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Fractional flow formulation for three-phase non-isothermal flow
in porous media

Abstract. The present paper focuses on the simulation of three-phase non-isothermal compressible flow in porous media taking into account capillary
effects. We propose a new formulation of the considered non-isothermal problem in which the gradients of capillary pressure functions are eliminated
from the pressure and temperature equations by the introduction of a change of variables for the pressure. The mentioned change of variables is
referred to as the global pressure. A computational algorithm for the numerical implementation of the problem using the finite difference method
is proposed. A priori estimate for the solution of the difference problem is obtained. The results of numerical experiments on the example of a
one-dimensional problem are presented.

Streszczenie. W pracy autorzy koncentruja sie na symulaciji tréjffazowego nie izotermicznego Scisliwego przeplywu w Srodowiskach porowatych przy
uwzglednieniu efektow kapilarnych. Zaproponowano nowe sformutowanie zagadnienia w ktérym gradienty funkcji cisnienia kapilarnego sa wyelimi-
nowane z réwnan cisnienia i temperatury poprzez zamiane zmiennych dla cisnienia globalnego. Zaproponowano implementacje algorytmu wykorzys-
tujgc schemat réznicowy. Wyniki obliczen dla jednowymiarowego zagadnienia przedstawiono w zakonczeniu pracy. (Sformutowanie przeptywow

wielofazowych na przyktadzie trojfazowych przeptywow nieizotermicznych w porowatych mediach)

Keywords: three-phase non-isothermal flow, fractional flow, capillary pressure, finite difference method, a priori estimate.
Stowa kluczowe: tréjfazowe przeptywy nieizotermiczne, przeptywy wielofazowe, cisnienie kapilarne, metoda réznic skofnczonych, estymacja a priori.

Introduction

Study of three-phase non-isothermal multiphase flow in
porous media has received considerable attention in recent
years because of its importance in variety of industrial pro-
cesses, particularly in the extraction of heavy oil. Thermal
recovery methods provide one of the highest recovery rates,
and they are the most widely used methods in the heavy oil
industry.

Extensive studies have been performed to simulate non-
isothermal flows in porous media recently. Different ap-
proaches to solve non-isothermal flow problems with differ-
ent assumptions about the physical data were studied in
[1, 2, 8, 4, 5, 6, 7, 8. The most common numerical ap-
proach to solve the three-phase non-isothermal flow problem
is based on the choice of the pressure of one of the phases,
two saturations and temperature as the primary variables,
and this approach is usually referred to as the phase formula-
tion. However, the choice of the phase pressure as the main
unknown involves certain difficulties encountered in obtain-
ing the numerical solution of the three-phase flow problem as
well as during its mathematical analysis. Some of them, in
relation to the isothermal case, are described in [9, 10, 11].
These difficulties are mainly related to the unbounded in-
crease of the derivatives of capillary pressures when satu-
rations approach corresponding residual values [9].

To overcome some of these shortcomings in obtaining
numerical solutions to the three-phase isothermal flow prob-
lems, so-called fractional flow (global pressure) formulation is
widely used. This approach was initially proposed in [12, 13]
for the simulation of two-phase flow, and then generalized
to the three-phase case. The idea of the global pressure
approach is to replace the three-phase flow with the flow of
some fluid which is described by Darcy’s law.

Using the concept of the global pressure, in [13] the ex-
istence of the solution to the incompressible fluid flow prob-
lem for the degenerate and nondegenerate cases is proved.
The uniqueness of the problem is proved in a particular
case. In recent papers, new theoretical results of solvabil-
ity of the two-phase flow problem using this approach with
different assumptions about the physical data were obtained
(cf., [14, 15, 16, 17, 18] and references therein).

A number of papers are devoted to the numerical simu-
lation of isothermal flow by introducing the global pressure.

Studies conducted in recent years show that this approach
can be successfully applied for the simulation of two-phase
compressible [11, 19], three-phase compressible [20], multi-
component compressible [21], non-isothermal two-phase in-
compressible [22] flow, as well as for the case of porous me-
dia with a discontinuity [10]. In [20], it is shown that from
a computational point of view, solving the three-phase flow
problem in the global pressure formulation is more efficient
than in the phase formulation. To our knowledge, using the
global pressure approach for the simulation of three-phase
compressible non-isothermal flow has not been studied.

In this paper, the idea of introducing the global pres-
sure is generalized for obtaining the numerical solution to the
three-phase non-isothermal flow problem. The purpose of
this work is to eliminate the gradients of the capillary pres-
sure functions, leading to the unlimited growth of the solution
at residual saturations, from the pressure and temperature
equations by introducing a change of variables. Following
the original papers [12, 13], the sought change of variables
is referred to as the global pressure in the present work. A
new formulation of the non-isothermal problem, which con-
sists of four partial differential equations with respect to the
global pressure, temperature and two saturations is derived.
A computational algorithm for the considered problem with
the use of the finite difference method is suggested. An a
priori estimate is derived for the solution of the grid problem.
In conclusion, the results of the numerical simulation are pre-
sented for a one-dimensional model problem.

Governing equations

This section describes the mathematical model used in
the present paper. The following assumptions are made
about the physical data. The flow is assumed to obey the
generalized Darcy’s law. For simplicity, we assume that the
porous media is homogeneous and isotropic, gravitational
forces are neglected. The phases are in local thermal equilib-
rium which means that in any elementary volume, the fluids
saturating the porous media and rock have the same tem-
perature. In addition, oil is assumed to be homogeneous
non-evaporable fluid and phase transitions may occur in the
water-steam system.

In this case, the three-phase non-isothermal compress-
ible flow in a bounded domain Q C RY (d = 1, 2, 3) is usu-
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ally described by the equations:

0 S,
(1) & (¢Pasa) +V. (paua) +1Io =qa, a=w,o0,y,

2) Uy = ———Vpa,

0 ) . oo
ot <¢;pa3ala +(1—9) Pr1r> +V- gpauala*
3) -V - (krVT) = qr,

(4) pa = pPa (Pa,T), a=w,o0,g

where subscripts w, o, g, r denote the phases of water, oil,
heat transfer agent, and rock, respectively; ¢ and k are the
porosity and conductivity of the porous media; p., Sas Pas
Koo thao T, U, 1o, are the pressure, saturation, density, rela-
tive permeability, viscosity, enthalpy, velocity, and phase tran-
sition rate of the phase «, respectively. For saturations, the
following constraint holds:

(5) Sw+ S0+ 84 = 1.

The difference in pressures across the interface between
two phases is expressed by the relations:

(6) Pow = Po — Pwy Pgo = Pg — Po

where capillary pressure functions p,,, and p,, depend on
saturations and temperature and are assumed to be known.
For simplicity, following [23, 24, 25, 26], we neglect the in-
fluence of temperature on capillary pressures in the present
work.

We now define initial and boundary conditions for the
system of equations (1)-(6). At the initial time, the reservoir
temperature and pressure are known, and the porous media
is saturated with oil and water:

T(.’L',O) = TO7 Pw (fﬁ,o) = Po, Sa (IE,O) = Sa0, =W, 0,

(7) 5¢(2,0) =0, x €.

Depending on the specific problem, the system is com-
plemented with appropriate boundary conditions, cf. [27, 4].

Derivation of the fractional flow formulation for the non-
isothermal problem

Derivation of the global formulation for the non-
isothermal problem (1)-(7) is close to the presentation given
in [13]. For convenience, we introduce the functions

Ou (Swa Sgame) = /\a/\ila

(8) A()/ (511;7 Sgame) = pac(xkaﬂ(zla
A (Swa Sgame) = /\w + /\o + >\g

where c,, is the specific heat capacity of the phase «a. Let us
introduce the vector

9) U = PuwCully + PoColio + PgCyliy.

Using the relations (2) and (6), one can easily show that
the vector u can be expressed in terms of the phase pressure
Do and capillary pressure functions p,,, and p,, as follows:

(10) U= —kA (VDo — 00 VDow + 04Vgo) -

The idea of the fractional flow approach is based on the
introduction of a function p = p (., sS4, Po, T') Which is de-
termined from the following differential equation:

(11) Vp = VPO - avaow + egvp{]w

It is known [9] that the gradients of capillary pressure
functions Vp,,, and Vp,, increase unboundedly when sat-
urations s, approach corresponding residual values s,,. In
order to eliminate these terms from (11), we will seek a func-
tion pc = pe (Sw, Sg.p, T') such that

8pc 8]70
ap VPt ar

This holds if and only if the following conditions are sat-
isfied:

(12) Vpe = —04,Vpow + Hgvpgo + VT.

Ope Opow 8pgo
= *ow 0 )
08y 08w + 0 08y
Ope Opow Ipgo
1 = —0, 0 .
(13) 0sg 0sg g 0sg

A necessary and sufficient condition for the existence of
the function p. satisfying (13) is the equality of the mixed
derivatives:

82}70 _ a2pc
05408, 08,03,

which leads to the condition

aaw apow % apgo
O0sg 0sy 05y 05y

. _8911) apmu % 3]790
~ Osy Osg  Osy Osy

(14) —

Obviously, the condition (14), which is referred to as the
total differential condition in [13], limits the choice of the func-
tions Pow, Pgo, ka, Pa and . When the condition (14)
holds, the function p.. is defined as follows [13]:

S OPow
Pe (511175g7paT):/ {91” (7,0,p,T) 3 (7,0) +
1 Sw
Opgo
+99 (7)703177 T) 85 (7170) dl’7+

%o 0 ow
+/ |:_9w (swvnava)g;(sﬂﬂn)—’_
0 Sg

(15) +04 (50,1, 0, T)

Ipgo
< , d
asg (Sw 77) 77
where p and T are considered as parameters. A direct check
shows that the function p. defined in (15) satisfies the condi-
tion (12) under the condition (14). Now we define the sought
function p as

(16) D= Po + Pe-

From (10) and (11), we have

(17) = —kA(vVp = &VT)

U
where v = 1 — %’;;, £ = %’;3. For simplicity, we assume

that the density (as a function of pressure and temperature)
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changes slowly with the change of pressure, and hence [10,
13, 27],

(18) Pa = Pa (paT)'

As in [13], the function p defined in (16) will be referred
to as the global pressure in this work.

Using the definition of the global pressure (16) and the
relation (17), the equations (1)-(6) reduce to the following set
of equations for the global pressure p, saturations s,,, s, and
temperature T":

op oT

(19) a15' + b1 — oD

=V (a2Vp) + V- (boVT) = fi,

N ) V- (waVsa) —

084
Opa—7 ot +¢pa5a (517& ot + B,

(20) _V(ijav(p_pC))—i_Ia =(qo, @ =w, g,
oT

(21) aga—Fﬁ'VT—V'(kTVT):fQ
where

ay (Swa Sgs D T) = Z¢Ca3apa6paa

@

bl (SUH Sgs Py T) = Z ¢CasapaﬂTou

(22) a2 (swasgapa T) = k)\’% bo (swa Sg, D, T) = k)\f,

as (Swv Sgapv T)

= ¢Zpasaca + (1 - ¢) prcra

i :an (qa — 1a), f2:(IT_ZQaiou

= — = r—y ww =
Pe pa Op fo pa OT 054
Ipgo
w”:‘asgg ol

The equation (19) was obtained from the equations (1)
where the chain rule was applied to the first term, and the
ratio (18) was used. Further, the resulting equations were
multiplied by ¢, and summed. The equation (21) was ob-
tained by subtracting from the equation (3) the equations (1),
multiplied by the corresponding enthalpy i,. To derive the
equations (20), the chain rule was applied to the first term of
(1), and (18), (16) were used.

To determine the initial and boundary values for the
global pressure, (16) is used. The initial and boundary con-
ditions for s,,, s4 and 1" remain unchanged.

Numerical implementation of the problem

In this section, we present a method for solving the three-
phase non-isothermal flow problem in the global pressure -
saturations - temperature formulation on the example of a
one-dimensional model problem. We consider a problem of
displacement of oil by steam in the segment 2 = [0, 1], at
the ends of which injection and production wells are placed.
In this case, the initial and boundary conditions can be de-

fined as follows:
(23) p (I, 0) = Po,

T(x70) = TOa Sw (3370) = Sw0;

0
p(07t):p17 p(17t):p07 T(Ovt):Th %T(l,t):(),

(24) w (0,t) = 81, $4(0,t) =s41.

For the numerical integration of the equations (19)-
(21), we use the finite difference method in the present
work. Let us introduce a uniform difference grid ;, =
{iE(i) =iAz,1=0,1,.... N, T(o) = 0, T(N) = 1} in the
domain €2, and let the time segment [0, ¢1] be divided into
discrete steps t" = n1,n =0, 1, ..., M, t* = 0, tM =¢,.
Then, we associate the following difference problem with
the boundary value problem (19)-(24): find grid functions
p, T, s, 54 satisfying the set of the following grid equations
in Q,:

(@5) afpp BT~ (agpi ), + (05T, = A1

¢pn+1 n+1_’_¢pn+l n+1( pap?+1+5%aT{n+1) o

(26)
~(wnsit) — (oA G2 = pi)), + IE =iy a = w g

agTszrl k/\n (’YT’ no__ §7LT71) Tn+1

(27) — (krT2 Y, = f3

and the boundary and initial conditions:

(28) P(()Z) = Po, T(g) = To, S?U’(Z) = 540, 0 S q S N,
p?o) = P1, p?N) = Do, T(%) = Tl; Tg(N) — 0’
(29) S,TLLU,(O) = Swil, S’;L’(O) = sgl; 1 S n S M

Here we use the notations

W) — UG UG~ UG-
Ug, (1) = Az y Uz, (7) Az .

The equations (25)-(27) are solved using the sweep method.
The transition from the n-th time layer to the (n + 1)-th time
layer is carried out using the following algorithm. Using the
values of p™, s", s", T™, the temperature field 771 is de-
termined from the equation (27). Then, the global pressure
p" 1, water saturation s7;*! and steam saturation 57! are
calculated from the equations (25) and (26), respectively.
The obtained values are used to determine the phase transi-
tions rate 1™ *!. lterations are conducted until the condition
‘82"’1 — s7'| < e is satisfied for some predetermined number
e>0.

In the section entitled Numerical Results, we present the
results of computational experiments carried out for the prob-
lem above.

A priori estimate

In this section, we derive an a priori estimate for the so-
lution of the difference problem (25)-(29). We consider the
space H of grid functions u, v, ... with the scalar product and
norm of the form

Z uiyvp Az, lull® =

i=1

N—-1

2
> utyAa.
i=1
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We also introduce the notations
N N
2
=D _uavnde, ulff =3 uf)Ae,
1=1 i=1
Julle = max|u].
In the analysis of the difference scheme (25)-(29), we

omit the phase transition terms and assume that the following
conditions hold:

(B0) M, €CI0,1], po €CI0, 1], p.€C0,1],
(31) < (¢, k, \, pay Cay k1, 1) < 1,
(32) 2 < (Bpals 1815 V], 1€]) < 2,
0 <wo < wa, ([9al, lgr]) < g0 < oo,
(33) (po, To, Sa0, p1, T1) < 00

where ¢y, co, wo, qo are some positive numbers and o =

w, o, g. Note that the conditions (31)-(32) imply that
aalgak§a07 balgblgb(h k:17 27 37 l:172

for some ag, by > 0.

Theorem. Let the assumptions (30)-(33) be satisfied.
Then, there are numbers My, 7y depending only on initial
data and right-hand sides of the grid equations (25)-(27) such
that for any 7 < 7, the inequality E™ < Mj holds for all
n > 0 where

2 2 n 2 2
"= N A+ syl + [|sg ]
Proof. Multiply the equation (25) by 27p™*1

4
Z Ci(l) _ (anp:u+1
=1

— ((abpit!

27’p”+1) + (b?Tg”H, 27'p”+1) —

n+1) n+1) _

)z, 21p + ((bng‘H)z, 21p

(34) = (ff", 2rp"*).

Let us estimate the scalar products in (34) using the as-
sumptions (30)-(33), the formula for summation by parts, and
the Cauchy inequality with e:

V] = 27a5™ | (2, o) | =

n+1H >

[Eal

=i (I =1+ 7|

b

¢8| < 2r2boe |

2 bo
H T 164

1
‘C:S, )‘ =27 (a5pi™, pitt]

n+1

n+1 _n
= 27P(Ny) A2,(N) Pz (n) T
27Dl a5 )P ) >

n+1} | 7L+1||C

'27@01 ||p 727’}710,01 Hp

L " " n
‘Ci )’ = =27 (T ™, P + 27Ny b5 o) T ()~

n+1 n 1
=27p(0) b5 1y T3 (1)

g P2+

< 2rthye, |13+ + X
2

+27pibo [T

o] < 2res 1702 lpz]1°

+ ].663

Substituting these inequalities into (34), we obtain

R P R s I

77 H2 +272agboes || T2 [P +

S 272a0b051 ‘

(35)  +2rpiaobo || T2 + 27aces | 7

where the positive numbers €1, €2, €3 are chosen such that

aobo aogT
e - _ >0,
=T T 6e, 26y 16es

vy =1 — 2agboe; > 0.

We now multiply the equation (27) by 277" +!:

4
D6 = (a5t 2r ) -

— (kA 2T, 27T ) +

+ (RN T2, 27T ) —

©6)  —((krTF™), .

Let us dwell on the evaluation of the second, third and
fourth terms in the left-hand side of (36). Under the same
assumptions, we have

27'T"+1) = (f;, QTT"'H) .
\<2 | <2rétey szT"“H ) <

< orteudien Il [T+ P+ 2 (|l 72)

k@\gw%w%ﬂmﬁFW¥HW+

+@ (||Tn+1] |2 +T12> ’

‘Cf)’ > —27'(:1_1 ||T£+1} ’2 — 27Ty

n—+1
5,
Applying the obtained inequalities, the equation (36) re-
duces to the form

[T = P + 72 |

H +2T6L0011 ||T"+1]| +

+27’a0T1 ‘

et e e e e

apcicy n+172 2)
o (Il P+ 72) +
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+2r2esagcies | T2 |72 | +

apcic n+1712 2)
+7gf0w 117 +72) +

(37) +27a0c |3 1> + 1o HT"“H

Now, we add the inequalities (35) and (37) and drop the
last term on the left-hand side of (37). Choosing the positive
numbers g4, €5, £¢ and 71 such that forall 7 < 7y

vy=27aq (e =rcdes (allpl” + &5 | T20) ~boes ) -

Tap a()C% Co (
16¢e6 2

—27‘(10])11)0 - i + 65_1) s

we obtain:

™= " 1P+

n+1H i Hpn+1] |2+HTn+1H2

2
TP 2 || | <

(38)
- apcicoT? (

< UL (e o5+ 2rages |7 1P+ 2raoes 177

Now, we multiply (26) by 27s7+1:

6
3 _
La=le

+ ((pr“ FARTCHNan

n+1sn—t1,
a,t

27'5’”1) +

27'8"“) +

+( n+41 n+16n Tn+1 27_8n+1)+

~((enss), -2

(39) ((k)\"HpC w) , QTSZH) (qa, 275"+1)

We consider the second, third and fourth terms in detail.
The reasoning is similar for the rest terms.

( n+1p?+1 n+1)‘ <

"+1> — ((kj)\szZH)I, 27’52“) +

? T

’(é?’) ‘ < 27'0?02

< QC%CQ TS

n+1 n+1H ||Sn+1|| <

1 1 cfeo 1)2
< 2r%eser.a [lsat | i H T |
257&
2 2oy
R O e e
258@
3] _ ntl n+tl nt+l n n+tl
’C4 = |27 (WaSpz » Saz —27’8(17(1\[)&}(]\/)5&2(]\,)4—
n+l , n _nt+l
+2”a,(0)w<1>3a,f<1>‘ =z
> 27wy s"tl — 27801 |W} Hs”tl H
el XM ||7az) | o

Substituting these inequalities into (39), we obtain:

2 2
1 1
|| n+1|| IIs nH +72 ‘ "t H + 273wy sgg +
2
2 nt1 2 4 +1
+27¢] 501 wﬁ)’ ‘ SZ‘E(UHC <ATC T 0 ([Sag || X
4 2 2
1 CiC2 1 1
o[+ D2 st + areteresa s
70 ; ;
T+l 2 Clc2 n+1 94 n+1
2 | G2 e e o |+
8,
cf nt||? 42 || nt|? 2 2
+2€9 a,T + 4’017— ‘ s T + 6804,(0) + Cly&a"_
NeY
2 2
2 n |2 TCY n4+1
r2rcera gl + oo s
€11,a
Choosing the positive numbers ¢, k = 7, 8, ..., 11 and
To such that for all 7 < 75:
2
1 1
v3 =213 <w0— 2rciey (67 o p?"‘ H +€8,a TgH‘ H +

€10, I 4 I
+ c;) - 4511,a) —CC <€7a +58a + 259a

and dropping the last term in the left-hand side of the inequal-
ity, we have:

2
sz - o

2
Sn-&:lH + Vs ‘ gt

a,t

<

Isal* + 72|

(40)
< 2017 €9.0 prHH + 65a1 + 01V8 o+ 2701511 o ||qa||

Multiply the inequalities (40) by n,, > 0 and n, > 0,
respectively, and sum the resulting inequalities with (38) to
obtain

P =1+

n+1H i Hpn+1]‘2+HTn+1H2

2
— T + 72, H +u§HT§+1]|2+

2 2
#3572 ozt 4oa o) <
a=w,g

< > e (267200 [P + 652, + s at

a=w,g

apclesT?
+ 2refenallaal’) + 22 (e o5 +
(41) +2raoes || f21I° + 27aocs || 21

Choosing 7, 174 such that

Z Na2ciTe9,0 > 0,

a=w,g

Vy =1V —

we obtain:

™= " P+

et v [l P e -
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— T )* + 70

s At

2
SrL-i:lH +ug ’ Sn-tl
ot

2 na(|\sz“||2—||53||2+72 |

a=w,g

).

< D7 (655 + s+ 2rcena llg2)?) +

a=w,g
(42)
agciceaT?
2
Introducing the notations

(63" +e5") +27aoes | f11* +2raoss |1 £5] -

apcicaT?

5 (g1 +eg ) <oo,

V= Z N (63i1+c%1/87a)+
a=w,g

: 2
To =— Iin {7’1, 7'2}, Vs = max{chlea, 2&063, 2(1056}

and dropping the last term in the left-hand side of (42), we
obtain the following inequality for all 7 < 7:

o H T [T g [l < D2+

TP A+ o 15202 + g |52 + v+

ni2 ni|2 n||2 n2
@3) st (11 + o gl + g g |* + 1521) -
Applying (43) n + 1 times, we obtain the inequality:

2 2 2 2 2 2
™ 12+ 1T + 70 18217+ [|52]” < llpoll® + 1 Toll® +
2 2 2 2
1w [18w0ll> + 7 ll5g0l” + vsta (Hf1||*+77w gl +

2 2
g g2 + 11 £212) + M

where

J— n
Jull, = max [lu"].

Then, denoting

2 2 2 2
Mo= <||p0|| HITo 1P+ D N <||Sa0|| + sty ||qa\|*) +

a=w,g

2
+usty Y| fellZ + MV) vt

k=1

vg =min {1, n,, 1y},
we arrive at the inequality £ < M. The theorem is proved.

Numerical results

To test the adequacy of the proposed model, numerical
experiments were conducted. We accept the following val-
ues of the input parameters: p; =11 = 1, pog = 1y = 0,
Swo = Swi = 0.3, 5,1 = 0.7, 8y = 0.29, N = 103,
At = 1075. For the simulation of phase transitions, the
methodology proposed in [4] is used. For determination of
relative permeabilities and capillary pressures, the following
simplified relations are used:

(44) kw = Sw, ko =1—5y — 54, kg=5g,

19
™
osd L\ N
2
2 o064
s
@
Q.
g 0.4+
i
024
0
Distance
Fig. 1. Temperature distribution
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Fig. 2. Distribution of the global pressure
(45)
Pow = —0.01 -Ins,,, pgo =0.1+0.01-1n(0.0004 - s) .

To determine the density, viscosity and specific heat ca-
pacity of the phases, the following dimensionless relations
are used:

pw=1-01-T% p, =0.08- T +1.568 - 107,

Po
Po,ref

(46) =1 + 5}0,0 (p - pref) + ﬂT,o (T - Tref) 5

f = 0.005- (1-0.1-T%), py=02+10-(1-17)°,

(47) [ty =2.4-107° (T +0.02),

(48) cw =1, ¢, =0.56, ¢4 =0.6

where the index ref indicates the value calculated at the initial
conditions. A direct check shows that with this choice of data,
the condition (14) is satisfied identically.

The process of oil recovery by steam is usually charac-
terized by the development of three zones differing in tem-
perature, filtration properties and the nature of saturation,
namely, steam zone, variable temperature zone and the am-
bient temperature zone. As shown in Figure 1, in a neigh-
bourhood of the injection well, the reservoir temperature is
equal to the temperature of steam injected, and it then slowly
decreases due to heat loss to the surrounding rocks. In the
second zone, the temperature varies from the condensation

0329

0319 =05
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Fig. 3. Distribution of water saturation
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Fig. 5. Distribution of oil saturation

temperature to the initial reservoir temperature, wherein heat-
ing of the reservoir is carried out by the hot condensate. The
third zone is an area not covered by steam; oil displacement
in this zone is carried out by water at a temperature equal to
the temperature of the surrounding rocks. With the growth of
the injected agent, the first and second zones are gradually
expanding, and the third one is shortened.

Figure 2 shows the dynamics of changes in the global
pressure at regular intervals ¢ = 0.1, 0.2, ..., 0.8. Obvi-
ously, the greatest intensity of fluids occurs near the injection
well followed by the decrease in the direction of heat transfer
agent flow. In this regard, the steam zone and the variable
temperature zone are characterized by the maximum change
in the global pressure.

Figures 3, 4 and 5 show the profiles of the water, steam
and oil saturation. Near the injection well, saturation of steam
increases due to evaporation of water, initially saturated the
reservoir. When passing to the variable temperature zone,
condensation of injected steam takes place, so water satura-
tion increases dramatically in this area.

Conclusion

Thus, in this work, we obtained a new fractional flow
formulation for the three-phase non-isothermal compressible
flow problem taking into account capillary forces and phase
transitions between the phases of water and heat transfer
agent. Unlike the classical phase formulation, the gradients
of capillary pressure functions are eliminated from the equa-
tions for calculating the pressure and temperature, which
lead to unbounded growth of the solution at residual satu-
rations. Research in this area could be improved in several
ways. Firstly, in this paper, simplified capillary pressure func-
tions, relative permeability and viscosity functions are used
to identically satisfy the total differential condition (14). Sec-
ondly, a simplifying assumption was made that the densities
of the phases depend on the global pressure, and not the
pressure of corresponding phases. However, the simulation
results obtained by solving a one-dimensional problem using
simplified curves of relative permeabilities and capillary pres-
sures reproduce the characteristic features of the process of
oil displacement by steam that allows the use of the proposed
approach in more complex non-isothermal flow problems.
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