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INFLUENCE OF THE INCLINATION
OF THE SEA FLOOR (SLOPE)
ON INTRUSION IN LITTORAL ZONES

I*i. N. Bereslavskii UDC 532.546

Consideration is given to the two-dimensional (in the vertical plane) steady-state flow of fresh groundwater in
a semiinfinite pressure water-bearing layer to a saltwater sea the littoral part of the zone of whose floor
makes an arbitrary angle with the horizon. An algorithm of calculation of the intrusion (i.e., penetration) of
seawater into the littoral freshwater strata has been developed based on this model. A hydrodynamic analysis
of the structure and characteristic features of the process modeled is given using the exact analytical depend-
ences obtained with the P. Ya. Polubarinova-Kochina method; the influence of each determining physical pa-
rameter of the model and of the angle of inclination of the littoral part of the sea-floor zone on the degree
of intrusion has been evaluated.

Introduction. It is usually assumed in problems of intrusion of seawater into littoral water-bearing strata that
the sea floor is horizontal [1] or the outflow of freshwater in littoral zones occurs to horizontal drainage slits [2]. In-
vestigation [3] where the boundary between freshwater and saltwater was interpreted for the first time as the analog of
the seepage gap and the vertical position of this boundary was considered is a substantial elaboration of these ideas.
This work became the starting point in further investigations of such problems [4-7].

Below, we study the most general case where the motion of freshwater occurs to a sea the littoral part of the
zone of whose floor (slope) makes an arbitrary angle mv(0 <v < 1) with the horizon. To solve this problem we use the
Polubarinova-Kochina method [8] which is based on the use of the analytical theory of Fuks linear differential equa-
tions [9]. The general solution is represented in parametric form as integrals of hypergeometric functions and irrational
factors and is quite analogous to the well-known Polubarinova-Kochina solution of the problem on filtration of ground-
water in a trapezoidal bridge in the absence of evaporation [8]. Thereafter the solution is reduced to a form convenient
for computations. Finally, the influence of each physical parameter of the model and of the angle of inclination of the
littoral part of the sea-floor zone on the character and degree of intrusion is analyzed using the exact analytical de-
pendences obtained and numerical calculations.

It emerges that the case of vertical inclination v = 0.5 (Mikhailov scheme [3]) is the boundary: when
0<v<0.5 the velocity hodograph represents a bounded region, whereas in the case 0.5 <v <1 it represents an un-
bounded region; a known modular triangle with zero angles is obtained for v = 0.5 [8, 9], with the result that the
transition from one case (0 <v <0.5) to another (0.5 <v <1) is accompanied by the transformation of the velocity-ho-
dograph region and by the reconstruction of the solution. Nonetheless, the final geometric and filtration characteristics
remain the same for both cases.

Solutions for the Mikhailov scheme (v = 0.5) follow as particular cases from the general solution; the well-
known Polubarinova-Kochina solution [8] of the problem on filtration of groundwater in an infinitely wide bridge and
the Bear—Dagan scheme (v = 1) which is limiting for the initial model are given within the framework of this solu-
tion. In the first case the hypergeometric functions appearing in the solution degenerate into complete elliptic integrals
of the first kind, whereas in the second case they degenerate into elementary functions.

Formulation of the Problem and Its Solution. Case 0 <v <0.5. Freshwater of density pj, moving in a semi-
infinite pressure water-bearing horizontal stratum enters the sea with a denser salt water of density py (p>py); the
littoral part of the sea-floor zone makes an arbitrary angle mv(0 <v <1) with the horizon. As a result, the initially in-
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Fig. 1. Flow pattern calculated for v = 0.25, T = 1.5, Q = 0.007, and p = 0.01.
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Fig. 2. Regions of complex velocity for the flow diagram for 0 <v < 0.5 (a),
auxiliary parametric variable (b), and complex velocity for the flow diagram
for v for 0.5 <v<1 (o).

clined boundary between the moving freshwater and the quiescent saltwater begins to lose its shape in the right-hand
lower part of the stratum, shifting to the left toward the flow. After a time, we can have steady-state motion [10, 11]
where the brine settles down, the boundary turns out to be the streamline for freshwater, and the motion of saltwater
toward the ground takes the shape of a tongue penetrating into the freshwater stratum (Fig. 1).

We will assume that the motion of groundwater obeys Darcy’s law with a known filtration factor ¥ = const
and occurs in a homogeneous isotropic ground which is considered to be incompressible, just as the liquid filtering

through it. The thickness of the water-bearing layer 7, the filtration flow rate Q, and the parameter p = P2 _ 1 are as-
P1

sumed to be prescribed. The influence of capillary and diffusion phenomena at the boundary is disregarded, as is cus-
tomary in such kinds of problems [1-3, 10, 11].

Under such assumptions traditional for the class of flows in question, mathematical modeling of the process
studied is reduced to determination of the complex flow potential t(z) with the following boundary conditions:

AB: ¢=py, y=xtanmv; BC: ¢=0, y=T;
CD: ¢=0, y=0; AD: ¢=py, ¢6=0. (1)

Here ¢ and ¢ are mutually conjugate functions harmonic within the region z = x+ij and referred to x, and Q is the
filtration flow rate referred to x, too. The problem is in determining the width /; and the height I, of the saltwater
tongue penetrating into the freshwater stratum.
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The complex-velocity region w = dw/dz corresponding to boundary conditions (1) and to the flow diagram
shown in Fig. 1 has the form of a circular triangle presented in Fig. 2a. We emphasize that in this case we have a
bounded region with a zero apex angle D and apex angles A and B equal to (0.5 —vV).

To solve the problem we introduce the auxiliary variable { and the functions: z({) conformally mapping the
upper half-plane { onto the region z (the correspondence of points is indicated in Fig. 2b) and the derivatives

Z=—>, Q=—o. (2)

Determining the characteristic exponents of the functions Z and Q near the singular points, we find that they are linear
combinations of two branches of the following Riemann function [8, 9]:

Pl 0 -05-15¢=——b  pl o 0 v =
05-v vl -1 2 @-001-0" l05-v 05-v y A(Q
AQ=@-5a-9'. 3)

From relation (3) it is seen that the point { = a is the ordinary point for the function Y; therefore, the Fuks linear
differential equation corresponding to the Riemann symbol (3) takes the form

CA-0Y +05+v-(1+2v)0) Y —vr=0. &)
As the two linear independent integrals of Eq. (4), we take the expressions

0.5-v

Y, QO=Fv,v,05+v,1-0), Y, ()=(1-0) F(0.5,05,05-v,1-0), (3)

forming a fundamental system of solutions in the vicinity of the point { = 1. Here we have

F(0u By, 1) = ZF'(OL+n)F(B+n)F(y)xu (6)
n T @) T (v+n)
where I'(x) is the Eulerian integral of the second kind [12].
The function performing conformal mapping of the upper half-plane { onto the region of the complex velocity
w must be expressed by the ratio of linear combinations of Y| and Y,. If we compose such combinations and use the
correspondence of points A, B, and D on the { and w planes, we obtain

L©) | tan I (1 -v) 7
V()" TA5-v)LO5-v)°

w=ptannv[l -

Taking relation (3) into account and allowing for expression (7), we find

. _iA 8
Z =M exp (mvi) A(Cc) Q:Mptannvexp(nW)YAlzg : YZ(C)’ M>0. ®

We may assure ourselves that the functions (2) determined based on relation (8) satisfy boundary conditions (1) that
have been formulated in terms of the functions mentioned and hence are the parametric solution of the initial bound-
ary-value problem.

Writing the representations (8) for different portions of the boundary of the region { followed by integration
over the entire contour of the auxiliary region { leads to closure of the contour of the region of motion z, which en-
abled us to control computations. As a result, we obtain the expressions

1195



yll
s S
B 10}
C T 051
A
l2
D o TV |
n | [
A0 S0 <05 7 o X
ll

Fig. 3. Flow pattern calculated for v = 0.75, T = 1.0, Q0 = 0.01, and p = 0.01.
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where B = Vr] I'(v + 0.5)/T(v). Also, we were able to exercise control using other expressions for the quantities 7 and Q:

T=1y— M sin v

1
Fv,v,v+0.5,1-0)
dg,
=50 :
(IT)
oMo \r B } OV F (05,05 15-v,0)
T(15-v)T V)3 A(©)

dc .

Case 0.5 <v<l. Figure 3 shows the filtration scheme corresponding to the case in question; the region of
complex velocity for the scheme is presented in Fig. 2c where the dashed curve corresponds to v = 0.5. Since the
condition |w| = p must be observed on the boundary line, from Fig. 2c it is clear that, even for v = 0.5, the portions
corresponding to the boundary line and to the seepage gap in the w plane just touch one another at point A and do
not intersect as before. The latter leads to the fact that the complex-velocity region ceases to be bounded: when v =
0.5 we obtain a modular triangle [8, 9] all whose angles, including the apex angle B, are equal to zero. In the case
where 0.5 <v< 1 we have an unbounded circular triangle with apex angles A, B, and D equal to m(v — 0.5), —m(v —
0.5), and O respectively. Thus, the case v = 0.5 is the boundary and passage to the case 0.5 <v < 1 is accompanied
by the transformation of the complex-velocity region and by the reconstruction of the solution.

In the case in question the Riemann scheme corresponding to (3) takes the form

0 1 a oo 0 1 oo

1 Y
P 0 =05 -1 2 {f=—— P 0 05 {f=—"7>.
05-v v—1 -1 2 AQLE T [v-05 05-v 05 AT

The latter Riemann symbol corresponds to the linear differential equation of the Fuks class
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CA-0Y +(15-v=-20)Y -025Y=0, (12)
the fundamental system of whose solutions in the vicinity of the point { = 1 has the form

Y, (Q)=F(05.0505+v,1-0), ¥,O=01-0""

Fl-v,1-v,05-v,1-0). (13)

Taking into account that the structure of the functions w, Z, and Q does not change, we arrive at the previous
expressions (9) for the quantities 7 and Q, (10) for /1, and (11) for Q. As far as expressions (10) for Iy and (11) for
T are concerned, here they take the following form:

0 FO.5,1—V,I,% 1
-G F(0.5,05,v+0.5,1-0)

L=MB | &, T=l-Msinm [ ds. (14)
0.5- -0.5 —0.5
LAQO-97T Y o AQUT
By virtue of the existing relation ([13], p. 133)
F(a, B,Y,x):(l—x)_aF(oL,y—ﬁ,'Y,x_Ll) (15)
we will have
0.5-v
L F0.5,1—V,1,L =F O.S,V,l,L ,
(-1 1-¢ 1-¢
0.5-v
4 F(0.5,05v+051-0)=F(,v,v+05,1-0).

Consequently, in the expressions for Iy and 7, the right-hand sides of formulas (10), (11), and (14) coincide.

Thus, despite the transformation of the complex-velocity region, in which both the differential equations (4)
and (12) themselves and their integrals (5) and (13) are different, the final dependences obtained for 0 <v < 0.5 do
remain true for the case 0.5 <v < 1, too.

We note that the solution constructed for the functions Z and Q (8) is quite analogous to the Polubarinova-
Kochina solution of the problem on filtration of groundwater in a trapezoidal bridge in the absence of evaporation ([8],
p.282, formulas (11.5)).

Solution of Problems for the Schemes of Mikhailov and Bear-Dagan. Polubarinova-Kochina Solution of
the Problem on Filtration in an Infinitely Wide Bridge. In the case where v = 0.5 (Mikhailov scheme [3]) the hy-
pergeometric functions appearing in relations (9)-(11) degenerate into a complete elliptic integrals of the first kind
([12], p. 919, formula 8.113.1)

/2 ’
F(05,05 1,K)=K#), F(05,05 1,1 -k)=KKk )=K ().
Here we have B = 1 and expressions (9) take the form
Mk’ (L MpK(l)
a a

Vea-D TVea-n

The last formulas coincide with relations (9) from [4]. In the case in question the region of flow becomes the mirror
image of the region of groundwater motion in an infinitely wide bridge. The existing solution of this problem, which
was obtained for the first time by P. Ya. Polubarinova-Kochina ([8], p. 275, formulas (10.44)—(10.46)), follows from
expressions (14) upon the replacement of 7 and /, in them by H; and Hj respectively.
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When v = 1 (Bear-Dagan scheme [1]) the hypergeometric functions degenerate into elementary ones [12] (p.
1055, formulas (9.121.7) and (9.121.25)):

(1+k)
M1k
F(1,05150=—— F,051,5="L
2k K’

In this case we have B = 0.5m and formulas (9) take the form

T_Mn\/Zln(\/a—+\la—1) Q_an\/;
a Va—1 F 2a-1"

These relations coincide with expressions (6.4) from [4].

Transformation of Formulas to a Form Convenient for Computations. The representations (9)—-(11) con-
tain two unknown constants M and a (1< a <eo). The Q/T ratio is used for determination of the parameter of mapping
a: from expressions (9) we obtain

BF (v, 05,1, %)
1 _Q (16)
F[v, 0.5.v+0.5, 1—5J pT

The constant M is preliminarily eliminated from all Eqs. (10) and (11) by means of the first of relations (9) (it fixes
the thickness T of the water-bearing layer). We note that relation (16) regulates prescription of the parameters Q, 7,
p, and v and consequently applicability of the flow diagram adopted: this means that the solution of Eq. (16), just as
before [4-7], does not exist for all combinations of these parameters.

The main computational difficulty of the problem is that the integrands appearing in relations (10) and (11)
are infinite on the limits of integration. Furthermore, in finding the quantity /; from formula (10), the parameters of
the hypergeometric function obey the condition Y = o+ B, so that the traditional formulas lose their meaning in ana-
Iytical extension of this function to the interval (—ee, 0).

We introduce the notation oo = l/a (0 <a< 1), oy = 1 —o, and C = Ma for convenience of computations.
Next, taking into account that ([13], p. 72)

1
[ -0 - dax=
0

FA+1D)Tu+1)
FA+u+2)

Fr,A+1,u+A+2,0),

and using relation (15), we apply the formula to analytical extension of the hypergeometric function in our particular
case ([13], p. 177). As a result, we arrive at calculated dependences corresponding to expressions (9)—(11):

r CnF (v,0.5,v+0.5,04) 0 CBpF (v,05,1, o)

1-v ’ 1-v ’ a7
oy o
1 C T(n+05T
h=cB[(-ax " Y (n +0.5) (”“2 S, (x) dx,
” T (r+05+v) (1)
S, () =12y (n+ 1) =y (n+V) =y (1+0.5) —In (1 -] (1 -)"; (18)
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Fig. 4. Dependence of [/ and I, on p (a), T (b), O (c), and v (d) (T = 1.5, Q
= 0.007, and p = 0.01 for v =025 and T = 1.0, Q = 0.01, and p = 0.01 for
v = 0.75): 1) 1 and ;. Solid curves, flow diagram for 0 <v < 0.5, dashed
curves, diagram for 0.5 <v< 1.

CB w— T(n+05)T (n+v)

b= F,Ln+2, 0y,
’ ITW S o) @+ 1
~ 2
_, _CBsinmy " (n+v)
=h W %(”!)(n+v)l"(n+0.5+v)F(l’ Ln+tl+v,0),

CBPE L@*039) r b 05-v.n+05.0). (19)

() (n+0.5)

Here we have y(x) = d In I'(x + 1)/dx ([13], p. 953).

Calculation of the Flow Diagram and Analysis of the Numerical Results. Figures 1 and 3 show the flow
patterns calculated for v = 025, T = 1.5, Q = 0.007, and p = 001 and v = 0.75, T = 1, Q = 0.01, and p = 0.01
respectively. Figure 4 plots the quantities /; (curves 1) and [ (curves 2) as functions of v for 0 <v < 0.5 as the solid
curves and for 0.5 <v < 1 as the dashed curves. An analysis of the plots suggests the following.

First of all we note that the increase in the thickness of the water-beating layer, the density of saltwater, and
the angle of inclination of the littoral part of the sea-floor zone and the decrease in the flow rate increase the dimen-
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sions of the saltwater tongue. Thus, when v = 0.25 the quantities /; and [/, increase by 791 and 987% respectively, as
the parameters p, O, and T decrease 1.24 times. The relative dimensions of the tongue may be quite large: we have
l1 = 19076 and I, = 1.5715 for v = 0.25, p = 0.01, Q = 0.01, and T = 1.921, i.e., the tongue height and width may
attain 82 and 99% of the stratum thickness.

A substantial influence on the degree of intrusion is exerted by the size of the angle v; the changes are the
most significant for low values of v, p, and 7, v values close to 0.5, and high values of Q. Thus, we obtain [} =
0.0262 and I, = 0.0107 for T = 1,5, Q = 0.007, p = 0.0089, and v = 0.1667 and /; = 1.6670 and /, = 1.0184 for v
= 049, i.e., a change of 3 times in the angle v leads to an increase of 63.6 and 95.2 times in the dimensions of the
tongue respectively. Also, it is noteworthy that in the case where 0 <v < 0.5 the width of the tongue exceeds its
height 1.53 to 2.48 times; the inequality //(sin mv) </; holds, too, as a rule, i.e., the length of the portion OA is
smaller than the tongue width. When 0.5 <v < 1, conversely, the length of the portion OA is larger than the width
/1 almost without exception. For low values of the parameters p and 7 and high Q values, the height of the tongue
I, exceeds its width now; the difference may attain 36%: when 7 = 0.658 we have /1 = 0.2619, I, = 0.3571, and
ly/(sin mv) = 0.5051, so that OA =~ 1.91;.

It is remarkable that in the case of low values of the parameters v, p, and T and high values of v and Q the
approximate equality l/(sin mv) = [ holds, as before [4—7], i.e., the lengths of the portions OD and OA are nearly
coincident.

From the plot given in Fig. 4a it is clear that the dependences of the tongue dimensions /; and I/, on the pa-
rameter p are nearly linear for 0 <v < 0.5, and they are qualitatively similar for 0.5 <v < 1. It is seen that the quan-
tity I, is nearly linearly dependent on the other parameters, too: on 7 (Fig. 4b), O for 0 <v < 0.5 (Fig. 4c), and v for
0.5 <v< 1 (Fig. 44d).

Conclusions. We have found the exact analytical solution of the problem on intrusion of saltwater into fresh-
water strata in the most general case where the littoral part of the sea-floor zone (slope) makes an arbitrary angle with
the horizon. It has been established by means of numerical calculations that the increase in the thickness of the water-
bearing layer, the density of saltwater, and the angle of inclination of the littoral part of the sea-floor zone and the
decrease in the flow rate lead to a growth of the saltwater tongue penetrating into the freshwater stratum.

We give the solutions for the case of flow where the angle of inclination is equal to a right angle (Mikhailov
scheme), within whose framework the well-known Polubarinova-Kochina solution of the problem on groundwater fil-
tration in an infinitely wide bridge is noted, and for the limiting case of motion where the angle of inclination is equal
to a right angle (Bear—Dagan scheme).

The author expresses his thanks to Academician of the Russian Academy of Sciences G. G. Chernyi and Pro-
fessor S. A. Isaev for their attention during the work and for useful remarks.

NOTATION

a, unknown affix (i.e., image) of point C on the auxiliary-variable plane; k, modulus of elliptic integrals of
the first kind; k’, additional modulus; K and K’, complete elliptic integrals of the first kind of the modulus k and the
additional modulus k’; I; and l,, width and height of the saltwater tongue, m; M, scale constant of modeling; n, sum-
mation index; P, Riemann symbol corresponding to two solutions of the Fuks equations, that contain singular points
and the exponents of the functions Z and € sought in them; Q, water flow rate; r and ¢, parameters of the hyper-
geometric function; 7, stratum thickness, m; x and y, abscissa and ordinate of a point of the flow region; Y, solution
of the Fuks equation; Y; and Y, first and second integrals of the Fuks equation; z, complex coordinate of a point of
the flow region; Z, sought function; w, complex flow velocity; C, auxiliary parametric variable; K, filtration factor; p;
and p,, densities of freshwater and saltwater; v, angle of inclination of the littoral part of the sea-floor zone (slope);
O, velocity potential; ¢, stream function; y, logarithmic derivative of the Eulerian integral of the second kind; ®, com-
plex flow potential.
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