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jumps in the levels on the lines of discontinuity and by the direction of the velocities in the liquid layers.
Examples of the profiles of all these flows are presented.
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Three differential models of two-layer shallow water have been developed and analysed:! Model I is a model with a free boundary,
Model Il is an “under a cover” model and Model Il is the general limiting case of these obtained when the ratio of the densities of the liquid
in the layers tends to unity. The hyperbolic domains, in which discontinuous solutions are allowed, have been constructed for all three
models and, in this connection, a problem was set up on the formulation of these models in the form of complete systems of conservation
laws23 and the study of the stable discontinuous solutions with intermittent waves which are admitted by these systems.

One of the possible approaches to solving this problem, which goes back to the classical one-dimensional models of gas dynamics*
and one-layer shallow water,>® is associated with the proof of the unique solvability in the domain of hyperbolicity of the problem of the
decomposition of an arbitrary discontinuity. This approach has been implemented in the case of the simplest Model IIL.7 However, it could
not be successfully extended to the more complex Models I and II, since the problems of the decomposition of a discontinuity which arise
here are too complex and it turned out to be impossible to carry out a complete analytical analysis of them in the general case.

A criterion for the correctness of the complete system of conservation laws has been proposed,® which assumes maximum matching of
the domain of convexity of the closing conservation law and the domain of hyperbolicity of the differential model. A correct complete system
of conservation laws has been selected on the basis of this criterion for a model of two-layer shallow water with a free upper boundary. The
laws of conservation of mass, conservation of total momentum and the discontinuity of the velocity on the interface of the layers appear
as the basic conservation laws and the law of conservation of total energy appears as the closing law in this system. The stable intermittent
waves admitted by this system have been studied® and an extension of this system to the spatially two-dimensional case has been given.

In order to confirm that the proposed complete system of conservation laws correctly reflects the parameters of the discontinuous waves
in real flows, it is necessary to carry out a comparative analysis of the solutions of the problem or the decomposition of a discontinuity
(and, to begin with, its most important special case, which can be most easily experimentally realized, that is, the problem of the failure of
a dam), which are obtained using this system and other complete systems having a definite physical meaning. However, this can only be
performed as the result of a numerical experiment. In this paper, the problem is therefore considered in a linear approximation with the aim
of carrying out a preliminary qualitative analysis of the possible type of solutions of the problem of the failure of a dam in two-layer shallow
water. In this approach, all the complete systems of conservation laws become equivalent and ordinary waves (that is, discontinuous waves
propagating at a constant velocity and centred subsiding waves) are replaced by discontinuity lines.

The system of equations of two-layer shallow water with a free boundary is presented in Section 1 and its linear approximation with
respect to the constant solution, corresponding to a state of rest, is constructed. In Section 2, the hyperbolicity of the resulting linear
system is checked and the invariant form of it is presented. The solution of the Cauchy problem with arbitrary initial data is written
out using this invariant form. A problem of the decomposition of a discontinuity, for which the relations between the discontinuities in
the flow parameters and the initial discontinuities of the Riemann invariants are obtained, is considered in Section 3 for the linear system
constructed. It follows from these relations that, apart from symmetry, ten classes of solutions of the problem exist which have qualitatively
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different profiles of the free surface and the interface between the layers. The problem of the failure of a dam is studied in Sections 4 and
5 which is obtained as a special case of the problem of the decomposition of a discontinuity with the additional condition that the initial
velocities in the layers are zero. It is shown that, apart from symmetry, there are four main and four transitional (degenerate) classes of
qualitatively different solutions in this problem for which the profiles of the levels of the lower and upper layers are constructed and the
domains of their existence in the planes of the different defining parameters are distinguished.

1. Formulation of the problem

The motion of two-layer shallow water over a horizontal bottom with a free boundary surface without taking account of the effect of
friction and on the assumption that the gravitational acceleration g=1 is described by the following system of differential equations:!

H,+UH . +HU, =0, h+uh +hu, =0
U+UU,+H,+ph, =0, u,+uu,+H +h, =0 (11)

where H and U are the depth and velocity of the lower layer, h and u are the depth and velocity of the upper layer, and . =p3/p; <1 is the
ratio of the densities p, and p; of the upper and lower layers.
We will consider the constant solution of system (1.1)

Hy(x,t) = 1, hy(x,t) = const, Uy(x,t) = up(x,t) =0 (1.2)

and its small perturbation

H =1+0H, h=h0+8h, U=98U, u=20du (1.3)

in which &f « 1. Substituting the functions (1.3) into system (1.1), only retaining the quantities O(8f) in it after this and, for brevity, omitting
the symbol 8, we obtain the linear approximation of system (1.1) relative to the state of rest (1.2)

H+U,=0, h+hou, =0
U+H. +ph, =0, u+H,+h, =0 (1.4)

We write system (1.4) in the vector form

0010

H
u+Au, =0; u-= hil A= 0004
U 1poo
u 1100 (15)

and consider for it a problem on the decomposition of the initial discontinuity, that is, a Cauchy problem with the following piecewise-

constant initial data
[
v, x<0 I r
V,V = const

v, x>0 (16)

u(x,0) = v(x) =

The aim of this paper is to carry out a qualitative analysis of the solution of the problem of the decomposition of the discontinuity (1.5),
(1.6) and, to begin with, its most important special case, that is, the solutions of the problem of the failure of a dam which is obtained if, in
the initial data (1.6),

r

U'=U =u=u" =0 (1.7)

In the case of the linear system (1.5), this problem admits of a complete analytical investigation, unlike the analogous problem for the
quasilinear system (1.1), which can only be investigated to the full extent numerically.

2. Solution of the Cauchy problem

It has been shown! that quasilinear system (1.1) is hyperbolic when one of the two inequalities
\U—ul < JHf (W/H), |U-ul>JHf,(h/H) 1)

is satisfied, in which f; and f, are certain positive functions. Since the constant solution (1.2) satisfies the first equality of (2.1), system (1.1)
is hyperbolic for this solution. The hyperbolicity of the linear system (1.4), which, when written in vector form, has the form (1.5), follows
from this.

We will now directly verify the hyperbolicity of system (1.5) by finding the roots of the characteristic equation

P(A) = |[A-AE| = 7»4—rk7'+nh0 =0; r=hy+l, n=1-p>0 2.2)

corresponding to it.
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Fig. 1.

Since P(1)=—phg <0, the biquadratic equation (2.2) in y=\? has two different positive roots. Hence, the eigenvalues of the matrix A,
which are defined by the formulae

A= Ay = Sr—d)2, A=\ = Jr+d)i2; d= [ —4nhk, (23)

turn out to be real and different.
Since the linear system (1.5) is hyperbolic, it can be written in the invariant form3

o, +Ao, = 0= (0),+2(®,), =0 (2.4)
Henceforth, unless otherwise stated, i =1, 2, 3,4; w = (01, 02, W3, m4)T = Su is the vector of the invariants, A = ()\,-81':) is a diagonal

matrix and S=(I', I2, I3, I*)T is a non-degenerate matrix, the rows of which

1 i

I' = Aubilia), a; = A-1, b, = Ma;lhy = (7&,'2 -n)/A;, (2.5)
are the left eigenvectors of matrix A, that is,

I'A =21 & 5A = AS (2.6)
It follows from relations (2.6) that the matrix S~1 =(r!, r2, r3, r¥), which is the inverse of S, satisfies the relation

AS! = S'A e Ar = A

by virtue of which its columns

2
r' = i(u, a, UA, b)), p; = 2(ud;+ab) = 2, P""ﬂ
P, hq 2.7)

are the right eigenvectors of the matrix A.
Using the invariant form (2.4) of writing the linear system (1.5), the solution of the Cauchy problem u(x, 0) = v(x) for it with an arbitrary
initial function U(x) can be represented in the form??3

4
u(x*, %) = (ST ok, 1) = Y rioy(at, %)
k=1 (2.8)

The invariant w,(x*, t*) remains constant along the characteristics x =\t +x, emerging from the point x;, =x" — \,t on the x axis (see Fig. 1)
by virtue of which

4
O (x*, %) = w(x;,0) = lkl)(xk) = 2 l’;vj(xk)
j=1 (2.9)

Omitting, for brevity, the arguments x” and t*, solution (2.8), when account is taken of the expression for the vector u and the representation
(2.7), can be rewritten in the form

4
W,
H:“Z-—-é, h:
ko1 Pk i1 Px k=1 K i1 Px (2.10)

4 4 4
a; @ UoN _ by

1)
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Fig. 2.

It follows from the first two relations of (2.10) that the level of the free surface is calculated using the formula
4
Cr Oy
z=H+h = —, = agt+i
ko1 P 211)

3. The problem of the decomposition of a discontinuity

In the case of the problem of the decomposition of discontinuity (1.6), solution (2.8), (2.9) corresponds to four strong discontinuities
which propagate along the rays x=\;t, t<0. These discontinuities are connected by the constant flow domains u; (k=1, 2, ..., 5) labelled
with the numbers k=1, 2, ..., 5 in Fig. 2 and, at the same time, u; = U}, us = U;. We will now introduce the notation [u];=u;. ; — u; for the
jump in the solution u on passing across the i-th discontinuity line x =\t from domain i to domain i+ 1.

Definition 1. The two solutions, u and w/, of the problem of the decomposition of discontinuity (1.6) have similar profiles if, at each of
the four discontinuities x = \;t, the jumps in the depth of the lower layer H and the level of the free surface z occur in the same direction in
these solutions, that is, if

[H][H'];>0, [z];(Z],>0 (3.1)

If the solutions u and w’ do not satisfy condition (3.1), they have qualitatively different profiles.

We will now construct all the qualitatively different profiles which can be obtained when solving the problem of the decomposition of
discontinuity (1.6). The following theorem is required to do this, in the formulation of which, for brevity, the abbreviation ¢ ~ s is used for

sign(¢) =sign({).

Theorem 1. When solving the problem of the decomposition of discontinuity (1.6), the relations
[H], ~ (], ~ (2], ~ (0], (H],~ Al ~ 2]y ~ (0] (32)
[H], ~~{hl, ~ ~[z], ~ ~[@,), [H)y~~[hl;~~[z]; ~ [@,] (33)

in which [0;] = o] - wf, where " = SV", w! = Sv! are the initial values of the vector of the invariants w, are satisfied for jumps in the depths in
the layers and for the jumps in the level of the free surface.

Proof. Since, when solving the problem of the decomposition of discontinuity (1.6) for linear system (1.5), each invariant w; only undergoes
adiscontinuity on passing through the i-th discontinuity line x = \;t, while remaining constant on passing across the remaining discontinuity
lines x=Ayt, k # i, the relations

(0], = (0,18 = { o
, i#k (3.4)
hold, where [;] = [0;]Ix=t=0 = ] — oof is the initial jump in the i-th invariant when x = 0. Taking account of this, from the first two formulae

of (2.10), we obtain

_u _ 4
[H],‘ = —[O‘)i]s [h][ = ""[(0,']
Pi P (3.5)
Since, when account is taken of expressions (2.3), the quantities a; and p;, which are given by formulae (2.5) and (2.7), satisfy the conditions

ap = ay>0, a; = a3<0, p; =-p,<0, p; =-p3<0 (3.6)
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then, from relations (3.5), we have
[H], ~ [h]; ~-[o,], [H]4~[h]4~[0,]
[H], ~-[h], ~-[w,], [Hl;~-[h];~[w;] (3.7)

We now note that each coefficient ¢, =a; + . in formula (2.11) has the same sign as the coefficient g, in the second formula of (2.10).
When k=1, 4, this is obvious by virtue of the positiveness of the quantities w and a; = a4, and, when k=2, 3 and account is taken of relations
(2.3) and (2.4), it follows from the chain of inequalities

a+u = K,f—n<0c$(r—2n)2<d2¢:>n<1

Hence, ¢; ~ a; = [z]; ~ [h];, and the theorem is proved.

It follows from this theorem that, when solving the problem of the decomposition of discontinuity (1.6), the directions of the jumps
in the depths and levels are completely defined by the signs of the jumps in the four invariants. This distinguishes sixteen qualitatively
different profiles, six of which are shown in Fig. 3. The remaining profiles are obtained in the following manner: a further four profiles
are obtained by permutation of the profiles of the lower and upper layers in Fig. 3, a-d and the remaining six profiles are obtained by
reflections in the z axis of those ten solutions which have been constructed that are asymmetric about the z axis. It follows from Theorem
1 that the characteristic feature of the profiles constructed is that the jumps in the levels of the lower layer and the free surface in the
external discontinuity lines x =4\t occur in the same direction and the jumps on the internal discontinuity lines x = &\, t occur in opposite
directions.

The following theorem is proved in a similar manner to Theorem 1 using the last two formulae of (2.10) and taking account of the
inequalities

M_Mog oMb b _be by by

_ = — , — = — s = 0, —_= <0

Pt P4 P2 P3 P Pa P2 Ps3 (3.8)
Theorem 2. The relations

(U]~ [ul;~[0;], j=1,4 [U]~-[u],~[0,], j=2.3 (39)

are satisfied for the jumps in the velocities in the layers in the solution of the problem of the decomposition of discontinuity (1.6).

It follows from this theorem that the jumps in the velocities on the external discontinuity lines x =4\t in the lower and upper layers
occur in the same direction and that the jumps on the internal discontinuity lines x =4+\,t occur in opposite directions.
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4. The problem of dam failure

We will now consider in greater detail an important special case of the problem of the decomposition of the discontinuity (1.6), the
problem of dam failure which is obtained in the case of the zero initial velocities (1.7).

Theorem 3. When solving the problem of dam failure (1.6), (1.7), the following relations are satisfied

a, Cy
H =[H = . h =[h = — , = = - ) - 1’ 2

in which

_ MA, a,, _
fm = ful0,B) = T(a+h—oﬁ], m=12

m

(4.2)

where oo=H" — H! and B =h" — h! are the amplitudes of the initial discontinuities in the depths in the lower and upper layers, in the case of the
jumps in the depths in the layers and the jumps in the level of the free surface.

Proof. Taking account of relations (1.6), (1.7) and (2.5), from formula (2.9) we obtain expressions for the initial values of the invariants
k. I 1 l k k
o, = Kol +bvy = MH + bk, o = HU]+ 505 = M H + bk (4.3)
and, from this, we have

(0] = of— 0 = A(H -~ H) + by (i —h) = xk(a+f’_'<[_>,)

ho (4.4)
Substituting these values of [w; ] into the first formula of (3.5), we obtain
WA, a;
(H), = {ar 7'B) = o)
Pi 0 (4.5)

The functions f; and f4 are defined by the equalities f; =f4 and f, =f5. Taking account of the symmetry conditions (3.6) and (3.8), we find
[H], = [H], = fi(0,B), [H], = [H]y = fy(0, B) (4.6)

The remaining equalities, appearing in formulae (4.1), follow from the relations

(h], = S(H], [z], = <[H]
SRR TE (4.7)

It follows from this theorem that, when solving the dam failure problem, the jumps in the depths and levels are identical on the external
x=+MNt and the internal x =4\t discontinuity lines which considerably restricts the number of qualitatively different profiles of the
admissible solutions shown in Fig. 3, by distinguishing from them just four profiles which, apart from the symmetry about the z axis and
the permutation of the profiles of the lower and upper layers, are shown in Fig. 3,a. The domains of existence of flows with these profiles
in the plane of the variables « and 3 are shown in Fig. 4, a. In domains I and II which are obtained when f; >0, f, >0 and f; >0, f, <0, a flow
of the type shown in Fig. 3, a and the flow which is obtained from it by permutation of the profiles of the layers respectively are realized
but, in domains I’ and II' which are obtained when f; <0, f, <0 and f; <0, f> >0, flows occur which are symmetrical to them about the z
axis. If the values of o and [ lie on one of the lines f; =0 or f; =0, then transitional flows occur in which only one of a pair of symmetrical
discontinuities remains. When fi (o, 3) =0, the external discontinuities located on the lines x=+\t degenerate and, when f,(a, ) =0, the
internal discontinuities located on the lines x =4\t degenerate.

h 11 f

r I

Ir

Fig. 4.
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The following theorem is proved in a similar manner to Theorem 3 using formulae (2.10).
Theorem 4. When solving the dam failure problem (1.6), (1.7), the following relations are satisfied

U U b]
[ ]m = —[ ]5~m = }\'mfm’ [M]m = ‘[“]5~m = -—-fm; m = 1,2
" (4.8)

in which the functions fn, are specified using formula (4.2).

This theorem sets constraints on the magnitudes of the jumps in the velocities on the discontinuity lines x = A;t. However, in a qualitative
analysis of the resulting solutions, an analysis of the possible directions of the velocities of the liquid in the domains of the constant flows
marked with the number 1, 2, .. ., 5 in Fig. 2 is of great interest. We investigate this in the next section.

5. The directions of the velocities in the layers

We first give the following definitions.

Definition 2. The two solutions, u and u’, of the problem of the decomposition of discontinuity (1.6) have similar velocity fields if, in these
solutions, the directions of the velocities are the same in both layers of all domains of the constant flow (see Fig. 2), that is, if

UkU;c>0’ uku;c>0; k = 1,2,...,5 (5.1)
If the solutions u and w’ do not satisfy condition (5.1), they have qualitatively different velocity fields.

Definition 3. The two solutions, uand u’, of the problem of the decomposition of discontinuity (1.6) are similar if they have similar profiles
and velocity fields, that is, if they simultaneously satisfy conditions (3.1) and (5.1). The solutions u and u’ are qualitatively different if they
are not similar, that is, if they do not satisfy one of the conditions (3.1) or (5.1).
We will now distinguish all the qualitatively different solutions of the dam failure problem. For this purpose we require the following
theorem, in formulating which account has been taken of the fact that, in the problem in question,

r

Uy=U=u=u=U=U =us=u" =0 (52)

Theorem 5. When solving the dam failure problem (1.6), (1.7) for the velocities in the constant flow domains 2-4, the following relations are
satisfied

U,=U, =\f blf U
= = , Ur = U, = — , = s U, =
2 4 1)1 2 4 m 1 3= 81 3= 82 (53)
in which
1
& = }"If1+}"2f2 = Waa+bP), g, = ﬁ(blfx +b,f,) = bo. + cf (5.4)
2 a2 2 2 22 2 2
a=7\—'1+§2<0, b=i3\ﬁ+2”—2‘j-Z <0, c=l27lﬁ1+2~_gfl_2 <0
P1 P2 hol Py P2 h\ P1 P2 (5.5)

Proof. We first separate the relations for the velocities of the lower layer U;. Taking account of equalities (5.2), from the first formula of
(4.9) we obtain

U2=U2—Ul=[U1]=)\4|fl’ U4=U4—U5=—-[U4]=7\,1f1
and, from this, when account is taken of the first formula of (4.10), we have
Us = Upy+[U], = Uy=[Uls = A fi + M,

Substituting the representation of the functions f} in the form (4.2) into these equalities, we arrive at the first relation of (5.4). The expressions
for the velocities of the upper layer u; are obtained in a similar manner. The first and last inequalities of (5.5) follow from the symmetry
conditions (2.3) and (3.6) and the second inequality, when account is taken of relations (2.2), (2.3), (2.5) and (2.7), is obtained from the
chain of formulae

b~a,A1py +ahap, ~ (A =MAy(pA3 +7) + (A3 ~M)A, (AT +7) =
= Ay(YA] -MpA3 +8) + A, (YA, —MpA; +6) =
= (b + A) (YA A =Mp(A] =My Ay +A3) + 8) ~npr -8 — (y +np) kg =
= W(2Mhy~ r k) ~ 4nhg—1* = ~(p* + 4puhg) <O
where

p=rho—1, ¥ =1+@-")hy, ©=n(phy—7y) = N(hg—2Mthy~1)
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When account is taken of Theorem 3, it follows from this theorem that, when solving the dam failure problem (1.6), (1.7), the flow
velocities in domains 2 and 4 in Fig. 2 are opposite in sign to the jumps in the depths on the external lines of discontinuities x = +£A\1t, that is,

2
ULH], = Mf2<0, wihl, = 2920, 1= 1,4
hy (5.6)
In the central domain 3 in Fig. 2, the directions of the velocities in the layers are determined by the signs of the functions g; and g, the level
lines of which g;(a, 3)=0 and gz(a, 3)=0, when account is taken of formulae (5.4) and inequalities (5.5), are the strictly monotonically
decreasing linear functions [31(a) and 3;(a). The graph of the first of these passes through the domains I and II' in Fig. 4, and the graph of
the second passes through the domains Iand I'. As a result, each of these domains is divided into two subdomains which are denoted by the
subscripts 1 and 2 in Fig. 4, b. Qualitatively different classes of solutions in the sense of Definition 3 are obtained in all these subdomains.
Just eight of these classes are obtained and, apart from the symmetry about the z axis, just four.

Examples of the main flow processes, obtained for different initial values of the discontinuities in the depths o and 3 are shown in
Fig. 5. The transitional flow regimes, obtained for the initial values (2.65, —2.8), (1.3, 2.5), (0.2, 1.1) and (4.7, 1.7), which lie on the lines f; =0,
f>=0, g1 =0 and gy =0 respectively (see Fig. 4, b), are shown in Fig. 6. When g; =0 in the central domain 3 (see Fig. 2), the flow velocity in
the lower layer vanishes and, when g, =0, the flow velocity in the upper layer vanishes. The length of the arrows in Figs. 5 and 6, by means
of which the direction of flow in the layer is indicated, is proportional to the modulus of the velocity of this flow. The solutions shown in
Figs. 5 and 6 were obtained for hp=1, w=0.5, t=7.

It follows from Fig. 4 that the class of solution obtained is completely determined by the angle of inclination ¢ of the initial vector (a,
[3) to the « axis. Here, a solution of class I is obtained when ¢ € (¢1, ¢3), of class I, when ¢ € (@2, ¢3), of class II; when ¢ € (¢3, ¢4) and of
class II; when ¢ € (¢4, ¢5) where, when account is taken of formulae (4.2) and (5.4),

_ {arcsinkj, j=1273

¢ = arccoskj, j=4,5
hy b hy b a,
= ——, = —, = —, k, = —_ k = ——
b ry & R, & Ty ‘TR, : Ty

ro= Jhoval, i=12 R =Ab’+c’, R,=da +b’ (5.7)

Since, when relations (2.3), (2.5), (5.5) and (5.7) are taken into account, the angles ¢; can be considered as functions of the initial depth
ho and the ratio of the densities , that is, ;= ¢;(ho, ), this enables us to construct the domains of existence of the qualitatively different
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classes of solutions of the dam failure problem in the plane of the variables ¢, hq for fixed p and in the plane of the variables ¢ and w for
fixed hg (see Fig. 7).

6. Conclusion

A theorem concerning the unique solvability of the problem of the decomposition of the discontinuity (1.6) in the small, that is, for an
initial discontinuity of sufficiently small amplitude |U! — U"| =& « 1, has been proved for an arbitrary hyperbolic system of conservation
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laws. The basic shortcoming of this theorem lies in the fact that it does not give an explicit algorithm for constructing the corresponding self-
similar solution. At the same time, a problem of the decomposition of a discontinuity for the linear approximation of the initial quasilinear
hyperbolic system is obtained in the first approximation with respect to the parameter €. It is precisely this problem for the system of
equations of two-layer shallow water which has been considered in this paper. In the second approximation with respect to the parameter
g, the discontinuities, obtained in the first approximation, separate into rarefaction waves and stable shock waves, the Hugoniot conditions
in which will depend on the specific form of the basic conservation laws.
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