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Received 11 March 2008 bounded two-dimensional region, when there is a point source present is considered. Part of the boundary

of the region is free, while the remaining part is impermeable for the fluid. It is assumed that the function
defining the seepage law is multivalued and has a linear increase at infinity. A generalized formulation
of the problem is proposed in the form of a variational inequality of the second kind. An approximate
solution of the problem is obtained by an iterative splitting method, which enables approximate values
of both the solution itself (the pressure) and its gradient to be found. Analytic expressions describing
the boundaries of the region where the modulus of the pressure gradient takes a constant value are
obtained for model problems of a line of bore holes. Numerical experiments are carried out for model
problems, which confirm the effectiveness of the proposed method. Good agreement is observed between
the results of calculations obtained analytically and by approximate methods.
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Problems of the seepage of an incompressible fluid in a uniform porous medium for a multivalued seepage law with a limited gradient
were considered in Ref. 1. Here, when the functions, defining the seepage law, and the seepage regions have a fairly simple form, exact
solutions were obtained for a number of model problems with point sources (see, for example, Refs 2-4 and the references given there). In
the case of an arbitrary seepage region, a singularity related to the presence of a source was only taken into account for finite-dimensional
approximations of the problems (see, for example, Ref. 5). A mathematical formulation of the problem with a continuous law when a point
source was present was given in Ref. 6 and an existence theorem was proved. A mathematical formulation of the problem was presented
in Ref. 7 in the case of a multivalued law in the form of a variational inequality and its solvability was established.

An iterative splitting method was proposed in Ref. 8 for solving variational inequalities of the second kind and its convergence was
investigated. This method is used below for the seepage problem considered. It enables approximate values of both the pressure and the
pressure gradient to be obtained. It is verified that the conditions for the method to converge for variational inequalities as it applied to
the seepage problem are satisfied. The main difficulty in using the iterative splitting method? is solving minimization problems, which
arise in each iteration. However, the minimization problem can be solved in explicit form for the seepage problem, so that each step of the
method is in fact reduced to solving a boundary-value problem for Laplace’s equation.

1. Formulation of the problem

We will consider the seepage of an incompressible fluid in a bounded plane region 2 with a Lipschitz-continuous boundary
r =F1UFZ, Fl ﬂr2 = @, mesrl >0

Part of the boundary I'; is free, and the fluid pressure on it is equal to zero, while the part I'; is an impermeable solid wall. We will
assume that, at the internal point x” of the region 2, there is a point source of constant intensity g > 0. It is required to determine the steady
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fields of the pressure p and of the velocity v = {v1, v,} of the fluid, satisfying the fluid mass balance equation
divo = go(x — x*), xeQ (1.1)
with a multivalued seepage law
\%
-ve gs( pDVp, xeQ
V) (12)

(the seepage law is written in the form of an inclusion, and not an equality, since g, is a multivalued function) and the corresponding
boundary conditions

p(x)=0, xely, (v,n)=0, xel, (1.3)

where n is the unit vector of the outward normal to I';.
We will assume that the multivalued function gy can be represented in the form

84(8) = g(&) + SH(E - )
where ¥ > 0, y > 0 are specified constants, and the multivalued function H and the single-valued function gy are given by the relations

0, £<0

0, &<y
HE) = [1(’),11, f:g £y(&) ={g*(§_ﬁ)7 Ls
the function g': [0, +co] — R! satisfies the conditions
g5(0) =0, g*(&) > g*(C), VE>(>0 (1.4)
and constants k>0, £ >0, L>0 exist such that
g*(E*) 2 k&*, g*(§)-g* (L) 2 k(§-C), VE=2(2¢&* (1.5)
le*(&) - g*(CY < LE-{, VEC>0 (1.6)

There are examples of functions which satisfy the above conditions (see, for example, Refs 2 and 3).
We will define the operator G: R — R? in terms of the function g as follows:

G) {0’ y=9
y) = _
W gDy, ¥ #0

By analogy with Ref. 6 we will formulate the following generalized form of problem (1.1)-(1.3).
We will put

|
Vm:{n eW,f, )(Q):n(x):O,xe 1“1}, m=1, 2
a°=C) NN
We will mean by the solution of problem (1.1)-(1.3) a function p € V4, which is the solution of the variational inequality

a(x*) < (G(Vp(x)), Vn(x))dx + F(n+ p) — F(p), VneCy )
Q .

where

F(m) = 81p(Vn)| - y)dx, pE)=¢&"=(E+[g)/2
Q

Following the previous approach,® we will consider the problem of finding the function w; € W(ll)(Br(x*)), which is the solution of the
integral identity

[ (G(Vo,(x),Vn(x))dx = m(x*), Vne Co(B,(x*))
B/(x*) (1.8)

where
B(x*)={x e R*: |x —x¥ < r}

As with the results obtained previously,2¢ we will present an explicit form of the solution of problem (1.8). We will denote the function
inverse to g” by h'. It follows from conditions (1.4)-(1.6) that such a function h" exists and is continuous. We will define the function h by
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the formula h(£)=h"(&)+£&, and also the function
r
(0,11 > R, pls) = Jh(ijd&
. \2mg

It was shown in Ref. 6 that the function
W, B(x*) > R, w,x) = pix - x*)
is the solution of problem (1.8). Then the following estimate holds
|Vw,(x)| < g/(2mklx — x*|) + 2&* (1.9)

We will choose the quantity r to be sufficiently large so that € B;(x"). Since x is an internal point of the region 2, we obtain &> 0, for
which the following inclusion is satisfied
I' c Q; = B(x)\B(x*)
It follows from inequality (1.9) that w; Wél)(.Qg), and so, its trace on I'; is defined, and hence we obtain the function w ¢ Wél)(.Q)
such that
wr(x) = —-wi(x), xel (1.10)
An example is the function defined by the formula
—wi(x), x € Q\By(x*)

Wrlx) = {—pr(e), X € By(x*)

The solution of problem (1.7) will be sought in the form p = wr + w 4+ w, where w € V is an unknown function. Since C{° < C5°(Br(x*)),
then, taking identity (1.8) into account, problem (1.7) reduces to finding the function w e V5, which is the solution of the variational
inequality

KG(V(w, + wr + W) —G(Vw,),V(w+1) - Vw)dx +
Q

+Fw, +wr+w+n)—Fw,+wr+w)20 Vnec? (1.11)

where (-,-)y is the scalar product in V5.
By analogy with the previous approach®, it is easy to verify that the form

a(w,m) = (G(V(w, +wr +w))—G(Vw,),Vndx, w,neV,
Q

is linear and bounded on V, with respect to the second argument, and so it generates the operator A: V, — V,

(Aw,n)y = a(w,n)
Hence problem (1.11) can be written in the form of the following operator variational inequality

(Aw,n-w)y +¥(M)-¥(w)20, Vnel, (1.12)
The functional ¥ : V, — R! is defined by the formula

W(w) = F(w, + wr + w) = 3[p(IV(w, + wr + w)| - y)dx
o (1.13)

It was proved in Ref. 7 that when conditions (1.4)—(1.6) are satisfied the set of solutions of problem (1.12) is not empty, convex or closed.
It should be noted that relations (1.1)-(1.3) also describe the problem of determining the boundaries of limit equilibrium pillars of
residual viscoplastic petroleum (see Ref. 10), i.e., lines on which |vp|="y.

2. Iteration method

Variational inequality (1.12), which characterizes problem (1.1)-(1.3), can be written in the form
Aw,n-w)y + Y(AN)-Y(Aw) 20, Vnel, (2.1)
if we put A =v and write the functional W in the form W=-y° A, where the functional vy is defined on Y=[L,(£2)?] by the formula
Y(p)=8[u(p + V(w, + wp)| - y)dx

Q
To solve variational inequality (2.1) we will use the iterative splitting method proposed in Ref. 8, which consists of the following. Suppose
p>0, A": Y — V; is the operator conjugate to A, and wy is an arbitrary element on V5, yo, Ag from Y. For n=0, 1, 2, .. ., knowing y, and \,
we put

Wnil = Wy — T[AW,, +A* }"n + P(Wn - N yn)] (2.2)
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We then find y;+1 by solving the minimization problem
Y Byl = (pA A <
(yn+l) + 2”yn+llly - (p Wpi + nayn+1)Y =

<Y(2)+ gﬂz”f, —(PAW, + A p2)y, VzeEY 23)

where ||-]ly (-,-)y is the norm and scalar product in Y. We finally put
Ay = A, + p(Awn+| - yn+l) (2.4)

Theorem. Suppose 0<To<T<20/(20p+1), p=1/L and the iteration sequences (W}, {yn}+>, (\n} 129 are constructed in accordance with
p P n=0 n=0 n=0

relations (2.2)-(2.4). The sequence wy, then weakly converges in V, to a certain solution w of problem (2.1), and the sequence y, converges weakly
inYto Aw asn— +oo.

Proof. Following the approach used previously in Refs 6 and 7, we can verify that the functional W is Lipschitz-continuous and convex,
while the operator A is inversely strongly monotonic, i.e.,

(Aw—An,w-m), > L' |aw - An|,, Yw,neV,

and coercive, and hence the assertion of the theorem follows from the results obtained previously.8

When using the proposed iteration process numerically the main difficulty is carrying out its second step, i.e., solving minimization
problem (2.3). We define the following functional on Y

Y, (2) = Y(2)+ §N z|}

Then inequality (2.3) can be rewritten in the form of the inclusion

pAwn+1 + 7"n € aYp(.VnH)

equivalent to the following®

%
Yn+1 € aYp(pAwnH + 7\.,,)
where Yy is a functional conjugate to +y,. For the seepage problem considered, we must calculate
* *1 *! -1
=Y, Yoz=ld hy()z

where

&/p, gE<ry
hy (&) =17, pY<&<py+9
(E-9)/r, E>pr+9

Hence, since the calculations of \,, are carried out using explicit formulae, each step of iteration process (2.2)-(2.4) reduces to solving
problem (2.2), i.e., by virtue of the Riesz - Fisher theorem, it actually reduces to solving a boundary-value problem for Laplace’s equation
with corresponding boundary conditions.

We constructed finite element approximations for variational inequality (2.1) and we investigated their convergence.

3. Accurate characteristics of the solution of model problems

We will consider the problem of determining the boundaries of the regions €2, when the modulus of the pressure gradient is equal to a
specified value vy in the case of a rectilinear chain of bore holes with a flow rate g, equally spaced a distance 2/ from one another. By virtue
of the symmetry of the problem we can confine ourselves to an element of the flow, representing the half-strip {0 <x <[, y > 0} (see Fig. 1,
where X=x/1, Y=y/l).

We will consider the case (Problem 1) when the function gy has the form (see, for example, Ref. 3)

ag, 0<E<y
gs(8) =3[y, 7], E=v; ae(0,1)
E—y(1-a), &>y (3.1)

Here, obviously ¥ =vy(1 — ).
In order to construct analytic expressions for the lines describing the boundaries of the region with constant modulus of the pressure
gradient, we will introduce variable hodographs of the velocity v, 6, where 8 is the angle between the velocity vector and the x axis. The
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Fig. 1.

half-strip {0 < 6 < /2, v > 0} (see Fig. 2) in the plane of the variables v, 6 corresponds to the half-strip in the physical plane. For the seepage
law (1.2), (3.1) the stream function ¥(v, 0) satisfies the linear equation!!

2
oS o2
which it is required to solve in the regions (see Fig. 2)
Di=0<v<ay,0<06<7/2),
Di=(BLv<+0,0<0<L1/2)
The values of the function W in regions D; and D3 will be denoted by W; and W3. In Fig. 2a and Fig. 2b the region
Dy=(v=ay, v=y, 0<0<7/2)

corresponds to the regions BCFG and BCEF in Fig. 1a and Fig. 1b respectively. It follows from the results obtained previously,!? that in these
regions the streamlines are straight lines, the pressure along them varies linearly, while on the boundaries of the region D, the following
conditions are satisfied when 0 <0 <

o WO I ) ]
ov v=ay ov v=y Y\ 692 v=y

Y(ay,0) =¥(y,0) (3.3)

The solution of the problem depends on the dimensionless parameters « and Q = g/(4+yl). We will consider two cases: Q<a<1and Q> 1.
When Q <a <1 (Figs 1a and 2a) the following conditions are satisfied on the boundaries of regions D; and Ds:

Y(0,0)=0, 0<v<ay, ySv<+w (34)
¥(0,8)=0, 0<0<n/2 (3.5)
Y(u,n/2)=0, 0<v<y0Q (3.6)
(@ vy (®)y D32 D
3
03 ____________ 1 L
Dy,
B(y) G B(y) F
D, D,
Clay) FC(ay) E
Dy, D,
- _D __________ X »,
1 0 0
D(0) D(n/2) D(0) D(n/2)

Fig. 2.
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Y(v,n/2)=¢q/4, YO<v<ay, YySU<+® (3.7)
¥Y(v,0)=(¢/(2m))0, v > 4+, 0<0< /2 (3.8)

The rectangle D, is divided by a section of the straight line v = yQ into two rectangles D11 and Dy, (Fig. 2a), and the following “joining”
conditions are satisfied in this section when 0 <0 < /2

¥,(10,0) = 1510, 0), (%) =(&z)
o0 dmo 1 00 R (3.9)

An analytic solution of problem (3.2)-(3.9) can be obtained by the method of separation of variables, using the procedure described in
Ref. 12. We introduce the following notation

5:—2 K:Q

yQ’ a

The solution in the subregions D11, D1 and D3 is represented in the following form, respectively (everywhere henceforth summation
is carried out over n fromn=1ton=c0)

¥,,(0,0) = YT A5 " sin2nb

¥,,(0,0) = ylZl:Bl,,(KO)z" + By 5 - Zan]sin 210

¥i(0,0) = ylz[c,,o‘z" - 232,,]sin2n9

where
n+l
4, = (;1)__2[1 i _L)K4n]
T n a,\ 2n
n+l n
5, =D Q(I_L)Kzn’ 5, - (=10
na, 2n nn
n
Cn=(_l) Q_1 K>, a,,=n+—~—————l+a

wn al-a) 2(1-a)

Reversion to the x, y flow plane is achieved using well-known transition formulae.!! The coordinates X;(0), Y1(0) and X»(0), Y»(0) of the
lines of constant value of the velocity BG (|Vv| = ) and CF (|Vv| = avy) (Fig. 1a) have the form

X(0) = Z[Qcose __@ s /ycos(2n+ 1)9}
T l-a 2n+1

Y(0) = z[QsinG __a zfnsm(2n + 1)9}
T l-a 2n+1

X(0) = l':arctgzl'(c—osze ~Y f,cos(2n — 1)6}
T —K .

Y4(0) = l{llnﬁo + 3 f,sin(2n 1 )e]
L2

(3.10)
where
5. = 1 +2Ksin@+ i £ = (-1
1-2xsin@+ x> 7" a,
It can be verified that the series in (3.10) converge absolutely.
When Q = a = 2 we have
50 =1-In, yw/2)=3n, 00 =t
When Q> 1 (Fig. 1b and 2b) conditions (3.4), (3.5) and (3.8) are satisfied, and
Y(v,n/2)=0, 0<v<ay, y<Sv<yQ (3.11)

Y(v,m/2)=¢q/4, Y0 <v<® (3.12)
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The half-strip Dj is divided by a section of the straight line v = yQ into a rectangle D3; and a half-strip D3; (Fig. 2b), and on this section

¥;(v0,0) = ¥3(v0,0)

(_0_‘1’31) _ (__3‘*’32» 0<0<n/2
aU U='YQ 81) =" Q’

The solution of problem (3.2)-(3.5), (3.8), (3.11)-(3.13) has the form

(3.13)

¥ (0,0) = ¥ A,(kD)*"sin2n0
2n
¥3(0,0) = 2{31,,52” + an(y) }sin 219
U,

Yiy(0,0) = Z[ 572+ 281,,}3m2n0

where

(_1)n+1a B - (_1)n+1Q

4, =—CD @
" r(l-wn0™ e, " mn

B, —CDC@n+D) (—1)"Q[l+2n+1:|

2an2n 1 nn 2Q4nan

The coordinates X;(0), Y1(0) and X5(0), Y(0) of the lines BF (|Vv| = vy) and CE (|Vv| = ay) (Fig. 1b) are specified by the equations
X((0) =1+ l{al 20° aZg,,cos(2n - 1)9}
Y,(0) = l[ TQ 2005y sin(2n - 1)9}
P —

X 0)=1- ———Zh,,cos(Zn -1)6
7t(1 -
Yy(0) = Zh sin(2n—1)0
(1 - (3.14)

where

2 .
0 = (Q2 l)amtngcose’ 8, (Q2 + l)ln‘Q#M
0’ 2 0% —20sin0+1
(—1)"+1 h _ (__])n+1
2n-1)0" a,-3/2) " (@n-1)0""a,

It can be established that the series obtained also converge absolutely.
When Q=1 and a = 2 we have

x0) =1~ ;1n, yom/2) = %n

We will now consider the case (Problem 2), when
0, 0<g&<y

gS(E.a): [O’Y]a ‘ta:Y
g, >y (3.15)
In this case the characteristics of the exact solution are obtained by the jet theory method,'? and also by transformation of the velocity

hodograph (see Refs 1 and 12). The coordinates of the line on which the modulus of the pressure gradient has a constant value y when
Q>1 are given by the equations

X,(0) =1+ i(&. ~20c0s0), X/(0) = %(82 —~20sin0) .
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0=04 0=1.076

Fig. 3.

4. Results of numerical experiments

An iterative splitting method (2.2)-(2.4) was used to solve the problems considered in the previous section. In the numerical solution
of the problems, the half-strip, shown in Fig. 1, was replaced by a finite region

X, 1) ={0,1]x[0, Z]}, Z>1

on three parts of the boundary (X=0, X=1 and Y=0) of which the conditions (v, n) = 0 are specified, while on the boundary I, (Y=2)
“cutting off” infinity, a homogeneous Dirichlet condition v = 0 is specified. A bore hole with a flow rate q is situated at the point O. The
dimensionless flow-rate parameter Q characterizes the seepage rate at infinity v, = QY.

To construct a finite-dimensional approximation of the problem, we carried out a triangulation of the region obtained by uniform
splitting of the sides €2 into n; and n, parts, a construction of triangles with diagonals parallel to the bisectrix of the first and third
coordinate angles, and the use of the finite element method employing piecewise-linear functions on the triangles. The criterion of the
ending of the iteration process was achieving a relative difference in the values of the approximate solution in neighbouring iterations
of the specified accuracy £=10-3. We chose the following values of the input parameters of the problem for the calculations: y=1 and
a€(0, 1) for Problem 1, and y=1 and a =0 for Problem 2, splitting of the region ny =20 and n, =200, Z=10, and the values of the iteration
parameters T and p were varied from 0.1 to 2 in steps of 0.1.

The results of numerical experiments for Problem 1, when the function gy is defined by formula (3.1), are shown in Fig. 3 for Q=0.4
(Q=<a)and for Q=1.076 (Q>1). The curves BG and CF in the left-hand part of Fig. 3 are the boundaries of the zone €2, constructed using
formulae (3.10). The curves BF and CE on the right-hand part of Fig. 3 are the boundaries of the zone 2y, constructed using formulae (3.14).

1.0
F
0.5
q B
o
0 0.5 1.0

Fig. 4.
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Regions in which the modulus of the gradient of the approximate solution (and actually approximate values of the modulus y = Ap = Vp)
differs from -y by an amount 5 x 10~# are distinguished by the darker shading. As a result of the numerical solution of this problem it
was established that, when the flow rate of the bore hole g increases, and correspondingly the parameter Q also, the dimensions of the
stagnation zone 2 decrease.

The results of the numerical experiments for Problem 2, when the function gy is defined by formula (3.15), are shown in Fig. 4 for Q=1.4.
The curve BF is the boundary of the zone €2y, constructed using formulae (3.16).

Hence, numerical experiments, carried out for model problems, have shown good agreement with the results obtained by approximate
and analytical methods. This confirms the effectiveness of the iteration method considered, which enables us to obtain approximate values
of the solution of the seepage problem for a multivalued seepage law in the case of an arbitrary region €2 and when conditions (1.4)-(1.6)
are satisfied.
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