reasonssugsof polymer-water are
injectedintherecovery process. Therefore, the boundary conditionsare step functions. Non-linearity of practical
fractional flow curvesand these boundary conditionsareresponsiblefor severa discontinuitiesin thesolution of
the system. Numerica dissipation of usua discretizations smearsnumerical approximation for the solution. We
use compositionsof the Riemann problem sol utions proposedin [9], and discontinuity curves crossing pointsto

S Revista Omnia IV - 2001




%(sc rale)) + %(c.uw] -0 3)

As the usual applications of fractiona flow theory [13], the Darcy’s laws and totd velocity are
combined in the definition of the water fractiona flow function. In the polymer-flooding case, the
water viscosity is increased, then the fractiona flow is a function of the water saturation and polymer
concentration:
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where ky, (ko) isthe water (oil) relative permesbility and ™ S”S), isthe water (oil) viscosity.
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If L denotes the length of the medium, the usua dimensionless variables are:
and we drop the prime in the dimensionless variables.

Therefore, using the fractional flow theory and dimensionless variables we obtain the fina equations,
which are,

ds & f(s,c)
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Economic feasbility can be estimated using this model and calculation procedures to decide how
polymer can be used, sdecting the polymer type. This theory includes arbitrary initial and injected
conditions, limited solvent solubility in agueous phase. These effects will lead to insights concerning
polymer dug sizing and optimal injected water-polymer ratios.

The description of the polymer adsorption is given by a Langmuir-type isotherm [11], a concave
increasing function:

l+aye) (7)

where ¢ and a( ¢ ) are the species concentration in the agueous and on the rock phases. In this equation,
a controls the curvature of the isotherm and the ratio | |determines the plateau value for

adsorption. A common way to report polymer retention is the polymer solution volume and pore
volumerratio.
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In this paper we will use the Riemann solutions for the system (5)-(6) to design an algorithm for polymer
displacements. We could classify thisalgorithm asafront-tracking method. However, inthe smooth regions—
outsi deneighborhoodsof thefronts—the continuoussolutioniscomputed by the characteristicsmethod. Otherwise,
the discontinuity curvesare computed, step by step, according to anew Riemann problem. Theleft and right
gatesof thisRiemann problem aredefined by theinteracti ons between discontinuity curvesthemsd vesor between
them and the characteristicstransporting different valuesfor water-polymer mixture saturation and polymer
concentration.

Wegtressthedifferencefrom thefront tracking method used in [ 5] and [6], where numerica approximationsare
used to cal culate the smooth part of the solution. Using our procedurethe computer timewill be significantly
andler.

Someideasof the proposed method wereused in graphical proceduresin[1],[2] and [14]. Besidesthelimitations
of graphical procedure, they do not usethe Riemann problem solution to justify their procedure.

Fort < T thesolution can be calculated by the Buckley-L everett theory for oil displacement by thewater flood
process. The spreading wavesare defined by constant val ues al ong the characteristics, the self-similar solutions.
The shocksvel ocitiesare cal cul ated using the Rankine-Hugoniot and entropy conditions. Theinitial condition
givesaregion of constant water saturation.

The solution of Riemann problem for polymer flooding systemwasfirst presented by | saacson [8]. Hestudied
the particular case where the adsorption can be neglected, a(c) = 0. Inthiscase, depending on theleft and right
state, thereare six possibilitiesfor the solution. Each one of these possibilitiesisafinite number composition of
smooth solution ( or spreading waves), discontinuous solutions ( or shock waves) and constant states. TheLax
entropy inequditieswere used to distinguish the physically meaningful solution.

In[9] Johansen and Winther generali zethe | saacson study, solving the adsorption case where a(c) isnot azero
function. They derived entropy conditionsfromtraveling wavesandys stoformulatethegenerd Riemann solutions
intermsof rarefaction and shock waves. With theseargumentsthey show that therearefourteen different solutions,
depending onleft and right states.

B_u +ﬂ(u)a—u= 0
dt dx

The nonlinear system of conservation laws, (5)-(6) can be written in the quasi-linear form:

where u = (' sit) isthe state vector and A(s;t) is the Jacobian matrix

dfls,c) dfise)
ds de
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Letu'= (s ,c") (cf. Figure 1) be the unique saturation, on the polymer-oil fractional curve, such that
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We see that s is at the tangent to the polymer-oil fractional flow curve of a straight line passing
through the point (-h.(c"), 0), asit is shown in Figure 1.

As shown in Figure 1, the U -tangent intersect the water-oil fractional curve, f(s,0), in two points, the
states u“=(s,0) and u'=(s",0).The inequality in (9) has a unique solution if and only if s £ s<
Otherwise, if s> s the composition isalso givenin Lenma7.1[9]:

According to Figure 3, this composition uses a spreading wave along f(s,c"), a shock, in saturation and
concentration, from u” to u* and another Buckley-L everett solution along f(s,0).

In these constructions use s° from the spreading wave of the water slug; these are continuously
decaying water saturation values. Therefore, the soluion during the polymer flooding is the
composition (8), if s° £ s or composition (10), if °> S°.

To obtain the water saturation profile s(x) at a given time we use the time — distance diagram drawn in
Figure 4. Streaked areas on this diagram represent spreading waves. the lower area is the Buckley
Leverett spreading wave and the upper area are spreading waves from the solution presented in Fgure
2.
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Taking the water saturation at xp = 1 we can compute the effluent history, the fractional flux at the
effluent end, presented in Figure 6. The effluent history provides a means for calculating cumulative
oil recovery from the area under the curve:

1
Wizp) =ID(1 - fulxp = Dat

where N is the cumulative oil recovered expressed as a fraction of the medium pore volume. The
cumulative oil recovered are presented in Figure 7.
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Final Remarks

In this paper we presented a semi-analytical method designed for a oil recovery process in which the
water flooding is followed by a continuos polymer-water mixture injection. We also designed a code to
compute the features of this recovery process.

We used convenient numerical methods in the following steps:

To find tangent lines, emanating from arbitrary points, to the fractional flow curves; for
instance to find s* in Figure 1.

To find points where straight lines emanating from given points intersect the fractional flow
curves, for instanceto find s, in Figure 2 and s; in Figure 1.

To obtain the discontinuity curves plotted in Figure 4. Here a discretization in the spreading
waves are used to compute the piecewise approximation for the discontinuity curves. Except
for these approximations the method gives the analytical solution.
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