HYPERBOLIC BALANCE LAWS: RIEMANN INVARIANTS AND THE

GENERALIZED RIEMANN PROBLEM
MATANIA BEN-ARTZI AND JIEQUAN LI

ABSTRACT. The Generalized Riemann Problem (GRP) for nonlinear hyperbolic system
of m balance laws (or alternatively “quasi-conservative” laws) in one space dimension is
formulated as follows: Given initial-data which are analytic on two sides of a discontinuity,
determine the time evolution of the solution at the discontinuity. In particular, the GRP
numerical scheme (second-order high resolution) is based on an analytical evaluation of
the first time derivative. The analytical solution is readily obtained for a single equation
(m = 1) and, more generally, if the system is endowed with a complete (coordinate) set of
Riemann invariants. In this case it can be “diagonalized” and reduced to the scalar case.
However, most systems with m > 2 do not admit such a set of Riemann invariants. This
paper introduces a generalization of this concept: “Weakly Coupled Systems” (WCS). Such
systems have only “partial set” of Riemann invariants, but these sets are weakly coupled in a
way which enables a “diagonalized” treatment of the GRP. An important example of a WCS
is the Euler system of compressible, nonisentropic fluid flow (m = 3). The solution of the
GRP discussed here is based on a careful analysis of rarefaction waves. A “propagation of
singularities” argument is applied to appropriate Riemann invariants across the rarefaction
fan. It serves to “rotate” initial spatial slopes into “time derivative”. In particular, the case
of a “sonic point” is incorporated easily into the general treatment. A GRP scheme based
on this solution is derived, and several numerical examples are presented. Special attention
is given to the “acoustic approximation” of the analytical solution. It can be viewed as
a proper linearization (different from the approach of Roe) of the nonlinear system. The
resulting numerical scheme is the simplest (second-order, high-resolution) generalization of
the Godunov scheme.
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1. INTRODUCTION

In this paper we consider the generalized Rieman problem (GRP) for hyperbolic balance
laws

ou  OF(U)
1.1 -— =
(1) 2D sew)
where U = (uy,- -+ ,u,)" is an unknown function of x and ¢, F' = (fi, -+, fn)' is the

associated flux, and S(x,U) is the source term resulting from geometrical and physical
effects. We develop the method of Riemann invariants in order to solve the generalized
Riemann problem and derive a GRP high resolution scheme for the system. Our starting
point in the present study is the associated Riemann problem, i.e., the Riemann problem
for the homogeneous counterpart of (1.1), which is assumed to be solvable theoretically
and numerically. We show that the Riemann invariants, which always exist for strictly
hyperbolic systems of two equations (i.e., m = 2), play a pivotal role in the GRP solution
for a large family of hyperbolic systems, including the system of shallow water equations,
the compressible fluid flow (both isentropic and non-isentropic) and so on.

The GRP scheme was originally designed for compressible fluid flows [1, 4]. As the ex-
tension of the Godunov scheme [9], the GRP scheme assumes piecewise initial data and
evolves the solution of (1.1) by analytically solving the generalized Riemann problem at
each cell interface with second order accuracy. Specifically, we denote by C; = [2;_1/2, Tj11/2]
(Ax = %412 — x;_1/2) the computational cell numbered j, and by {t,}72, the sequence of
discretized time levels, At = t,,1 — t,,. Assume that the data at time t = ¢, is piecewise
linear with a slope o7}, i.e. on C; we have

(12) U(I‘,tn) = an + O';L(SL’ - Ij), X e (l’j_1/2,$j+1/2).
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Then a Godunov-type scheme of second order usually takes the form

At At
n+l n n+1/2 n+1/2 n+1/2 n+1/2
(13) Uj = Uj _A—:L' (F’j—i-l/Q _F’j—l/2> +7 (Sj+1/2 +S 1/2)
where we use the notations

n+1/2 n+1/2 n+1/2 n+1/2
(1.4) e = FWULR ) Siiae = S@ia Ui jy),

and U7 is the average of U(x,t,) over the cell Cj and U "fll/; is the mid-point value or the

average of U(x;41/2,1) over the time interval [¢,,,t,11]. The source term S(z,U) is currently

discretized with an interface method, which is the trapezoidal rule in space and the mid-
point rule in time [4, 11]. The central issue is how to obtain the mid-point value U "fll/;
The GRP scheme formally approximates this value by the Taylor expansion (ignoring higher

order terms),

At (OU\"
1.5 Oy =R 0
( ) j+1/2 ]+1/2+ 2 8t +1/2
where

(1.6) 2T = int0 Ot

oUN\" . ou
lim U(l’]+1/2,t) (E) lim (Z'j+1/2,t)
j+1/2

The value U, "2 1 obtained by solving the associated Riemann problem for the homogeneous
hyperbolic conservatlon laws as used in the first order Godunov scheme [9]. We are left with
the calculation of (OU/0t)}, , ,, which is the main ingredient in the GRP solution.

Let us take a look at a smgle equation case (U, F'in (1.1) are scalar functions). At each
grid point (2412, ,), only a single wave emanates. Therefore we are able to use the equation
(1.1) to get

]_. - F/ e - n
a7 (at)w W ( az)m+s<xj+1/2,Uj+l/2),

where (OU/0x)},,  is upwind taken from the initial data at time ¢ = ¢,,. That is, (9U/0x)},, s,
is taken from the left (resp. right) hand side of @ = ;412 if F'(U},,,,) > 0 (resp.
F'(U}y1/5) < 0). It is clear that the limiting value (OU/0t)},
the source term effect even if initially the slopes o7 in (1.2) are identically zero. Therefore
even in the first order Godunov scheme the time derivative (9U/0t)7, , , should be properly
treated.

In general (1.7) is not valid when (1.1) is a system, because there exists more than one
nonlinear wave issuing from the singularity point (z;44 /25 t,) and the interface x = x4 /2
is, generally speaking, located in an intermediate region. We are therefore looking for the
substitute of (1.7) in the system case. As a motivation for our treatment, consider the
following strictly linear hyperbolic system,

oU QU
(1.8) S+ A =0,

where A is a constant matrix with m real distinct eigenvalues. Denote by A the diagonal
matrix whose entries are the eigenvalues of A, and by L the matrix whose row vectors are

does not vanish due to
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the left eigenvectors of A. Then the standard diagonalization process yields

ow ow
(1.9) BT +A Ee =0, W=LU.
These equations are entirely decoupled, each component of W can be treated as in the scalar
case.

For the nonlinear case we have similar conclusions when the system (1.1) is endowed
with a coordinate system of Riemann invariants [8]. An important and direct consequence
is that (1.1) can be transformed into a weakly coupled form, analogous to the linear case
mentioned above. Moreover in the associated Riemann problem the Riemann invariants are
constant throughout the corresponding rarefaction wave, or in the linearly degenerate case
they are continuous across the corresponding contact discontinuity. These properties have
the following implications:

(i) Thinking of the initial data (1.2) with non-zero slopes as a perturbation of piecewise
constant Riemann initial data and the source term S(x,U) as a perturbation of the homo-
geneous system of equations, the solution of the generalized Riemann problem for (1.1) is
a perturbation of the solution of the associated Riemann problem mentioned above at least
in the neighborhood of the singularity point. Therefore the Riemann invariants are regu-
lar locally across the corresponding (curved) rarefaction wave (in the generalized Riemann
problem) although the derivatives of the solution of (1.1) usually explode there. Thus we
can take a usual calculus manipulation for the Riemann invariants.

(ii) Each Riemann invariant is transported with a single equation (see Theorem 4.3). The
transport equation enables us to resolve the rarefaction wave in a quite simple way, analogous
to the treatment of the scalar equation. Certainly we need to overcome the technical coupling
difficulty by using characteristic coordinates. In this paper, we use the Riemann invariants
to resolve the rarefaction waves in the generalized Riemann problem for (1.1) as a main
ingredient in our GRP solution.

(iii) The fact that the Riemann invariants are continuous across the corresponding contact
discontinuity simplifies the resolution of contact discontinuities.

(iv) The existence of Riemann invariants is independent of the Eulerian or Lagrangian
formulation of physical models. Therefore, the resulting schemes could be either Eulerian or
Lagrangian. We avoid the passage from the Lagrangian version to the Eulerian case, as was
done in [1].

(v) In each rarefaction wave, the behavior of the corresponding Riemann invariant is
determined by a suitable (scalar) transport equation. As a consequence, the sonic case, i.e.,
when the rarefaction wave spans the cell interface, is automatically resolved, see Subsections
6.1 and 7.2. Recall that the sonic case is the most delicate in the original GRP scheme [1]
or MUSCL-type schemes.

Therefore it is natural to use the Riemann invariants to solve the generalized Riemann
problem and derive the resulting GRP scheme. This idea has been used in the context of
shallow water equations and planar compressible fluid flows [13, 5]. As is well-known [8, Sec.
7.3], any strictly hyperbolic system of two equations is endowed with a coordinate system of
Riemann invariants. On the other hand, such a coordinate system does not generally exist
for systems of the form (1.1) when m > 3. However, many physical systems are weakly
coupled (in a sense to be made precise later, see Definition 7.7) and can be reduced into a
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form that is amenable to the Riemann invariant approach. In particular, we can use this
approach to handle the system of compressible fluid duct flows in Section 9.

Next we point out the difference between our approach and the original GRP scheme [1].
The original GRP scheme was designed for the compressible fluid flows with two related
Lagrangian and Eulerian versions. The Eulerian version is always based on the Lagrangian
treatment. The transformation is quite delicate, particularly for sonic cases, because it
becomes singular at the sonic point. In contrast, our approach leads to a much simpler direct
Eulerian scheme. Another approach by the asymptotic analysis can be found in [15, 7]. We
mention here the paper [19] where the GRP is solved assuming the solution is given when
the initial data have a general analytic distribution on the two sides of cell interface. We
note, however, that our solution to the GRP uses only the limiting values of slopes at the
interface and thus it is amenable to any given distributions of flow variables adjacent to the
cell interface.

The resulting GRP scheme consists of only two steps: (i) the Riemann solver; (ii) the
calculation of (9U/0t)}, , . The (exact or approximate) Riemann solver is standard for many
physical systems [18] and references therein. The limiting value (9U/01)}, , , is obtained just
by solving a linear algebraic system, very close to the linear case (1.8). This linear system
can be obtained either by the analytic GRP for (1.1), in which case we label the GRP method
as a (Goo—scheme, or by using an acoustic approximation for the GRP, in which case we label
the GRP mathod as a GGi-scheme. We note that the Gi-scheme is, in principle, the simplest
second order extension of the Godunov scheme, it just adds about 2 — 5% computation.
We mention also that there are a number of intermediate schemes derived from the analytic
resolution. In particular, the Go-scheme is actually equivalent to the MUSCL-scheme, see
Appendix D in [1].

For the convenience of the reader, we have structured the paper as follows. Sections
4-6 treat in detail the case of the system consisting of two equations. This enables us
to illustrate clearly the role of Riemann invariants and characteristic coordinates. Then
in Section 7 we introduce the main topic of the present paper, i.e, the application of the
Riemann invariants to general weakly coupled systems (WCS). Section 8 is both theoretical
and practically important, it introduces an acoustic approximation as the linearized version
of nonlinear systems and show how to apply it in the numerical setting. As mentioned
above, it leads to a very simple second order extension of the Godunov scheme. Section 9
is devoted to the discussion of the GRP solution in terms of the abstract method developed
in the earlier sections. In particular, in Section 9.3 we discuss the system of compressible
(non-isentropic) duct flows in the framework of a “weakly coupled system”. In Section 10
we give some numerical examples.

2. THE SETUP OF GRP SCHEME

The GRP scheme for the numerical approximation of (1.1) assumes piecewise linear initial
data in computational cells and relies on analytical solutions of the generalized Riemann
problem at each cell interface. For convenience, we set the cell interface at x = 0 and the
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initial data as

U, + Uz, <0,
(2.1) U, 0) =4 =705 F

Ur + UJIQSL’, x>0,

where Uy, Ug, U; and Uj, are constant vectors. We denote by U(x,t) the solution of (1.1)
and (2.1). Correspondingly, the limiting values in (1.6) are denoted by

(2.2) U, = U(0,0,), (%—[tj) - %—[Z(o,og.

The initial structure of the solution U(z,t) of (1.1) and (2.1) is determined by the associated
Riemann problem for

ou oFU)
(2.3) E—i— pe =0, =xz€R, t>0,
subject to the Riemann initial data
Up, <0,
(2.4) U,0)=4{ » °
Uk, x> 0.

We call the solution of (2.3) and (2.4) the associated Riemann solution of (1.1) and (2.1).
Our GRP scheme is of the Godunov-type and based on the solvability of (2.3) and (2.4).

Assumption: The Riemann problem (2.8) and (2.4) is uniquely solvable, thus enabling
the Godunov scheme.

The Riemann solution of (2.3) and (2.4) is self similar and denoted by R*(z/t;Ur,Ug).
Then we have the following proposition [15].

Proposition 2.1. Let U(z,t) be the solution to the generalized Riemann problem (1.1) and
(2.1) and let RA(x/t,Ur,Ug) be the solution of the associated Riemann problem (2.3) and
(2.4). Then for every fixed direction A\ = x/t,

(2.5) lim U(M, t) = RA\ UL, Ug).
t—
This implies that the wave configuration for the generalized Riemann problem (1.1) and

(2.1) is the same as that for the associated Riemann problem (2.3) and (2.4) near the origin
(x,t) = (0,0).

We illustrate this proposition schematically in Figure 2.1. The limiting value U, in (2.2)
(correspondingly U7, , in (1.6)) is just the Riemann solution along the line z = 0,

(2.6) U, = RY0; UL, Ug).

This is already known and used in the Godunov scheme [9]. They can be obtained with the
exact or approximate Riemann solver [18]. Therefore, in order to get the GRP scheme, the
main issue is only how to calculate (OU/0t).. Once the limiting value (OU/0t), is obtained,
we implement the GRP scheme by the following four steps.

Step 1. Given piecewise linear initial data of the type

(2.7) U'(x) =U} + o} (x —x;), € (Tj12,Tj41/2),
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rarefaction t contact
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(a) Wave pattern for the GRP
B=0 ¢ contact
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B=pBL U, shock
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(b) Wave pattern for the associated Riemann problem

F1GURE 2.1. The setup of the GRP scheme

we solve the Riemann problem for (2.3) to define the Riemann solution

Ax Az
(28) T = RAOUT + 2o, — S )

5 Y Vit T Ty Oj4+1
This is the same as the classical Godunov scheme [9].

Step 2. Determine (0U/ 8t);.‘ +1/2- This is the main theme in the present paper. It turns
out that this time derivative of solution vector is obtained by simply solving a linear algebraic
system of equations.

Step 3. Approximate numerically the solution of (1.1) by using (1.3) and (1.5).
Step 4. Update the slope by the following procedure. Define

oUuN\"
Uttt =ur ., 4+ At <—) :
(2.9) ”i/ 2o 1 Ot ) 1112
n+l,— n+1l,— n+1,— n+1,—
O'j —E(AU)] —E(Uj+1/2 _Uj—1/2 )

. . . . e . 1,—
Then in order to suppress oscillations near discontinuities we modify O'JT-H_ by a mono-

tonicity algorithm to get 0;”1, see [1, 12], in the sense of slope limiters. For the numerical
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examples in Section 10, we use the following limiter
+1 +1 +1 +1
U]?‘ - U;L—l U@+1,— aU;L+1 - U;L
Az T ’ Az ’

J

(2.10) o™ = minmod (a

where the parameter « € [0, 2).

Remark 2.2. In comparison with other (even first order) upwind schemes, we at most need to
solve a linear system of algebraic equations additionally. For the GGi-scheme to be presented
in Section 8, we need to solve a linear system of algebraic equations exactly. Compared
with the Godunov scheme, just additional 2 ~ 5% of computation time is required in most
practical cases.

3. HEURISTIC EXPLANATION FROM A LINEAR SYSTEM

In this section we use a familiar linear system to explain the necessity to introduce the
Riemann invariants in upwind (the Godunov-type) schemes. The linear example is

Ju ov ov ou
where ¢ > 0 is constant. This model describes two linear waves: One propagates to the left
with velocity —c and the other to the right with velocity c.

For the given initial data of type (2.1), where U = (u,v)", the solution is discontinuous
at the origin and the discontinuities propagate along characteristics. Therefore we are not
able to use (3.1) to simply get du/0t and Jv/0t, as in the single equation case. However, if
(3.1) is written in the following form

I(u —v) Ca(u — )

0,

ou+v)  Iu+wv)

(3.2) ot ou ’ o T e ’
we see that the function u + v (resp. u — v) is smooth on the two sides of the characteristic
dx/dt = ¢ (resp. dx/dt = —c). The functions u 4+ v correspond to the Riemann invariants

in nonlinear cases. Turning back to the system (3.1), we denote u, = lirgl+ (Ou/0x)(0,1t)
t—

(similarly for v). Then we can proceed, as in scalar cases, to get
Uy + v = ur, + v, uw, + v, =up + vy,

(3.3)
— / ! ! /
Uy — Vy = UR — UR, ul, — v, = up — vk

By using (3.2), we have

In order to get (Qu/0t), and (Jv/0t)., we need to solve (3.4) and get
s () --Sr), o) () b ol )

ot 2 2 ot 2 2
This is essentially the solution of GRP for (3.1).

We summarize the above process in the following two steps:
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(i) Find Riemann invariants and obtain their time derivatives. Thus the system of linear
equations (3.4) is derived.

(ii) Solve the resulting linear system of algebraic equations to yield the limiting values

(Ou/0t), and (Ov/0t)..

In the nonlinear case of (1.1), we also perform these two steps. In particular, the concept
of Riemann invariants plays a pivotal role and corresponds to the quantities v+ v and v —v
here. They are used to analytically resolve the rarefaction waves in the generalized Riemann
problem (1.1) and (2.1), which constitutes the important feature of the resulting scheme. In
addition, they are useful in resolving contact discontinuities.

4. THE RESOLUTION OF RAREFACTION WAVES IN THE TWO-EQUATION SYSTEM

In this section we focus on the case of a strictly hyperbolic system of two equations. We
note that the physical models of isentropic (compressible) flows and shallow water equations
are examples of such systems. Furthermore, we shall later show that the main idea here
carries over to a broader class of general systems.

Thus, we assume that (1.1) consists of two equations and denote U = (u,v)" and F =
(f(u,v),g(u,v))". The Jacobian matrix DF(U) = 0F/0U has two distinct eigenvalues

(4.1) AMu,v) < p(u,v),

and further assume that A is genuinely nonlinear, and thus its associated wave is either a
rarefaction wave or a shock [8]. Asin [8, Sec. 7.3] the system is endowed with a coordinate
system of Riemann invariants which we shall denote by ¢ and ¢. In terms of these new
unknowns (1.1) is reduced into the form

O o

E + )\(QS,'QD)% - k1($,¢, w)a
(4.2)

0 0

a_,lf +/J’(¢7w)a_i} = k2(x7 ¢7¢)7

where k; and ko are two functions resulting from the source term of (1.1) and they are
expressed in terms of the Riemann invariants ¢, 1. For uniformity, we denote W = (¢, )",
K = (ki, k)" and A = diag(\, ). Then (4.2) is rewritten as

ow ow

= AW S = K (2, W),

As pointed out earlier, the main feature of the GRP scheme is the resolution of rarefaction
waves. In this context, it will turn out that the concept of characteristic coordinates is quite
useful.

(4.3)

4.1. Characteristic coordinates. The characteristic coordinates, as the integral curves of
characteristic equations, play an important role in the resolution of rarefaction waves and
simplify the calculation. Let C* : B(z,t) = const. be the integral curve of the differential
equation

dx

(4.4) o = Mo ),
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and C* : a(x,t) = const. be the integral curve of the differential equation

(4.5) Ccll—f = (9, ¥).

Consider a domain in the (x,t)-plane where the coordinates (z,t) can be obtained as func-
tions of o and 3. This transformation is denoted by

(4.6) t=teB), ==a(apf).

In terms of the characteristic coordinates (o, 3), the system (4.2) can be rewritten in the
form of the characteristic equations

or ot 99 _ ot

% = A(¢a¢)%a % = % kl(ﬂf(a,/g)>¢> ¢),
(4.7)

or ot o _ @ )

55 ~M0V55 g5~ gp el 0)0v)

It follows, by differentiating the first pair of equations with respect to (3, the second with
respect to a and subtracting, that ¢t = t(«, 3) satisfies,

Pt ONOt  Ou ot
(4.8) ()\—M)aaaﬁﬂL%%—%%—

We differentiate the i-equation in (4.7) with respect to a and incorporate (4.8) into the
resulting equation to get that ¥ = ¥ («, §) satisfies

a2w - 82t 8t 81{52
9008 ~ dapp @@ 0).0.9)+ 5557

(4.9)

b oA o (ko ok
A—pu 08 Oa OB \\N—puda Oda )’

Similarly, we have the second order equation for the Riemann invariant ¢,

02¢ . k’l 8,u ot ot k‘l O\ 81{:1
(4.10) £ (M_A%Jr%).

0@86__u—)\'8a %jL%

Next we turn to the detailed analysis of the rarefaction wave for the generalized Riemann
problem (1.1) and (2.1). In view of Proposition 2.1, when approaching the origin (z,t) =
(0,0), the solution U(x, t) is determined by the associated Riemann solution R (z/t; Uy, Ug).
We can therefore regard the former as a perturbation of the latter. When investigating the
(curved) centered rarefaction wave for the generalized Riemann problem, we will use the same
domain of characteristic coordinates as the one determined by the associated rarefaction
wave.
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Cé\*lﬁ:ﬁ*

6’52:04:/042

wo. |
. N —0Y%
Rarefaction wav Ca E

C B =0 = ’

y

I Up —=

T = Q9 r =
(a) The curved rarefaction wave in the generalized Riemann prob-

lem
Cé\* :ﬁ:ﬁ*C& :a:!ofg
Rarefaction wave Cl ot
0l 0= =N
| U
A

r =09 T = (1
(b) The rarefaction wave in the associated Riemann problem

FIGURE 4.1. Characteristic coordinates throughout a centered rarefaction wave

4.2. The resolution of rarefaction waves. We start with the associated rarefaction wave
for the Riemann problem (2.3) and (2.4). We assume the structure as in Figure (4.1)(b) and
the rarefaction wave is denoted by R{. Further, the t—axis is located in the smooth domain
behind the rarefaction wave R{.

Since ¢ is constant across the rarefaction wave Rj!, we express it by using

(4.11) { Mo, ¥) = z/t,

,lvb = Q/)La
where 9, is the value of ¢ at the head characteristic of Ry, i.e. 3 = 3;. This rarefaction
wave expands from (G, up to .. We define the characteristic coordinate § = x/t. The

characteristic coordinate « is defined as follows. In view of (4.11), one has A(¢, ) = [,
which can be inverted to yield,

(4.12) ¢ = o(x/t;¢1) = o(B;¢r).
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Then the characteristic curve C% : a(x,t) = aq is defined to be the integral curve of the
equation

= Wl6.) = POt ), ),

where the constant «q is chosen to be the z-coordinate of the intersection point of C¥%  with
the leading A-characteristic curve C3 . This determines (z,t) as functions of (o, §).
Denote the corresponding characteristic map to the (z,t)-plane by

(414) t = tass(a> ﬁ)a T = Z’asg(a, ﬁ)

All other variables including the eigenvalues A, ;1 and Riemann invariants can now be ex-
pressed as smooth functions of («, 3). We observe that the characteristic map is singular at
a = 0, where the segment between 3 and [, is mapped to the origin (z,¢) = (0,0). We
note that t.s(cv, 3) satisfies at o = 0, in view of (4.8) and the fact that (9t,ss/93)(0,5) = 0,
that

(4.13)

82tass o atass oA
Since (OA/0/)(0,3) = 1, by the definition of 3-coordinate, we get
atQSS . atass ﬁ 1
(4.16) Do (0,8) = %(QﬁL) exp </5L mdg) .

By our choice of the a-coordinate as the z-value of the intersection point of C* with the
leading characteristic C} , we obtain (924ss/0)(0, 31) = 1. Then we use (4.7) to get

atass 1 aa’:ass 1
Do ( 6L ) /6L ( ﬁL) /8[,

This together with (4.16) gives the explicit expressions for the derivatives of t.s(av, 3),
Tass(av, B) at the singularity point (z,t) = (0,0),

8tass . i ’ ! _
Jda (0.5) = Br P (/ﬁL 1(0,&) — fdg) ’

O g _ﬁ A 1 )
ga W= (fﬁ g )

Remark 4.1. Inspecting (4.11), (4.12) and (4.16), we see that the ratio between (0t ,ss/0)(0, 3)
and (Ot,ss/0a)(0, Br) is function of § and is independent of the a-coordinate. Therefore,
we retain the degree of freedom in our choice of «, which will simplify some calculation, see
Section 9.

(4.17)

(4.18)

In the following we turn to deal with the generalized Riemann problem (1.1) and (2.1), and
consider the general (curved) rarefaction wave, see Figure 4.1(a). The characteristic curves
inside the curved rarefaction wave t = t(«, 3), * = x(«, ) are second order approximations
of tass(a, B) and x445(v, ) as a — 0. This fact is stated in the following proposition and the
proof is omitted in the present paper.
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Proposition 4.2. As a — 0, we have the following asymptotic expressions for t(«, [3),
z(a, B),

(4.19) t(a, ) = tass(@, ) + 0(a?),  a(a, B) = @ass(a, f) + O(a?),

where B, < 3 < B..

With this proposition, we have the following theorems about the resolution of the rarefac-
tion wave.

Theorem 4.3. Let 1,(0,3) = g—ﬁ((),ﬁ). Then throughout the rarefaction wave associated
with \, we have

6 k ass

420 w0 =u0m+ [ 5200

L

The initial datum 1, (0,Br) is
1 /
(4.21) Ya(0,8L) = Y + E(k‘z,L — 1),
where ] is determined by Uy, Uy as in (2.1) and ko = ko(0,¢p,v1) (see the RHS of
(4-2)).
Proof. Recall that

o0.6) _,  9s(0.5)
o ap
The asymptotic behavior of solutions at the origin, see Proposition 4.2, shows

ot 3ta85 ox . al’ass
%(07/6): Do (O>ﬁ)a %(07/6)_ dov (076)

Therefore, setting o = 0 in (4.9), we obtain

0 ko
55 al0.8) = 5 7—(0.9).

which yields (4.20) by integration.

(4.22) = 0.

(4.23)

atCLSS
Oa

(424) (Oa/@)> ﬁ € (ﬁLaﬁ*)>

The initial datum 1, (0, 5.) comes from the characteristic form (4.7) by using the chain
rule,

DL Be) = (0,50 5 (0, 80) + (0,55 (0, )
o) ot O
(4.25)
0 1
= wL ¢( /GL) /GL
where we use the fact that (0x/0«)(0, 5) = 1 and (0t/0a)(0, 5r) = 1/5L. Then we use the
Y-equation in (4.2) to get (4.21). O

Theorem 4.4. Consider the rarefaction wave Ry associated with . Then we have

ou ov .
(4.26) ar, (E)* + bL (a)* = dL,
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where (ar,br) = (Vyt)., Vyp = (0 /0u, 0 /0v) and

4.27 A 0 Otass )™ 0 A k0
(’ ) L_,u*_)\* ¢a(aﬁ*)'(aa) (75*)_1 2(,@5*,%) .

Proof. We use the result of Theorem 4.3 at 3 = (3, and express the directional derivative in
terms of (z,t) derivatives. Using the equations for ¢ in (4.7) and (4.2), one obtains,

0 ass (0, Os 0 0
¢a(0aﬁ*) = % ’ <a_,lf + )‘a_,;b) (076*)

_ atass(oa /6*) 0¢ Ay a¢
o KEL + ™ (— (EL + k:g(o,qs*,w*))} ‘
It follows that,

A Otass\ ™ A
(4.20) (a) - [¢a(0,ﬂ*)~ ( & ) (0.5,) - —*~k2<0,¢*,w*>] |

(4.28)

where A\, = [,. We note that 1 is regular across the characteristic Cé\*. Hence the value of
14(0, Bx) can be evaluated using the values of 0v/0t, 0¢)/Ox in the smooth domain behind
the rarefaction wave Ry. We write ¢ in terms of U and immediately arrive at (4.26). O

atass
156

—1
Remark 4.5. Note that the term (0, 5) - < ) (0, B,) is clearly independent of the

choice of a, cf. Remark 4.1.

Remark 4.6. Since 1 is constant throughout R4 in the associated Riemann solution, v is
still regular even when the initial data has non-zero slopes and the source term is present in
the governing equation (4.2). This is the reason that we can resolve the rarefaction wave in
terms of ¥. Note that ¢, (0, 8x) = k1(0, ¢x, V) - (Otass/0)(0, B.). Hence we cannot use it to
get (0¢/0t),, and thus this relation cannot be used to obtain (QU/0t).,.

5. THE RESOLUTION OF SHOCKS FOR THE TWO-EQUATION SYSTEM

In this section we continue the investigation of the two-equation system (as in Section
4) by discussing the resolution of shocks. We assume that the wave associated with the
family is a shock moving to the right and let the shock trajectory be x = x(t) with the speed
o(t) = 2'(t), separating two limiting states U, U. To fix the ideas, we assume that U is
the state ahead of the shock while U is the state behind it. This shock is described by the
Rankine-Hugoniot jump condition,

(5.1) F(U) - F(U) = o(U - T).

Then we know [8, Section 8.2] that if a state U connects to U by the shock with speed o,
(5.1) gives the Hugoniot locus of the form,

{ o=0o(U,TU),

(5.2) - _
U=0U+K(U,T),
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Rarefaction A ¢

G=3 Shock

B =5

U,
UL\ / R

0

X

FIGURE 5.1. A typical wave pattern for the two-equation case

where 7 > 0 is a parameter describing the strength of the shock. In fact, the system (5.2)
corresponds to one of the two shock curves associated with A, p (recall that A, p are two
genuinely nonlinear eigenvalues for the system of two equations in Section 4). Eliminating
the parameter 7 from (5.2) yields a single equation connecting the state U = (@, ) to the
state U = (u,v), given by

(5.3) (U, T) = 0.

This is indeed the equation for the Hugoniot curve in the state (u,v)-plane, and it holds
along the shock trajectory x = z(t) identically. Note that U, U are the limiting states on
both sides of x = x(t), U = U(x(t),t), U = U(x(t),t), where we are now using U and U also
for the full states behind and ahead of the shock, respectively.

In terms of Riemann invariants W (see (4.3) for the notation W), we can rewrite (5.3) in
the form

(5.4) S(W; W) = 0.
We may therefore differentiate (5.4) in the direction of the shock = = z(t) and get
ow ow oW oW

We want to solve (5.5) for 0W/0t. We are assuming that the t-axis is located in the inter-
mediate region so that A < 0 and p > 0 (see Figure 5.1). In the sonic case where the t-axis is
located in the rarefaction wave, we already have the full solution, see Subsection 6.1 below.
We use the diagonal form (4.3) to obtain,

ow ow ow — OW

(5.6) 5o =A™ (_W + K(x, W)) S = AN S+ K ().

Note that the limiting values of o, W, W, 9W/dt and OW [z (see Egs. (2.1), (2.2) ) are

(5.7) _
lim o =09, lim W =W,, lim o = (8_W) . lim W =Wg, lim o = Wh,

t—0+ t—0+ t—o0+ Ot t—0+ t—0+ Ox
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where the limits in (5.7) correspond to our assumption that oy > 0, so that the shock moves
into the domain = > 0, leaving the t-axis in the smooth domain behind it. It is clear how to
change the limits when oy < 0. Then we use (5.6), (5.7) in (5.5) so as to obtain
(5.8)
ow
VW(I)(W*7 WR)(I — UOA(W*)_I) (W)

= —UoVW(I)(W*; WR)A(W*)_lK(O, W*) - VW(I)(W*7 WR) [(0’0[ - A(WR))W;% + K(O, WR)] .

We express dW/0t in terms of OU /0t (as in the end of the proof of Theorem 4.4), in order
to obtain the following theorem.

Theorem 5.1. Consider the two equation system (1.1) , subject to the initial data (2.1).
Assume that the wave pattern is as in Figure 5.1, i.e., the wave associated with the p family
15 a shock moving to the right and that the t-axis is contained in the smooth region behind
it. Then the two components of (OU/0t), (see (2.2)) satisfy the following linear equation at
the singularity (x,t) = (0,0),

0 0

where the coefficients ar, br and dg are given explicitly as

(CLR, bR) = VW(I)(W*, WR)([ — O'oA(W*)_l)DW(U*),
(5.10) dp = —o0oVi®(Wy; Wr)AW,) LK (0, W,)
—Vir®(W.; Wr) [(00] — A(Ugr))Wg + K(0, Wg)].

Remark 5.2. If the eigenvalue p is linearly degenerate, the corresponding jump discontinuity

is a contact discontinuity. For this case, o(W, W) = u(W) = u(W) and in the limit

g =) /A 0 ol _ pr—Ar 0O
(5.11) I —ooA(W,) —( 0 0)7 ol — A(Wkg) ( 0 0>7

The first component of equation (5.8) gives a scalar equation

(5.12)
OD(WesWr) A —p. (06
A (),
— VROV WA K (0, W) — TR ) (65,4 (0.

These arguments also apply to the acoustic case that will be discussed later on. The idea
will be used to consider weak shocks as characteristic curves, thus treating the weak shocks
as linearly degenerate discontinuities. Clearly we can also obtain a linear equation in the



Hyperbolic Balance Laws: Riemann Invariants, the generalized Riemann problem 17

same form as (5.9) with coefficients

(5.13)
0P(W,; W A — [y
(ag,br) = ( 96 %) Y a (Vuo).,
I = — V(W W) A(W.) LI (0,17,) — %ﬁ (= M) - (F (0, W),

6. THE TIME DERIVATIVE OF SOLUTIONS AT THE SINGULARITY FOR THE
TWO-EQUATION SYSTEM

In this section we summarize the results of Sections 4 and 5 in order to present the full
solution to the generalized Riemann problem for (1.1) in the two equation case, subject to the
initial condition (2.1) at the singularity. As has already been mentioned in the Introduction,
this case represents significant physical models. In addition, we shall see in the following
section how this solution can be readily extended to many important cases of larger systems
of conservation laws.

Theorem 6.1. Assume that the local wave pattern for the generalized Riemann problem (1.1)
is as depicted in Figure 5.1, and the t-azis is inside the intermediate (smooth) region. Then
the limiting value (OU/0t). can be obtained by solving the following pair of linear algebraic

equations,
( ou ov
— bp | =— ) =d
aL<8t)*+ L<at)* b

0 0
e (3) (%) -

where ar, by, and dy, are given in Theorem 4.4 and ar, br and dr are given in Theorem 5.1.

(6.1)

6.1. The sonic case. Special attention should be paid to the case where the t-axis (the cell
interface x = 0) is contained in the rarefaction wave, so that it is tangential to one of The
characteristic curves. We refer to this case as a sonic case. Then we have to modify the
above approach. Indeed, it becomes much simpler. We still use the notations in Section 4.
Consider the rarefaction wave associated with A\. We see that the equation (4.26) for v is
still valid, where (3, is replaced by y = 0. In addition, let C’éo be the characteristic curve
tangent to the t-axis, O, < By = 0 < [, so that we have A(¢g,1y) = 0. Then we obtain
from (4.7), with 5, = By,

(62> ¢a(07 6*) == kl (07 ¢*7 ¢*) : (8tass/aa)(07 ﬂ*)
That is,
(63) Soon (G ) = 100,600

We therefore obtain in this case the following theorem.

Theorem 6.2. (Sonic case). Assume that the t-azis is located inside the rarefaction wave
associated with \. Then we can calculate the limiting values of the time derivatives (OU /0t),
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by solving the following system of two linear algebraic equations,

oUu
(Voo (E)* = dy,

(6.4)

(VU¢)0 (aa—[t]) - k1(07 ¢07¢0)7
where dY is defined in (4.27), d% = 14(0,0) - (Otass/0a)™1(0,0) (see Eq. (4.18) with 3 =0
for (Otuss/0a)(0, 3)).

7. THE RESOLUTION OF THE GENERALIZED RIEMANN PROBLEM FOR WEAKLY COUPLED
SYSTEMS

In this section we extend the methodology in the previous sections in order to investigate
the general hyperbolic system with three or more equations (m > 3). As is well-known,
the system (1.1) is in general not endowed with a coordinate system of Riemann invariants
and hence it cannot be reduced to a diagonal characteristic form analogous to (4.2) for
the system of two equations. However, for many physical systems that are called weakly
coupled systems(WCS) in the present paper, we are still able to use the concept of Riemann
invariants in order to resolve rarefaction waves in the generalized Riemann problem. Such
systems include the compressible fluid flows, the example of electrophoresis etc [8, Page 130].

Also we can extend the method of Section 5 in order to resolve jump discontinuities,
shocks and contact discontinuities. Note that the concept of Riemann invariants simplifies
the resolution of contact discontinuities.

We assume the Jacobian matrix DF = JF/0U has a complete set of right eigenvectors
T.(U)

(7.1) DFU)T,(U) = XT:(U),
where \;, i = 1,--- ,m, are the eigenvalues of DF' and ordered as
(7.2) AL < g < o0 < A\

In this section, we assume that the rarefaction wave associated with A\; moves to the left
and the jump discontinuity associated with A; moves to the right. We further suppose that
the limiting values (OU/0x); of spatial derivatives on the left-hand side of the rarefaction
wave, and the limiting values (OU/0z), on the right-hand side of the jump discontinuity,
respectively, are known. The modification needed in other cases will be obvious.

7.1. The resolution of rarefaction waves. Since the local structure of the solution of
(1.1) and (2.1) is determined by the associated Riemann solution of the corresponding ho-
mogeneous hyperbolic conservation laws, we first take a look at the homogeneous case (2.3).
An i-Riemann invariant of (2.3) is a smooth scalar function E such that

OF . Ok
8u1 ’ ' 8um ’

The system (2.3) is endowed with a coordinate system of Riemann invariants if there exist
functions wy, -+ ,wy,, such that for any ¢,7 = 1,---,m with ¢ # j, w; is an i-Riemann

(7.3) DE(U)Y;(U)=0, DE(U)= (
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invariant of (2.3), and for every 1 < i < m, Duw;(U)Y;(U) # 0. With these Riemann
invariants, (2.3) is reduced into a diagonal system

0wi 0wl T .
: — — e — 1. .m.
ot + )\Z(W) ox 07 w (wla awm) ) Q3 ) , M
We refer to [8, Section 7.3] for details.
Fix the index ¢ and assume that ); is genuinely nonlinear,

(7.5) VA-Ti=1, i=1,-,m.

(7.4)

Consider the corresponding rarefaction wave R, which is a part of the solution of the
associated Riemann problem (2.3) subject to the initial data (2.4). We represent it by
UA(z,t) = V(x/t),i=1,---,m, where

(7.6) MvE) =¢ W

g
Now we use the vector W of Riemann invariants as the state vector. In particular, the
functions depending on U can be expressed in terms of W without changing their notations.

The i-Riemann invariants, w;, j # i, are constant, w; = A;, across the rarefaction wave R
so that this rarefaction wave is expressed by using

Ti(V(E), &=/t

(77) )\Z(A17 7Ai—17wi7Ai+17"' 7Am> :,’L’/t, wi :AJ7 j#’l
The genuine nonlinearity of \; implies that the equtions (7.7) can be inverted,
(78) wl(x,t) = w,(:z/t) = )\Z_l(l’/t7 Al, tee aAi—1> Ai-l—la tee ,Am)

All other eigenvalues \; can be found as explicit functions of x/t,
(79) >\]:>\](A17 7Az—lvwl(x/t)7Az+17 7Am)7 .]:17 , 1, ‘]%Z

We see that these properties are exactly the same as those for the two-equation systems in
Section 4. Hence we are able to treat the resolution of centered rarefaction waves in the
same way, thus providing a full solution R (x/t;Ur, Ug).

Next we turn to the solution of the rarefaction wave R; in the generalized Riemann problem
for the nonhomogeneous system (1.1). With the Riemann invariants as the state vector, the
system (1.1) can be transformed as
ot _l_)\Z(W)%_HZ(x?W)? Z_la"' y T,
where H;(z, W) = Dw;(U) - S(z,U) and U is expressed in terms of W. In order to resolve
the general rarefaction wave associated with \;, we fix the w;-equation and combine a w;-
equation to form a two-equation system,

(7.10)

ot H.
ar A ox (2, W),
(7.11)
8wj 8wj .
Earr Il

for every j # i, \; # A;. This system is exactly the same as (4.2), w; (resp. w;) corresponds
to ¢ (resp. ¥). We can therefore define two families of characteristic curves C* : a; = const.
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and CY : a; = const., respectively, by

dx dx

0 — i - = >\j7

dt dt

where «; (resp. «;) corresponds to ( (resp. «) in Section 4, see Figure 4.1. We use the
coordinate transforms 7j; : (a;, ;) — (x,t) to represent the centered rarefaction wave R;

and T3 @ (i, aj) — (Tass tass) tO Tepresent the associated rarefaction wave R4, In terms
of these characteristic coordinates, we have characteristic equations for (7.11),

(7.12)

ox ot ow; ot

Rt W -

aOéj )\Z aOéj’ aOéj 0aj Z(x’ W)’
(7.13)

oxr . 0Ot ow; 0Ot

g~ NBar dan o BE W)

We can then follow Theorem 4.3 and Eq. (4.18) in order to calculate (Ow,/0«;)(c;,0) and
(Otass/0a;) (e, 0), as functions of o at the singularity. In fact, the following theorem is the
key ingredient in our treatment of the GRP. As in the case of the linear ” geometrical optics”
(see Section 3) it determines the propagation of the transversal derivative of a Riemann
invariant along the ”degenerate” characteristic a;; = 0 (at the origin).

Theorem 7.1. Throughout the rarefaction wave R; associated with \; connecting the head
and tail values Vi, and Vg, see Figure 7.1, we have

Ot ass 1 S|

N (. 0) = T

aﬁ%(aia 0) = Do

(7.14)

Qi H. ot
(aF,0) + / A ey Qe e ovae, 44,
ol )\z_)\] aOéj

R

where aF < a; < af, ol and af are the speeds of the head and tail characteristics of R

The initial data is

(7.15) O (0£.0) = wh(ak,0) + ~ (H, (0, W(a£,0)) - Ay(at 0jus (o, 0))

(2
Oa; a;

where w’; = Ow; /Ox.

Remark 7.2. Note that in (7.15) we have already made a choice for the characteristic coordi-
nate o, the value «; is the x—coordinate of the intersection point of the characteristic curve
with the head characteristic of R;. Of course, other convenient choices are also possible.

Following Theorem 7.1, we express

% R _ % R R% R atass R
Faln0) = (Gl Al 0 ) e alto

(7.16)
. 8tass
80@-

(aR’ O)?

7

AE—A\E g, AR
— J Lt Vi 2 H. R
( >\§{ 8t (az 70) _I_ >\R ](O’W(az 70))

J
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where we have used (7.11) and the smoothness of w;. Translating the result of Theorem 7.1
to the (z,t)-coordinate at the tail characteristic a; = alt, we obtain the following theorem.

Theorem 7.3. Assume that the rarefaction wave R; associated with \; connects the states
Vi and V. Let af and ol be the corresponding characteristic speeds at the head and tail of

R, respectively. Let Dw; be as in (7.3) and denote by (OU/Ot)g the value evaluated at the
tail characteristic a; = o from the smooth region behind R;. Then one obtains,
(7.17) (Dw;)gr vy _ & n G F,
ot ) p

where the constant term diR s expressed as

. AP ow; Otass\ AR
7.18 &= L(aff0) [ 522 F.0) — S5 H(0,W(af,0
( ) LR )\f{_)\ZR (aaj(az7 )(aaj) (az7 ) )\f J(7 (azu )) )

and AP = Xj(af',0) and A = off.

Proof. Note that the limiting value of dw;/0t is obtained by Eq. (7.16). Now we use the
chain rule for the values in the smooth region behind R; to obtain (7.17). U

Remark 7.4. (Degenerate rarefaction wave or acoustic wave). Note that in the resolution
of GRP, all waves must be accounted for. In particular, the ¢—th wave can just be a
characteristic curve, which we regard as a degenerate rarefaction wave or an acoustic wave
aff = aF. All variables wj, j = 1,--- ,m, are continuous, but in this case dw;/dt, dw;/dz

may experience a jump.

We now proceed to the general derivation of the limiting values (1.6) for the generalized
Riemann problem (1.1) and (2.1). We first illustrate this by considering a special case.
Assume that the associated Riemann problem (2.3) and (2.4) has a solution of m rarefaction
waves which separate m + 1 constant states, cf. Figure 7.1. Let the t-axis be located inside
the intermediate region between the i-rarefaction wave and the i + 1-rarefaction wave. Then
we have the following proposition.

Ri RiJrl

Vit
Vici =V
Ry

Ww=UL

UL

F1GURE 7.1. Wave configuration for the generalized Riemann problem
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Proposition 7.5. Assume that the Riemann solution of (1.1) and (2.1) only consists of m
rarefaction waves and that the t-axis is located inside the intermediate region between the i-th
rarefaction wave and the i + 1-st rarefaction wave. Then (OU/0t). can be obtained through
the following system of linear algebraic equations,

m 8uk .
1 I el R —1....
(7.19) ,;:1 ajk ( T >* dj, J , ,m,

where (aj1,- -, ajm) = (Dw;)s, and d;, j = 1,--- ,m, are constants only depending on the
initial data (2.1) and the Riemann solution RA(-; Uy, Ug).

Proof. We label by Iy, I1,--- , I, the regions corresponding to the constant state regions
in the associated Riemann problem from the left to the right, as in Figure 7.1. We start
from the first rarefaction wave associated with A;. By Theorem7.3, we can obtain the
directional derivatives for w;, j = 2,---,m in the region I; across this first rarefaction wave.
Successively, we can calculate the derivatives of w;, j = k+1,--- ,m across the A\j-rarefaction
wave, k < i, up to the \;-rarefaction wave. Consequently we obtain in the region I;,

(720) ;a]‘k (E)*:dj’ jzz+1,-~-,m,

from the left-hand side.

Similarly, we start from the region [,,, for the A,,-th rarefaction wave in the right hand
side to get the solution w;, j =1,---,m — 1, in the region /,,_;. Successively, we obtain in
the region I;,

E 0 4 :
(7.21) Zajk <%) =dj, j=1,---,1

k=1
We combine (7.20) and (7.21) to obtain (7.19). Note that (a;1,-- - ,ajm) = (Dw;).. The
system (7.19) is uniquely solvable. O

Remark 7.6. The process of proof actually yields a constructive approach to the calculation
of the instantaneous values of time-derivatives along the t-axis.

As pointed out at the beginning of this section, the system (1.1) is in general not endowed
with a coordinate system of Riemann invariants. However, we can still use the concept of
the Riemann invariants, as a main ingredient, in the treatment of rarefaction waves for a
weakly coupled system, which we define next.

We denote by L;(U) the left eigenvector associated with \; and by L(U) the left eigen-
matrix whose i-th row vector is L;(U). Then we multiply (1.1) from the left by L(U) to
get
ou ou
BT + A(U)L(U) e = L(U)S(z,U),

where A(U) is a diagonal matrix with diagonal entries \;. Set

(7.23) W = L(U)U.

(7.22) L(U)
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Then (7.22) can be written as

(7.24) %—T + A(U)%—z/ =11 (%—(i, 2—5) + S(z,U),
where
(7.25) IT (%—(i, g—g) = {aLgtU) +A(U)a%(xU)} U, SWU)=LU)-S(z,U).

In general, IT does not vanish. However, suppose that we can split the vector of unknowns
W into two parts, W = (W2 W?" T so that the system (7.24) can be decoupled into two
subsystems

owe a g OW® (OU OU —a
(Sa) : BN + A“(U) o7 =1I (E’%)jLS(ZE’U)’
(7.26)
oOwW?b b OW?P y (OU OU —b
(Sh) ot A(U) 0w I <§7%) + S (2, U),

which satisfy
(i) II* = 0.
(ii) I1* does not depend on the derivatives of W?.
(iii) A*(U) and A*(U) are diagonal matrices, and

(7.27) AU) = ( Aa(()U) Ab(()U) ) .

Thus we can first resolve the rarefaction waves corresponding to the subsystem (S;) for
W and then resolve the system (S,) for W, using the same methodology as in the last
subsection. This is the family of weakly coupled systems we define below.

Definition 7.7. We say that the system (1.1) is weakly coupled if there is a coordinate system
of quasi-Riemann invariants W(U) = (W*(U), W*(U))" such that (1.1) can be reduced to
the quasi-diagonal form,

owe . owe [ WP .
(7.28)

owe . owr

o T =KW,

where A® and A’ are diagonal matrices and their entries are the eigenvalues of DF.

For convenience, we denote

o (W0 (1) ()
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and (7.28) is written as

ow ow ow?

B + A(W) . =1I (W, e ) + K(z,W).
As we shall show later the system of compressible fluid flow is an important example of a
weakly coupled system. Also, all systems that can be transformed into a form involving upper
triangular coefficient matrix are weakly coupled. Indeed, in this case the above splitting is
into m scalar equations, where the solution procedure resembles the Gaussian elimination.
As a result, our problem boils down to solving the diagonal system (7.10).

(7.30)

7.2. Remarks on the sonic case. As in Subsection 6.1, we need to deal with the sonic
case that the t-axis is tangential to the i-characteristic at the origin (z,t) = (0,07) for some
i. It is clear that Theorem 7.3 still holds, where ot is replaced by a; = 0. In addition, we
use the w;-equation in (7.10), by noting the fact that \;(W?) =0, W% = W(a; = 0,; = 0),
to get

(7.31) (‘?"") = H;(0,W").
t/ \aian=00

It follows that

(7.32) (Dw;)o (%—g) = H;(0,W").

We summarize these facts in the following theorem (cf. Theorem 6.2).

Theorem 7.8. Assume that the t-axis is located in the rarefaction wave associated with the
eigenvalue A;. Then (OU/0t), is determined by a system of m linear equations; the m — 1
equations are given in (7.17) with af = 0, and the other one is given by (7.52).

7.3. The resolution of jump discontinuities. We use the same approach as in Section
5 in order to resolve the jump discontinuity (shock or contact discontinuity) for general
systems. Let the jump location be given by = = x(t) with speed o(t) = 2'(¢). This jump
discontinuity is described by the Rankine-Hugoniot jump condition,

(7.33) F(U) - F(U) = o(U —T),

where U and U are the limiting states on two sides, respectively. Let us fix the state U.
Then (7.33) is the system of the size m but with m + 1 unknowns U and o. As a standard
approach [8], we write (7.33) as

(7.34) [A(U,U) —al] (U-TU) =0,
where we are using the Roe matrix
1
(7.35) AU, U) = / DF(7U + (1 — 7)U)dr.
0

Solving (7.34) yields,

(7.36) { o =o(U. D),

U=U+nly(U,U),
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for a parameter n € R, where the i-th jump discontinuity speed o; is the eigenvalue of
A(U,U), and T'; is the associated eigenvector, 1 = 1,--- ,m.
For a fixed i-jump discontinuity, we eliminate 7 in (7.36) to get m — 1 equations,

(7.37) WU, U)=0, j=1,---,m—1.

Indeed, this is the system determining the ¢-th Hugoniot locus in the U space. We differen-
tiate these equations in the direction of the jump discontinuity = = z(t), 2/(t) = 0;(U,U),
to get

(7.38) VoW (U, T) - (8U aU)

o (oU ou
i) = Vs .
o toig VU (U, T) ( )

o 7o
Denote the limiting values of o;, U, U, U/t and 9U /dx as t tends to zero by

(7.39) lim o; =0), lim U=U;, limU="U,, lim o _ (%—g) ., lim ou _ U'.
1

{0+ {0+ {0+ t—0+ Ot -0+ Ox "

We suppose that the jump discontinuity moves to the right so that o;(U;,U,) > 0. Our
goal is to seek (OU/0t),;. Using (1.1) for smooth solutions, we replace the time derivative
OU /0t by the spatial derivative OU /0z and replace the spatial derivative OU/dx by the time
derivative oU /0,

ou _oU _
(7.40)
ou L ou

where we assume that DF(U)) is invertible. The case that DF(U)) is singular is discussed
below in the context of quasi-Riemann invariants. Inserting these relations in (7.38) and
taking the time limit we get, for j =1,....m —1
(7.41)

VU (U, U — o DE(U) Y (aU)
l

ot

= —oVyV(U, U )DF(U)~18(0,U)) — VgW (U, U,) (69T — DF(U))U. + S(0,U,.)] .

Note that this is a system of m—1 linearly independent algebraic equations with m unknowns
(OU/0t),. This leads to the following theorem for the resolution of the i-shock.

Theorem 7.9. Let the jump discontinuity x = x(t) be associated with the eigenvalue \;, the
related limiting states are denoted in (7.39). Then at the singularity point (x,t) = (0,0) we
have

(7.42) >y (%%) =d, j=1l--,m-1,
l
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where all coefficients agq and d{ are given explicitly by,
(7.43)

(aly, - ,al,) = VoUl(U, U — o?DF(U)™Y

d =~y U (U, U,)DF~(17)S(0, 1) — V¥l (U, U,) [(691 — DF(U)U. + S(0,U,)] .

5 J—

Now we turn to the case of a weakly coupled system (7.30), as in Definition 7.7, and work
with the quasi-Riemann invariants W = (wyq, -+ - ,w,,). Then (7.37) can be written as

(7.44) IW;W)=0, j=1,---,m—1.

We use the same approach as above to differentiate (214) in the direction of the jump
discontinuity x = z(t), express OW/0x by OW /0t and OW /ot by OW /Ox using (7.30),

Vi @) - (a—W + aia—W) = —Vip®! - <6—W + aia—W) ,

ot ox ot ox
ow ow  — ow?b
7.45 R -1 2 e
(7.45 o = A =S T )]
- — a—
ow — 0w — OW _
o = AW HIOV, )+ K W),

where TI(W, 0W*/0t) = TI(W, Ab(W)~1 - (_aa_wzb + K*(z,W))), and non-zero eigenvalues are
assumed. Indeed, once some eigenvalue A, (k # i) is zero in the limit ¢ — 0, we have from
(7.30),

b
(7.46) 0 (w, N L ke ), k£
ot ox

Then the limiting value of Jwy, /0t is known, and we just need to consider the reduced (7.45)
in terms of the other variables w;, j # k. For the simplicity in presentation, we therefore
assume that all eigenvalues are not zero. Incorporating the last two identities of (7.45) into
the first one, we have,

VW(I)g [(I — O'ZA(W)_l)aa—VI/ + O'ZA(W)_l . ﬁ(W, aa—M:):|
(7.47) = —Vyw® -0, AW) 1 K(z, W)

Vi ®! [(ail — A(W))%—va + K (o, W) + (W, 0OW*° /0x)] .
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By taking the limit ¢ — 07, we obtain (in analogy to (7.41)),

Vi ® (Wi, W) | (1 — a9 A(W;) ™) (%—‘f)l + o AW (Wl’ (88—14?),)}

TA8) " = 0@ (W, W,) - 0 - AW~ - (0, W)
—Vip® (W, W,) [(6?1 — AW,))W] + K (0,W,) + TI(W,., (W}))] .
This is a system of m — 1 algebraic equations with m unknowns (Qwy/0t);, k = 1,--- ,m.

Note that the i-th term of the matrix I —oY A(W;)~! may be zero. Therefore we let (Ow;/dt);
be a free undetermined parameter, and we obtain a system of m—1 equations for the limiting
values (Qwy/0t);, k # i, which is given by the following theorem.

Theorem 7.10. Consider the weakly coupled system (7.30). Let the jump discontinuity
x = z(t) be associated with \;, 0¥ = 2'(0) > 0. Then at the singularity point (z,t) = (0,0),
we have the following connections between the vector (OW/0t), of time derivatives on the left
hand side of the jump discontinuity and the spatial derivatives W/ := (0W/0zx), on the right
hand side,

00T A (Wh) —a? (O, 0T (WL, W) 1 oW L
749 250, A0 D v R e Rt

ot ow, A (W) ot st ot v

where j =1,--- ,m—1, and d{ are given explicitly by,

» OB (W, W,)  o?

&= =3 RS . L . K

i ZqZI ow A (VVl) 4(07 VVl)

(7.50) 8<I>j(Wq W) q
- Zznzl # . [(U? - )‘q(WT’))Wr{ + Kq(O, Wr) + Hq(Wr> (Wf),)} .
q

The system (7.49) is an algebraic system for (Owy/0t);, k # i, with the value (Ow;/0t); being
an independent parameter.

Remark 7.11. Theorems 7.9 and 7.10 show that we can either use the primitive variables U
or the quasi-Riemann invariants W for weakly coupled systems in resolving jump disconti-
nuities. The choice of either approach depends on the practical convenience.

Remark 7.12. (Weak jump). As in Remark 7.4, in the limit that the strength of the i—th
shock becomes zero (W, = W,), the shock trajectory x = x(t) degenerates to a charac-
teristic curve and X\;(W;) = o) = X\;(W,). The term containing (dw;/dt); is kicked out in
(7.49). Finally we get (Ow,;/0t), = (Ow;/0t), and (Ow;/0x), = (Ow;/0x),, j # i. However,
(Ow;/0t); # (Ow;/0t),.

7.4. Remarks on the resolution of contact discontinuities. In the last subsection we
have resolved the jump discontinuities, including contact discontinuities associated with lin-
early degenerate eigenvalues. However, when the system (1.1) is endowed with a coordinate
system of Riemann invariants, as written in (7.10), the situation becomes much simpler for
contact discontinuities.
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Assume that the eigenvalue ); is linearly degenerate and the corresponding contact dis-
continuity is « = x(t). By the definition of Riemann invariants, see (7.3), we see that the
Riemann invariant w;, associated with J);, is continuous across the contact discontinuity
(7.51) w;i(U) = w;(U), j#i.

Using the same approach as in the last subsection, we differentiate w; in the direction of
x = z(t) to yield

Ow;(U) _ ow;(U) 7 0w;(U)

ow;(U)
or Ot +Ai(U) o0x

(7.52) .

Using (7.10), we have

ow;(U) 1 ow;(U)
o @ | T W)

+ \i(U)

(7.53)

ow;(U) — Ow;(U)

=-\;(U)—2
ot (V) Ox
Note that if \;(U) =0, (0w,/0t); = H(0, W), and we do not need the above manipulation.
Thus we assume that \;(U;) # 0 so that we use (7.53) in (7.52) and take the time limit to

obtain (see (7.39) for notations),

ow, AL
.54 1) = d
(7:54) (at)l >‘§'_)‘i’

where X. = \;(07), (w;),. = (Ow;/8x), etc. Thus we obtain the time derivative (Jw;/dt); pro-
vided that (w;). and the associated Riemann solution are known. Then the time derivative
(0U/0t), follows. We summarize the above to give the following theorem.

(AF = A9 (wy), + Hj(0,W;) — %HJ(Q Wz))] ,

J

Theorem 7.13. Let the contact discontinuity v = x(t) be associated with \; and separate
two limiting states Wy and W,.. Then we have

ou . .,
(755) Dw](Ul) ' (E)l = djl> J 7é Z
where the quantity d;l 15 expressed explicitly as
!

(7.56) dih =

[(A;” — N)(wy); + H; (0, W) — )\—ij(U, W)

PUDY A

7.5. The time derivative of solutions at the singularity. In this final subsection we
wrap up the calculation of the GRP solution (0U/0t)., see (2.2). We assume that the
rarefaction waves, shocks and contact discontinuities can be resolved with the approach
in Subsections 7.1-7.4, and that the local wave pattern at the origin, determined by the
associated Riemann solution of (2.3) and (2.4), consists of m waves. If the t-axis is located
on one side of all waves, the value of (OU/0t), can be obtained upwind. Therefore, we assume
that the t-axis is located inside the intermediate region between the i-th wave and (i + 1)-st
wave. The strategy of the computation of (OU/0t). is analogous to Proposition 7.5, but at



Hyperbolic Balance Laws: Riemann Invariants, the generalized Riemann problem 29

present, the treatment depends on the type of the j-th wave (j = 1,---,m); a rarefaction
wave, a shock or a contact discontinuity. As has been pointed out, the local wave pattern is
determined by the associated Riemann solution R“(z/t; Uy, Ug), see Proposition 2.1.

Theorem 7.14. The limiting value (OU/0t), can be obtained by solving the following system
of linear algebraic equations

(7.57) Zajk (%) =d;, j=1,---m,

where the coefficients aj, and d; are explicitly determined by the initial data (2.1) and the
associated Riemann solution RA(0; Uy, Ug).

Proof. The basic idea of the proof, and, indeed, the cornerstone of the GRP methodology, is
identical to that of Proposition 7.5, where all m waves were assumed to be rarefaction wave.
In fact, the initial slopes (2.1) are “rotated” through the various waves emanating from the
origin so as to yield the desired (%—[t])*. We first observe that the results of Subsection 7.1
(rarefaction waves) and Subsections 7.3-7.4 (jump discontinuities) can be summarized as
follows. Given the limiting values (at (z,t) = (0,0)) of the temporal and spatial derivatives
of the unknowns (expressed either by U or the quasi-Riemann invariants W) on one side
of the discontinuity, we find (m — 1) equations for the (limiting values of the) temporal
derivatives on the other side (the spatial derivatives are then obtained from the system
(1.1)). In other words, “crossing” a single wave we are left with one free parameter in a
system of m equations for the derivatives (on the side labelled as “unknown”). Suppose
now that the ¢—axis is located between the i-th and (i + 1)-st waves. Counting from the
left (z < 0) we get for (32), a system of m equations, with i free parameters. Similarly,
approaching from the right (x > 0) we cross (m — i) waves, and thus get another system of
m equations, containing (m — i) free parameters. Eliminating the total of m free parameters
from the two systems of m equations we obtain precisely the system claimed in the theorem.

Note that in the sonic case, where the t-axis is “imbedded” in a rarefaction wave, the
proof is simpler and the full system is determined by the data on one side.

To illustrate our procedure, we examine a few examples in the case of a system of four
equations (m = 4). The use of quasi-Riemann invariants enables us to simplify the general
procedure above (with free parameters) as follows. First we consider a degenerate example
of two waves, as in Figure 7.2: A shock associated with A; moves to the left and a rarefaction
wave associated with Ay moves to the right, the dashed curves represent the acoustic waves
associated with A3 and A4, respectively. Applying Theorem 7.3, we get the limiting values
of the derivatives for wy, wy and ws in the region I by resolving the 4-rarefaction wave.
Note (Remarks 7.4 and 7.12) that out of these derivatives only the derivatives of w; and ws
are continuous across the 3-acoustic wave. Hence we get the limiting values (Ow,/0t), and
(Owq/0t), in the region I3. On the other hand, across the 1—shock we have three equations
for the limiting values of four unknowns Jw; /0t, i = 1,2,3,4, in the region I, see Theorem
7.10. Since the derivatives of w;, ws and w, are continuous across the 2-acoustic wave and
(Owy /0t), is already known, we can solve the three equations for the limiting values of the
unknowns Jw;/0t, i = 2,3,4, in the region I5. Then these limiting values for ¢ = 3,4 are
equal to (OQws/0t), and (Qwy/0t). in the region I3, respectively.

The second example consists of two shocks, as in Figure 7.3. In this case the 4-rarefaction
wave of the previous example is replaced by a 4-shock. We use Theorem 7.10 (see (7.49))
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FIGURE 7.2. An example for a two—wave degenerate pattern for four-equation
system: A shock of first family wave moves to the left and a rarefaction wave
of fourth family moves to the right.

to obtain three equations for the limiting values of the four unknowns dw;/dt in the region
I by resolving the 1—shock, and another set of three equations for the limiting values of
the four unknowns Ow;/dt in the region I by resolving the 4—shock, i = 1,2,3,4. Since
Ow;/ot, i = 1,3,4, are continuous across the 2—acoustic wave and Jw;/0t, i = 1,24,
are continuous across the 3—acoustic wave, we finally obtain six equations with the four
unknowns (Ow;/0t)., i = 1,2,3,4, in the region I3 and the other two unknown limiting
values Ows /0t in the region I and Ows /0t in the region Iy.

t .
2-Acoustic 3'{XCOUS’EIC
. ! 4-Shock
1—ShOCk \\ 13 ’, [4
\ 1
I !
\\ ’I 15
I N )
\ N /I x
0

FIGURE 7.3. An example for a two-wave degenerate pattern for four-equation
system: Two shocks of first and fourth families move to the left and right,
respectively.

We assume for the third example, as in Figure 7.4, that the local wave configuration
consists of four waves: Two rarefaction waves propagate to the right, a rarefaction wave
and a shock move to the left, the t-axis is located in the intermediate region I35. With the
results in Subsection 7.1, we can get the limiting values of Ow, /0t, Ows /0t and Ows /0t in the
region I, by resolving the 4-rarefaction wave. Then the limiting values of dw;/0x, Owy/0x
and Ows/0z are obtained by using (7.10). We continue to resolve the 3-rarefaction wave to
get the limiting value (Ow,/0t), and (Owy/0t), in the intermediate region [3. Analogously,
we can resolve the l-rarefaction wave from the left-hand side to get the limiting values of
Owsy /0t, Ows/Ot and Ow, /Ot (resp. the limiting values of Jwsy/0x, Ows/dxr and Jw,/Ox



Hyperbolic Balance Laws: Riemann Invariants, the generalized Riemann problem 31

again by using (7.10)) in the region I,. Then we proceed to resolve the 2-shock to obtain
(Ows/0t), and (Qw,/0t), in the intermediate region I3. Recall (Theorem 7.10) that there
are three equations connecting the limiting values of derivatives of w;, 1 = 1,2,3,4. Note
that the limiting values of the derivatives for w,, ws and w, in the region I are determined
by the treatment of the 1-rarefaction wave, leaving there the limiting value of Jw; /0t as a
free parameter. Using the (already known) limiting values (Ow;/0t). and (Ows/0t), in the
region I3, we have three equations for three unknowns; the limiting value of dw;/dt in the
region I as well as (Qws/0t), and (Ow,/0t), in the region I3. Solving these we get (Qws/0t).
and (Ow,/0t), in I3.

Once we solve the resulting system of linear equations to get (Ow;/0t)., i = 1,2,3,4, we
immediately obtain (OU/0t), in the intermediate region I3.

t

2-Shock

3-Rarefaction

1-Rarefaction
4-Rarefaction

0

FIGURE 7.4. An example for a full four-wave pattern for four-equation system:
Two rarefaction waves move to the right, and a rarefaction wave and a shock
move to the left.

8. THE ACOUSTIC APPROXIMATION AND THE (G;-SCHEME

The acoustic approximation makes sense if the jump at the singularity point (x,t) = (0,0)
is sufficiently small. Assume that the initial variables U(xz,0) in (2.1) are continuous at
x = 0 while their slopes are not; U, = Ug and U}, # Uj. Then the Riemann solution to
the associated Riemann problem is constant RA(z/t; Uy, Ug) = U = Ug. Therefore the
initial wave pattern does not contain a jump discontinuity (shock) or a centered rarefaction
wave. The “waves” emanating from the origin (x,¢) = (0, 0) are acoustic, and therefore their
speeds are \;(U) = \;(Ug), i =1,--- ,m.

Denote U, = Uy, = Ug. Then we can linearize (1.1) around U = U, to get

ou oU
(8.1) S+ DF(U) -

With this linear system of equations, we can use the customary methods, as in Section 3, to
get the derivative (OU/0t),: Diagonalize the system (8.1), calculate the derivatives upwind
and return to the primitive variables (OU/0t)..

In our GRP scheme, the initial data (2.1) has a jump discontinuity, and we can solve the
generalized Riemann problem (1.1) and (2.1) analytically to calculate the time derivative of

= S(z,U,).
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solution, as has been summarized in Subsection 7.5. This leads to the scheme which we label
as the G, scheme.

In practice, when Uy — Ug is sufficiently small, we can simplify this process by resorting
to the acoustic case. Setting the Riemann solution U, = R*(0; Uy, Ug) as the background
solution, we linearize the system (1.1) to get the linear system (8.1). Diagonalize the system
to arrive at

oW oW
o TAW) 5=

where W = L(U)U, L = (Ly,---,Ly)", L; is the left (row) eigenvector associated with
Ai, and A is a diagonal matrix with entries A;(U,). Therefore we can calculate the time
derivative of W, as in the scalar case,

(8.3) (‘W) —tim Mo = - ['M Ay A _Awg] + H(z, W),

(8.2) L(W,)S(x,W,) =: H(z, W),

ot 10+ Ot 2 2

where |A| = diag(|A1],- -+, [Am|). This is an O(At) approximation of the time derivatives
appearing in (1.5). Returning to the original variables U we get

(8.4) (%—g) = LU, (%—T)*.

The resulting scheme is labelled as the G -scheme. In the original GRP scheme [4], there are
the corresponding F; (Eulerian) scheme and L; (Lagrangian) scheme. Observe that when
U; = Uy = 0, the scheme degenerates to the Godunov scheme. Thus the G;-—scheme is the
simplest possible extension of the Godunov scheme. Once the Godunov scheme is imple-
mented, the implementation of the GG;—scheme adds a negligible amount of computational
effort.

9. SEVERAL EXAMPLES IN APPLICATIONS

In this section we use the methodology developed above in order to treat several well-
known physical examples. Our first two examples, the system of isentropic compressible
fluid flow and the system of rotating shallow water equations, are endowed with coordinate
systems of Riemann invariants so that they can be treated by the method of Sections 4-6.
The third example, the system of nonisentropic compressible fluid flow in a duct of variable
cross-section, does not possess a full coordinate system of Riemann invariants although
there exist Riemann invariants for each characteristic field. However, this system falls into
the category of weakly coupled systems, as defined in Definition 7.7.

9.1. Isentropic compressible fluid flow. The system of one-dimensional isentropic flow
in gas dynamics is given by

Op | Olpu) _ d(pu)  9(pu* +p(p))
6:1) EjL Ox =90, ot * Ox

where p > 0 is the density, u is the velocity, and p(p) = ap” is the pressure, a > 0 and v > 1
are given constants. The system (9.1) has two eigenvalues

=0,

(9.2) A=u—c, A =u+c,
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where c is the speed of sound, given by ¢? = ayp?~!. The two Riemann invariants are taken
as

(9.3) O =u-— Y =u+
Y- v

where ¢ is associated with A, , and v is associated with A_. In terms of these Riemann
invariants, the system (9.1) is reduced to a diagonal system (see (4.2))

¢
(9.4) A =

99 _ o o _

0.

We consider a typical local wave pattern consisting of a rarefaction wave moving to the left
and a shock moving to the right, and assume that the ¢-axis is located inside the intermediate
region, as in Figure 2.1. However, note that there is no contact discontinuity in the present
case. In order to resolve the rarefaction wave, we need to set up the associated characteristic
coordinates (a, 3). Taking («, 3) as in Section 4, we obtain the following explicit expressions

(cf. 5]),

(95) tass(a76> = Ll, .C(Zass(a’ﬂ) = aiﬁL, qu — 7—_1

(Yo — B) =2

The Hugoniot loci for shocks are given by

pu — pu
0= —

(9.6) —,
p—p

_ 1 _ S\ _
u= (o) =)= 7)) =Tk (o)
where o(t) = 2/(t) is the shock speed, (p, @) and (p, u) are the preshock and postshock states,
respectively.

The following proposition is a straightforward application of Theorems 6.1 and 6.2.
Proposition 9.1. Consider the system (9.1) subject to the piecewise initial data (2.1). As-
sume a typical wave pattern consisting of a rarefaction wave propagating to the left and a

shock moving to the right. Then the limiting values (Op/0t). and (Ou/0t). (see (2.2)) are
determined by a pair of linear equations,

ar, (2_1;) +br, <%) =dy,
(9.7) * *

0 0
ar <8—Q;> + bR (a—i) = dR.

The coefficients ar, by, dr,, ar, br, dr are given explicitly in the following two cases.
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(i) ( Non-sonic case.) When the t-azis is located inside the intermediate region between
the rarefaction wave and the shock, we have the non-sonic case,

S
Cx Cy \ 207 c
arp = 1, by, = —, dr, = —(u* + C*) (_) ' (u/L + p_iplL) ’

P ‘L
2
(98) ap = 1— OpUsx B 8_(1) . 00x 7 bR _ 0o & . a_q) 1= OoUx ’
u;—c  Op ui—qc u;—c; pe Op ui —
dy — 3(0g — ur)? + % e (0o —ugr)? + 3c%p,

2(0’0 — UR) R 2pR e

and
w W T a(b — Wk 2 2

(9.9) UO:pu pRuR’ (o0 —u.)® +cl

pr— PR dp  2p.(00—w)

(ii) (Somic case.) When the t-axis (the cell interface) is located inside the rarefaction
wave associated with \_, we have the sonic case. The coefficients ay, by, and dy, are given in
(9.8) in which (px, us, ¢x) is replaced by (po, ug, co) there (such that co—ug = 0, cf. Subsection
6.1), and ar, br, dg are given by

(9.10) an=10, bp=-2" dz=0.0.
Po

9.2. Rotating shallow water equations with Coriolis force. We consider the shallow
water motion on the rotating plane without dependence on one of the coordinates (say, y).
This system was investigated in [6] and references therein. We use this system to illustrate
the performance of our GRP scheme. The governing system can be written in the following
form,

oh  O(hu)
ot * or 0
O(hu)  I(hu® + gh?/2)
9.11 =
B0 o T on Jh.
J(hv) N J(huv) — fh

ot ox

where h is the height of water, u, v are two components of the velocity, f is the (constant)
Coriolis force coefficient, g is the gravitational constant. Note that the first two equations
(with f = 0) are actually the one-dimensional shallow water model [13] and they are equiv-
alent to the one-dimensional isentropic system (9.1), where h is regarded as p and v = 2. A
difference from (9.1) is the weak coupling with the other velocity component v through the
source terms, while v is transported with the velocity u. Another difference is that there is a
contact discontinuity associated with the eigenvalue u, across which h and w are continuous,
and v has a jump.
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The system (9.11) has the Riemann invariants v, and

(9.12) p=u—2c, PY=u+2c,
where ¢ = y/gh. The pairs (v,¢), (v,¢) and (¢,1) are, respectively, associated with the
eigenvalues A\ = u — ¢, Ay = u+ ¢ and u. They comprise a coordinate system of Riemann

invariants of the system (9.11). In terms of ¢, ¢ and v, we reduce (9.11) to the characteristic
(diagonal) form,
0¢ 0¢ o o ov ov

(9.13) E*‘)\—%:ﬁ), EjL)UF%:fU’ a%—u%:—fu.

Since the genuinely nonlinear eigenvalues u — ¢ and u + ¢ are the same as those for (9.1),
we can use the same characteristic coordinates as in (9.5) when v = 2. That is, throughout
the rarefaction wave associated with u— ¢, the characteristic coordinates («, 3) are expressed
as

Q af
(914) tass(a>ﬁ) = o 3> xass(aaﬁ) = . 3
(v — B)? (Y — B)2

In analogy with (9.1), we immediately have the limiting values (0h/0t), and (Ou/0t)..
However, there is a small difference due to the presence of source terms in the current
case. Also, we have the third wave (contact discontinuity) associated with u. As we see
in the following propositions, this additional wave imposes no difficulty in the resolution of
rarefaction waves and shocks.

Proposition 9.2. Assume the configuration as shown in Figure 2.1, i.e, a rarefaction wave
moves to the left and a shock mowves to the right. Then we can apply the same approach as
Proposition 9.1 in order to obtain the time derivatives (Oh/0t). and (Ou/0t). (replacing p
by h and v =2). The coefficients ar, by, ar and br are given in (9.8), while dy, and dg are
given as follows.

(i) For the non-sonic case, we have

1
e\ 2 c
dr, = —(us+c) - (—) (u’L + p—Lp'L) + fur,
L

CL
_ 2, .2 _ 2 2
(9.15) dp = 3(00 — up) +CR-u'R— (09 — ug) +3CR,0/R
2<00_UR) 2/)R
2 2, 2
90 Oy — Uy +C*
1— .

””{ 2= 2o w) }

(ii) For the sonic case, dy, is given in (9.15), and dg is given as
(916) dR = f’UL.
Next we treat the variable v. Note that for the associated Riemann problem, v = vy,

across the rarefaction wave, and v = vg across the shock. For the case of the GRP (i.e., the
initial data for v is piecewise linear), we have the following result for (Jv/0t)..
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Proposition 9.3. Assume the configuration in Figure 2.1. Then we have:
(i) if us > 0, the value (Ov/0t), is obtained from the rarefaction wave (left hand) side,

ov e\’
(). == (&) o
e\’ e\’
—ur, + 3¢, (1 — <—*) ) — 2¢y, (1 — <—*) ) + (. —c*)] :
Cr, CrL

where the Froude number Fr, = u,/c,;
(i) if u, < 0, the value (Ov/0t). is calculated from the shock (right hand) side,

(9.18) (81})* _ oo mur) ey g,

E Uy — Op

where oq s the initial speed of the shock wave.

(9.17)

+fFr,

Proof. When wu, > 0, we see that v is continuous to the left of the contact discontinuity
‘Cil—f = u. We can use the same method as in Theorems 4.3 and 4.4: Using the characteristic
coordinates («, #) and taking v as a Riemann invariant, we first calculate dv/0a(0, 5) and

then return to express the derivatives of v with respect to x and ¢, yielding (9.17).

When u, < 0, we use the continuity property of v across the shock and differentiate along
the shock trajectory x = z(t) to get
ov(x(t) —0,t) ov(x(t) —0,t)  Ov(x(t)+0,t) Ov(z(t) +0,t)
t = t)y——~ 7
ot U o O
where o(t) is the shock speed. Using the equation for v in (9.13), substituting the spatial

derivative of v in the postshock side by the time derivative and the time derivative in the
preshock side by the spatial derivative, we then take the limit to obtain (9.18). O

(9.19)

9.3. A variable area duct flow. We now consider the variable area duct flow governed by
the system [4, Chapter 4]

AAWY) | AAp) _
ot * ox =9,
(9.20) 8(A(axt)pu) + 8(A(§'ipu2) + A(:c)g—i9 —0,

O(A(z)pE) | O(A(x)u(pE +p)) _
+ =0,
ot Ox
where the variables p, u, p and E are the density, velocity, pressure and the total specific
energy. The total specific energy consists of two parts £ = “72 + e, e is the internal specific
energy. The function A(z) is the area of the duct. When A(z) = 1, the system (9.20)
represents the planar compressible Euler equations. Let T be the temperature. Then the

entropy S can be defined, as usual, by the second law of thermodynamics,

(9.21) TdS = de — %dp.
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In terms of p, u and S, the system (9.20) can be written, for smooth flows, as,

(9.22) ~ bu— 4L =0,

where p is regarded as a function of p and S. We discuss the case of polytropic gases, for
which the internal energy e = —£ Then in terms of p, v and p, the third equation of

(v=Dp"
(9.22) can be replaced by,

b O Lou AW
(9.23) BT + s + pc o AW pcu.

Here c is the local speed of sound, given by ¢ = %. Note that (9.22) is just valid for smooth
flows. For non-smooth flows, we need to use the conservative form (9.20) with the conserved
variables (p, pu, pF).

The system (9.20), or equivalently (9.22), possesses three eigenvalues

(9.24) A=u—c¢, M=u M =u+c

We introduce two variables ¢, 1 [5],

(9.25) ¢ =u— /p C(C‘:S)dw, Y =u-+ /p C(C‘:S)dw.

The functions ¢, 1) can be expressed in terms of total differentials, see [5, Egs. (2.6), (2.10)
and (2.15)]

(9.26) b= du— Ldp—Las = du+ dp+ Las.
pc c pc c

For the entropy S, we have

dp c?
9.27 TdS = — dp.
(9.27) v=Dp (—10p7

The three pairs (¢, S), (u,p) and (¢, S) are the Riemann invariants associated with A_, Ao
and A, respectively. However, there is no full coordinate system of Riemann invariants
so that (9.20) cannot be reduced to a diagonal form. At this point, the system (9.20) is
substantially different from the system of isentropic flow (9.1) and the system of shallow
water equations (9.11). However, it falls into the category of weakly coupled systems, as
defined in Definition 7.7. Indeed, we take ¢, 1) and S as the (quasi)-Riemann invariants to
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write (9.22) as

( 0¢ do
E"‘(U—C)a—x—Bl,
o o
9.28 it oy _
( ) 8t+(u+c>8x By,
§+u§—0
\ Ot or

where B, = Tg—i + A/((:f)) cu, By =T g—i — ﬁ/((j)) cu. For the present system, W = (¢,1)" and
Wb =S, corresponding to Definition 7.7.

We use this weakly coupled form to resolve the generalized Riemann problem for (9.20)
subject to piecewise linear initial data of the form (2.1). Assume that the configuration is
as shown in Figure 2.1; a rarefaction wave associated with u — ¢ moves to the left, a shock
associated with u + ¢ moves to the right, and the ¢-axis is located inside the intermediate
region. Denote by p., u, the limiting values of p, u at the contact discontinuity as t — 0.
Similarly, denote by p.1, cs1 and p.o, c.o the limiting values of p, ¢ on the left-hand and
right-hand sides of the contact discontinuity, respectively. Then we resolve the rarefaction
wave, the shock and the contact discontinuity, separately.

First we resolve the rarefaction wave associated with u — ¢ from the left. According to the
general treatment of weakly coupled system in Section 7, this is done by first treating W?°
and solving for W*. In our case, it means that we are using the Riemann invariants ¢, v
with appropriate dependence on S. Due to the special form of the system, the dependence
of S is very simple. For this purpose, we need to establish the system of characteristic
coordinates (x,t) — («,3), where a and [ are defined in terms of the eigenvalues u + ¢,
u—c, respectively. See Figure 2.1 and the section of Figure 4.1. The associated characteristic
coordinates t,s5(, 3), Tass(v, 3) are given in (9.5). In the limit o — 0, u(0, 3) — ¢(0,3) = 3
so that ¢ = p*(¢p — §) and u = (= 1) (¢, — §) + 1, where pi* = X5, ¥ = ¢ (pr, ur, pr).
Egs. (9.4) are replaced by the first two equations of (9.28). According to Theorem 7.3, we
obtain Jvy/dt and 0S5/0t, as stated in the following proposition.

Proposition 9.4. Assume that the rarefaction wave associated with uw — ¢ mowves to the left,
as in Figure 2.1. Consider the Riemann invariants S, 1 and their time derivatives 0S/0t,
OV /0t as continuous functions of a, 3, in the rectangle —ay < a <0, B < < [, for some
ag > 0. Then we have,

o T%—f(o, B) = —(B+erf)07TLS,, 0 =c(0,8)/cs,
: ol B A'(0)
E(O’ﬁ) =M, + 2A(0)H2’
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where T1,S7 is defined by (9.27), and Hy, Hy are given by,

0 2c0
o= Ity g P12l

Ccr (&9

L[ 2
o [ 2 — et

Hy = B(8+ cr) — (B + 2c0) [ULH% +F2] ;

(9.30)
—2(y + e N G LN =S
- (v =13y —5) <1_9( )> v—=3 [1 . )]’ P #3.5/3
My =19 2¢,(0 — 1) — 4, In#, ify =3,
2(cz0nb+ Y (1-10)], if v =5/3.

Proof. According to the general treatment of Section 7, we need to consider the evolution of
the time derivatives of two pairs of Riemann invariants (¢, S) and (¢, ).

(i) The computation of 7'0S/0t. we use the first and third equations of (9.28) to form
a system of two equations,

96 96

E“‘(U—C)% :Bl,
(9.31)
a_S +( + )(9_5 — a_S
R
Then, in terms of & and 3, we have (since 0z/0a = (u—c)0t/Oa and dx /05 = (u+c)ot/03),
@-@. §+(U+0)§ —ﬁ.cﬁ
o3 0B | ot oxr| 08 0ox’
(9.32)
os _ofos . os]_ o s
9o oda ot T %% "oa “or
We note, as in (4.15), that
%t 1 ot
(9.33) m(ojﬁ) = ma(ojﬁh
where we have used the fact that A_(0,5) = 3, A_(0,5) — A.(0,5) = —2¢(0,5) and

(0t/0P)(0,3) = 0. Thus, differentiating the first equation of (9.32) with respect to o and
noting 3—2(0, B) =0, we get

0 (85 5)) 10t oS 1 o8

(9.34) 95 \oa 0P ) = 55,00 5, 00) = —5 555

Integrating from 3 to [ yields,

0,0).

oS oS i oS L
(9.35) %(0,5) = %(O,BL)exp (‘ /ﬁL mdﬁ) = %(0,5L) 027
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Similarly, we get from (9.33)

ot ot 1
(9.36) Z0,8) = (0, 8,)07 5.
O O
In particular, from the second equation of (9.32) and(9.36), we have
oS oS ot\ ™ At
(9.7 .05 0.0) =300 (50) 0.9 = st

Hence using the entropy equation in (9.28), we return to the (x, t)-coordinate system to get

as
T2,

(9.39) 70,322 05

d S T g0
5 (0 0) u(0, B)T(0, )50, 5),
which gives 722 in (9.29) by using (9.37) and noting T'/T}, = ¢*/c3.

(ii) The computation of 9¢/dt. We now consider the first two equations in (9.28),
i.e., the system of two equations,

96 96

E"‘(U—C)a—x :Bl,
(9.39)
oy o _
As in (9.32), we note
o oy (ot ou
(9.40) It + (u— c)% = <£) B

Regard the source terms as functions of («, 3). In the limit (a« — 0), they are known from
the first part of the proof, see Eq. (9.37). In terms of the general treatment of weakly
coupled systems in Section 7, this is at the stage where W (= {S}) is fully resolved, and
we can turn to the diagonal system for W® (= {¢,1}). Following the same reasoning as the
one leading up to equation (9.34), we get

o (0 1 0
The integration from [, to [ yields,
N oY L ot
(9.42) 50 = 5E00) ¢ [ i S0 B0 myn

The initial data for 0v/d« is given by

oY ot A'(0)
0 _ 2
90001 = 55 A(0)
where we note the following relation by using (9.39) and (9.40),

op ot [0y o) ot [, 0

(9.43) (0, 8r) [TLS’L -

/
crur — 20L¢L] ;
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Once we obtain (0v/0a)(0, 3) from (9.42), we get

O B ot\ o
we insert this into (9.40) to get
O u-—c u+c (ot " oy
(9.46) E(O’ B)=— e B, (0,3) + e (%) %(075)-
Then using B,(0, 8) = T(0, 8)%2(0, 8) — %C(O,ﬂ)u(o,ﬁ) and the value g—ﬁ((),ﬁ) in (9.42),
we obtain the second equation in (9.29). O

Proposition 9.5. (Resolution of rarefaction waves.) Assume that the rarefaction wave
associated with u — ¢ moves to the left. Use the characteristic coordinates (o, 3) as above
and consider the limiting values 2%(0, 3) and %(O,ﬁ), Br, < B8 < B. Then we have

ot
0 . 0 -
57 0.8) +5L(0.8)5(0,8) = di(8).

where the coefficients ay, by and dj can be expressed explicitly as follows. With 6 =

c(0,8)/cr,

(9.47) ar(0,5)

- ~ 1
(948> aL(()?ﬁ) = 17 bL((]?ﬂ) = ,O(O,ﬁ)C(O,ﬁ)’
and
iy B+ 20c, e 2y ;o A'(0)
(9.49) dp(B) = T, 03D <37 — 1TLSL CLwL) + —QA(O)H2’

where Hy is given in (9.30).

Proof. We use (9.26) to get

Ou 10p_0¢ TOS

ot pcdt Ot ¢ ot

The right-hand side can be evaluated at (0, /) using the two equations in (9.29) to yield
(9.47) as well.

(9.50)

O

As in Section 7.3, we can use the Riemann invariants W for the resolution of jump discon-
tinuities. However, as in the first part of Section 7.3, it is more convenient to use the basic
primitive variables U = (p, u, p). See Remark 7.11.

The Rankine-Hugoniot conditions for shocks are

p U — pu _ _ _
where (p,u,p) and (p,u,p) are the states ahead and behind the shock, respectively, and
PP, y—1

h;_a_: ) = :
(P, P) e

1—p?

(9.52) o(p;p,p) = (p—D) ot )
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Assume that this shock is associated with u + ¢ and moves to the right, as shown in Figure
2.1. Then it can be resolved with a standard method, see [5].

Proposition 9.6. (Resolution of shocks.) Assume that a shock associated with u+ ¢ moves
to the right. Then the limiting values (Op/0t). and (Ou/0t), satisfy the linear relations

_ (Ou ~ (Op ~
(9.53) ar (E) ) + br (E) - dr,
where the coefficients are given explicitly in the following,

2
. O0Us T0Px2C = 1 o 00Uy
ap=1-— 5 — 2.9, bp=——5—5—(1- Py,
Cio

uf—ciy  uf—ch pua u? — 2 u? —
(9.54)
- A'(0) .
dRZLf-p’R%—Lf-u’RjLLf-p}ptﬁjR,
and
LR:—L—F(O’O—UR)'(I)Q
! PR ’
LfZUO—UR—PR'C%"%—PR'@&
LEI (O'O—UR) '(I)g, ,
. 00Co Uy
Jr = —(PacZy + ®3)prur + (1 + P1paou.) 1;7202;
x - Y2
(9.55) oo = D2Ux — PRUR
Px2 — PR
1= pet (L+20%)pr

d, =

1
2\ pr(p« + 1’pR) Pi + 112DR

o, — L 1—p? (2 + p*)ps« + 1R
I .
Pr(P« + 1?PR) Py + 12DR

2
Pe =D 1—

B — — * R %

3 5 .
2pr \| pr(ps + 1%pR)

Next we want to resolve the contact discontinuities. Let z = z(¢) be the jump discontinuity.
The Rankine-Hugoniot (jump) conditions are

(9.56) u(z(t) —0,t) = u(z(t) +0,t), pz(t) —0,t) = p(x(t) +0,1).

Indeed, u and p are the Riemann invariants associated with A\ = u. Denote D/Dt =
/0t +ud )0z, u*(t) .= u(x(t) £ 0,t), p=(t) = p(x(t) £0,t). Then along z = x(t) we have

Du™*(t) _ Du=(t)  Dp*(t) Dp_(t).

(9-57) Dt Dt Dt Dt
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Note that
ou Du uw Dp Alzx) ,

— =+ —— u
ot Dt  pc2 Dt A(x)
(9.58) op _ Dp D

2~ Dt Dr

or

Du 1 ,o0u uwdp Allx) 4 ,
Dt 2w | ot p Ot A(x)cu ’

(9.59) Dp c? ou 0Jdp Alx) ,
Dt w2 _ 2 :

Dt P ~ ot~ A(zx)™"

Then, once the limiting values (Ou/dt). and (Op/dt). on one side of the contact discontinuity
are known, then we can obtain them on the other side. We remind that they are different
on the two sides since the density p experiences a jump there.

Combining all above discussion, we can solve the generalized Riemann problem (9.20) and
(2.1). We summarize our results in the following propositions.

Proposition 9.7. (Non-sonic case.) Assume a typical wave configuration for the generalized
Riemann problem for (9.20) as shown in Figure 2.1. Then we can obtain (Ou/0t). and
(Op/0t), by solving the following pair of linear equations,

ar, (%) +br, <%) =dp,
(9.60) * *

0 0
(B () -

where ayp, by, di, and ag, bg, dr are specified below. Also the computation of (Op/0t). are
also computed by the following two cases.

(i) If u, > 0, the contact discontinuity moves to the right. The coefficients ar, by and dp,
are given in (9.47),

(9.61) (ar,br,dy) = (a, br, dy).

The coefficients ar, bg and dr are given by
2

c? . au . -
ar = — . [GR(l _ P )+ br(pe2 — P*l)u*] ,

Ci —ud P*2032
(9.62) b= —|a (— ! + ) Ve — br(=2202 + 2)
. & Gy — u? 5 Pe1 Pr2Cig ' 5 Pe1 )

5 A/(O) UE - ,0*1031
@‘@+mm¢—@[(‘mﬁﬁ

The value (0p/0t). is computed from the rarefaction side,

+ br(par — ,0*1)031} :

14p2

8p . 1 8]) Cy u?2 ,
(5:63) ()= (&) s (&) 7 msi
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by using the state equation p = p(p,S).

(i) If u, < 0, the contact discontinuity moves to the left. The coefficients ag, br and dg
are given in Proposition 9.6,
(964) (aR,bR,dR) = (dR,BR,CZR).

While the coefficients ar,, by, and d, are computed by
2

2 . U -
ap = 2 [%(1 _ P 5-) +br(pe — p*z)u*} ,

sz_ui Px1Cyy
(9.65) b= |ap(—— +i)u b (=P 1 )
. " 2y — u? " P2 PaCh ' " P2 ah

~ A/O ui’ ~ *Cz
dp = d, + (0) [aL( _ Dl

A0) 2y —u? Pr1C2y

The value (Op/0t), is computed from the shock side,

0 D Du
(9.66) gf <8_§) + g7 <F§Z) + g0 <Ft> = Uy - R,

where g¥t, glf, gif and fr are constant, explicitly given in the following,

+ (;L(p*l - p*2>ci2} .

(o)

R _ R _ R _

Jp =Ux =00, Gy = usHy, g, = poe(00 — Uy) - uy - Hy,
*2

(9.67) fr= (00 —ug) - Hy-py+ (00 — ur) - Hs - ply — pr - (Hach + Hs) -ty

: (H2C?{ + H3) PRUR,

and Hy, Hy and Hs are expressed by

1 — 4 4 1 » » 2

(9.68) 7, - Pal p )P;%’ m, = Pl : )pZ’ =t “',Usz‘
(PR + 12p.) (PR + 12p.) PR+ 17ps

Proposition 9.8. (Sonic case). Assume that the t—axis is located inside the rarefaction

wave associated with v — c¢. Then we have

(9.69)
ou 1]~ 2y . A(0) Jdp poco | ~ 2y ., A(0)
—_ = — W*lT —_ = — — W*lT —_—

(81&)0 5 |idL‘|‘9 LSL_I' A(O>UO:| s (8t ; B dL 0 LSL A(O)UO s

where dy, is given in (9.49), with 0 = cy/cr,, and (ug, po, o) is the limiting value of (u, p,c)
along the t-axis so that ug — co = 0, cf. the sonic case in Proposition 9.1.

Proof. Note that at the origin, we have

0 (2) ~(2) e (2) - () + 20,
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That is,
ou 1 (0dp S A'(0)
71 ) - [ =) = (7= '
571) (at)o pouo<at)o ( ax>o+A<o>c°“°
Since (T'0S/0x)y = H%TLS’L, we use Proposition 9.5 to complete the proof. O

Finally we present the acoustic case that U, = Ug but U; # U}, which leads to the G
scheme.

Proposition 9.9. (Acoustic case.) Assume that Uy, = Ug and U} # Up. Then we have the
acoustic case, and (Ou/0t), and (Op/0t). are solved as

(9.72)
duy _ 1 ;DL B ,  DPr
(a):‘é l“‘*“*) (“”p*c*)*(“* ) (“R b))

O\ peta ;L PL Y . Pr\| _AN0)
(at)*‘ 2 [“‘*”*) <“L+p*c* (e e\ = e )]~ Aoy e

The quantity (Op/0t). is solved according to the direction of the contact discontinuity,

0 1 [/0p , N
(9.73) (a—f) ) (a) +u (pf, — cip)
if uy =urp =ug > 0; and

dp L [(0p N
(0.74) (%) -5 [(%) +uth-ca)

if uy = up =ugr < 0.

10. NUMERICAL EXAMPLES

In consistent with Section 9, we present several numerical examples to show the perfor-
mance of our GRP scheme.

10.1. The Riemann problem for isentropic flows. Two examples are given for isen-
tropic flows (9.1), see Figure 10.1, in which fifty grid points are used both for the Godunov
scheme and the GRP scheme. The first simulates the dam collapse problem with an almost
dry bed on one side. We clearly see that the sonic point glitch in the first order Gudonov
solution is eliminated by the GRP scheme. Also this example shows that our GRP can
preserve the positivity of the height of water. The second is the standard Riemann problem.
The solution contains a shock propagating to the left and a rarefaction wave moving to the
right. We see the high accuracy of the GRP scheme, particularly for the rarefaction wave,
which may be due to its analytic resolution in our GRP scheme. Recall that in [12] the
rarefactive wave is replaced by a rarefaction shock.
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Solution at Time 50 Solution at Time 50
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(a) Dam collapse problem with low height of water: (b) Riemann problem for isentropic flow: a = 1,
a=4.9,v=2 y=14

FIGURE 10.1. Numerical solutions for isentropic flows. (a). The Riemann
initial data are: py, = 10.0, uy = 0.0, pgp = 107°, ugr = 0.0. (b). The Riemann
initial data are: p;, = 10.0, up, = 0.0, pg = 25, ug = 0.0.

10.2. Rotating shallow water equations with Coriolis force. We use our scheme to
simulate the classical Rossby problem, which illustrates the evolution of a simple jet-shaped
initial momentum imbalance, see [6]. The initial distribution h(z,0) = 10, u(x,0) = 0.0 and
v(x,0) = VN (x), where

(1 + tanh(4z/L + 2)) - (1 — tanh(4x/L — 2))
(14 tanh(2))? ’

(10.1) Np(z) =

and the parameters V' and L are given by the Rossy number Ro = fLL and the Burger number

Bu = fé’ZQ. In Figure 10.2, we use f = 0.5, g = 9.81, Ro = 1.0 and Bu = 0.25. We observe
that two shocks are formed at ¢/7y = 0.6, Ty = 2m/ f, and propagate to the left and to the
right from the jet, respectively. One of the shocks is formed within the jet core. The result

is totally consistent with that in [6].

10.3. A steady flow in a converging-diverging nozzle. We use the examples in [4,
Section 6.5] to test the ability of the present scheme to attain the steady state very quickly.
Consider a flow in a converging-diverging nozzle, which occupies the interval 0 <z < 1, and
whose cross-sectional area function is given by the following expression,

Asp exp (— log(Ain) sin2(27rx)) , 0 <x<0.25,

(10.2) Alz) = Ay exp (-10g(Ae:c) sin’ (ﬁs,_m))) ’
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height h; Ro=1 and Bu=0.25
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F1GURE 10.2. Shock formation from jets

where A;, = 4.8643 and A., = 4.2346. The initial data we use are

Uy = (p0707p0)7 0<r< 0257
(10.3) U(x,0) =

Ur = (p0,0, po(ps/p0)?), 025 <r <1,

where p, is a constant value determined by the steady state solution at x = 1.
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For a perfect gas with a polytropic index v = 1.4, the Mach number M (x) = u(x)/c(r) is

determined by A(r) through the algebraic relation

(10.4) [A(2))* = [M(lx)]z L i 5 <1 * VT_l[M(x)]zﬂ

Then the steady flow is given by

41
-1

2

p(@) =po |1+ =2 a|

(10.5) p(x) = po M + 7__1[M(:c)]2_ o :

u(z) = M(x)\/yp(x)/p(z),

where pg and py need to be specified.
We consider two cases:
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(A) A smooth flow where p(1) = 0.0272237 is obtained from (10.5) by taking x = 1 in
(10.4) leading to M (1) = 3.

(B) Setting p(1) = 0.4 leads to a discontinuous steady state solution, as shown by the
solid lines in Figure 10.4.

| |
— Steady Solution
O Numerical Solution

0 \ ! ! ! ! ! ! ! !
0 0.1 0.2 03 0.4 0.5 06 0.7 08 0.9 1

15 I T
— Steady Solution
0 Numerical Solution

Pressure

=l

0 | | | | | I
0 0.1 02 03 04 05 0.6 07 08 09 1

X-AXIS

Ficure 10.3. Large time in the Laval Nozzle. The solid line is the steady
solution, and the points are the GRP solution with 22 grid points at time
t =155

We use the same strategy in [4, Section 6.5] to deal with the boundary conditions at = = 0
and x = 1. In both cases, we use 22 coarse points to display the performance of our scheme
in Figures 10.3 and 10.4, and see that our GRP solution is in very good agreement with the
exact solution.

In order to see how fast our GRP solution converges to the steady state, we display two
different time intervals: ¢t = 1.0 and ¢t = 2.5, see Figures 10.5 and 10.6. It is seen that at
time t = 2.5, our GRP solution almost attains the steady state. These show that our GRP
solution can converge to the steady state very quickly.
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F1GURE 10.4. Large time in the Laval Nozzle. The solid line is the steady
solution, and the points are the GRP solution with 22 grid points at time
t =155
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