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THE SHARP-INTERFACE APPROACH FOR FLUIDS WITH PHASE CHANGE:
RIEMANN PROBLEMS AND GHOST FLUID TECHNIQUES

CHRISTIAN MERKLE! AND CHRISTIAN ROHDE?

Abstract. Systems of mixed hyperbolic-elliptic conservation laws can serve as models for the evolu-
tion of a liquid-vapor fluid with possible sharp dynamical phase changes. We focus on the equations
of ideal hydrodynamics in the isothermal case and introduce a thermodynamically consistent solution
of the Riemann problem in one space dimension. This result is the basis for an algorithm of ghost
fluid type to solve the sharp-interface model numerically. In particular the approach allows to resolve
phase transitions sharply, i.e., without artificial smearing in the physically irrelevant elliptic region.
Numerical experiments demonstrate the reliability of the method.

Mathematics Subject Classification. 35M10, 76T10.

Received August 1st, 2006. Revised April 20, 2007.

INTRODUCTION

We consider the flow of a compressible fluid that can appear in two phases, lets say, in a liquid and a vapor
phase. Mathematical models for phase transition problems split up into so-called sharp-interface models and
phase field models. While in the latter approach phase changes are modeled as steep but continuous solutions
of the underlying evolution equations the sharp-interface ansatz leads to discontinuous solutions with exactly
localized phase transitions.

In this paper we concentrate on a sharp-interface model in one space dimension where phase transitions can
be represented as a type of shock wave. More precisely our model consists of the equations of hydrodynamics for
an isothermal fluid described by the two conservation laws for density p : R x [0,00) — (0,1/b) and momentum
m:= pv: R x [0,00) — R given by
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FIGURE 1. Graph of the van-der-Waals pressure function p = p(p) and the associated
Lagrangian pressure p = p(7) with p(7) = p(1/7) for sufficiently low temperature.

We consider the Cauchy problem for (1) and, for initial density pp : R — (0,1/b) and velocity vy : R — R,
enforce the conditions

p(.,0) = po, m(.,0) = povg in R. (2)
Here b is a positive number and for the smooth pressure function p : (0,1/b) — (0,00) we suppose that there
are numbers pfrllliift, pellivt € (0,1/b) with pillliilf’t < pellit guch that p is monotone increasing in the admissible
range

A= (0, 9" U (it 1/0)

min max

and monotone decreasing in the elliptic region
i i
(0,1/B)\ A = [l plnak-

We refer to Figure 1 for the typical graph of p and to Section 1 for precise assumptions. On this general
level it is only important that the non-monotone shape of p allows to define phases. A state (p, pv) in the
physical state space A x R is called a liquid (vapor) state if p € (0, (p € [pelipt 1/b)) holds. As a
consequence of the non-monotone shape of p the first-order system (1) is hyperbolic for states if and only if the
states are liquid or vapor. The system (or more exactly its linearized version) is elliptic for density values in
(0,1/b) \ A. Altogether we obtain a mized-type system. Mixed-type systems are frequently used as models for
phase transitions in compressible media (cf. [1,12]).

Our ultimate goal is to design a numerical method to solve the multidimensional version of the sharp-interface
model (1). In this paper we restrict ourselves to the 1D-case such that curvature effects play no role. Usually
in many phase transition and phase separation problems the correct treatment of curvature effects is one of the
main challenges. We would like to stress that here — due to the interaction of flow and phase transition effects
— even the 1D-case is by far not trivial. In the rest of the introduction we give an outline of the paper’s content
and indicate the specific difficulties in this sharp-interface model.

The basis of our numerical method is the exact treatment of the Riemann problem for the conservation
law (1), that is the special initial data choice

( o ) <0
(p) (x,0) = L (pr,pr € A, vr,ur € R). (3)
m (m PR ) x>0
R:=PRVR

System (1) has the form of a conservation law, however the standard solution theory for hyperbolic conservation
laws does not apply (see e.g. [11,23,36]). This is first due to the fact that the elliptic region separates the state
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space into two disjoint sets where (1) is hyperbolic. Secondly, the system is not genuinely nonlinear in the vapor
phase anymore which requires to build Riemann patterns with attached-wave structures. Moreover, phase tran-
sitions — static as well as dynamical ones — are naturally modeled as shock waves and thus appear automatically
as sharp interfaces. But they are (partly) not Laxian-type shock waves but of the nonclassical undercompressive
type. Let us also stress as a striking property of the system (1) that the Clausius-Duhem inequality is not
enough to ensure the unique solvability of the Riemann problem (see [23]). To overcome these difficulties we
follow the approach developed by LeFloch and co-workers [5,17,24] which relies on the concept of the kinetic
relation [1,39,40]. The main existence result for a thermodynamically admissible Riemann problem solution is
then presented at the end of Section 3 (Thm. 3.6). The preceding sections serve to introduce the model (Sect. 1)
and to present a careful analysis for all possible wave types and their thermodynamical admissibility including
shock waves, rarefaction waves, attached waves and phase transitions (Sect.2). In this context we mention the
publications [9,10,16,30] on the existence and stability of solutions for the Riemann problem for related systems.

A well-developed class of methods to solve the Euler equations for compressible one-phase fluids is provided
by upwind finite volume schemes based on approximate Riemann solvers. In Section 4 we propose a similar
class of methods for the Cauchy problem (1), (2). However standard averaging techniques can not be used in
our case since this — due to the non convex state space — might lead to approximate cell average states in the
elliptic region.

To circumvent this difficulty we suggest a ghost-fluid type algorithm, motivated but different from the algo-
rithm in the seminal paper [13] (see [2,4,14,20,26] for other applications). The crucial analytical basis of the
ghost fluid algorithm is the Riemann solver which has been developed in the first part of the paper (cf. Sects. 2
and 3). Finally, we test the algorithm on problems with known exact solution and report on a number of
numerical experiments. We have not been able to prove rigorously the convergence of our algorithm as the
mesh parameter tends to zero but we present a convergence result for simple phase transition solutions with
Proposition 4.5. In forthcoming papers we extend the approach to multiple space dimensions (see in particu-
lar [27]) and address curvature effects and the non-isothermal situation.

Another direct numerical method for the mixed-type Cauchy problem (1), (2) apart from the one presented
here is not known to us. However we have to refer to several related publications. A different approach to avoid
averaging effects is the DEM-method due to Abgrall and Saurel [3] which has been used in [21] to simulate
evaporation fronts. For the numerical solution of the sharp interface model with additional kinetic relations
there has been proposed the Glimm-Scheme [8,22], front-tracking schemes [41], artificial dissipation methods [25]
and a level-set scheme [18,28]. The latter one is different from the one presented here since the authors extend
the kinetic relation to the whole computational domain. Recently Chalons has developed a new deterministic
method to treat nonclassical shocks with kinetic relations in hyperbolic equations [7].

1. BASIC PROPERTIES OF THE MIXED-TYPE SYSTEM

In this section we detail all assumptions on the system (1) and introduce fundamental notations. Furthermore
we review the spectral properties of the nonlinear flux in (1) and the structure of the associated characteristic
fields.

Assumption 1.1 (Pressure function).

(i) The function p € C?((0,1/b), (0,00)) is supposed to satisfy

ellipt)
)

p'(p) >0,p"(p) <0 for pe (0, ppy
/

>0,p .
p'(p) > 0,p"(p) >0 for pe (pak',1/b), (4)
<

p'(p) <0 for p e (ph", peliet).
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(ii) Furthermore, we have

lim = lim p’ 2=0, lim = 0. 5
lim p(p) = lim p'(p)p Jim, p(p) (5)

The typical shape of such a pressure function is shown in Figure 1 (left graph). Due to the fundamental laws
of thermodynamics the associated energy density function W € C*(0,1/b) is given up to an unimportant free
constant by the relation

p(p) = pW'(p) = W(p). (6)

Furthermore, from (4) it is clear (see also Fig. 1) that there are unique densities p; € (0, p°iP") and py €
(pellipt 1 /b) such that we have

p(p1) = p(paaR) and p(p2) = p(pinin"). (7)

The Maxwell states are defined as the two points pf,\gpor and pf}fluid such that

W(pll\l/l id) - W(p{/\g or)
W/(px]z\gpor) = W/(pﬁ{luid) = plzl/lll g PM . ’ (8)
iqui vapor

That means the straight line connecting (37 .., W (pdL,,.)) and (p%uid, W(pf}{luid)) has the same slope as W at
pM o and pﬂ{luid (cf. Fig. 1). A short calculation using (6) and (8) leads to the property

p(px]z\gpor) - p(pﬂ{luld) (9)

In our Riemann solution for (1), (3) later on static equilibria occur if and only if the connecting states are the
Maxwell states.

Remark 1.2. For appropriate choices of the constant temperature 7' > 0 and constants a, R > 0 a pressure
function satisfying (4) and (5) can be realized as the van-der-Waals function

pRT 2

p(p) = —ap”. (10)

S 1-bp

Actually all figures and numerical calculations in the following are performed with the constants a = 3, b =
1/3, R =8, T = 98/300.

The eigenvalues and corresponding eigenvectors of the Jacobian of the flux in (1) are
Nislom) =2 E VT o) = () (1)
p 2 F V1 (p)

We observe that the system (1) is hyperbolic for states (p,m) € A x R, if and only if p’(p) > 0 holds, that is, if
and only if the state is a liquid or vapor state.

We compute for (p,m) € A x R the characteristic fields of the flux and get the following expression inde-
pendent of momentum:

VAi2(p,m) - iy2(p,m) = F (2% + p/;(p)> = Ay (%) .
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Rewriting the last equations in terms of 7 = 1/p we obtain

,,_2 5 (T 7_3 5 (
A¢(7)=F<2 1;()_;%T§( )42 —ﬁ«ﬂ>. (12)

Here we used the Lagrangian pressure p : (b,00) — (0, 00) defined by
p(7) :=p(1/7) (T € (b, oo))

We refer to Figure 1, right graph, for a visualization of p. From (4), (5) we see that ﬁ'(l/pfrllliirf’t) = 0 and
ellipt
min

lim; o0 p'(7) = 0 hold. Therefore, there exists an inflection point 7* € (1/p o0) and another inflection

point 7** of the function p for which

is located in the elliptic region. Define also

Note, that p is convex in (b, 7°*) U (7%, 00) and concave in (7°*,7*). We refer to Figure 1 for the graph of p.
Returning to (12) we see that A+ = A+ (7) vanishes for 7 € (b, 00) if and only if we have

% (270 (1) + 720" (7)) — 70/ () = p"'(7) = 0.

Thus both characteristic fields of the flux in (1) fail to be genuinely nonlinear for liquid states with p = p*.

2. BASIC ELEMENTARY WAVES AND THERMODYNAMICAL ADMISSIBILITY

In this section we consider all elementary waves which we need in the construction of the weak solution for
the Riemann problem (1), (3) in Section 3 below. We start with shock waves and general phase boundaries.
To detect the physically admissible shock waves we analyze the entropy dissipation function and to solve the
problem of the failure of genuine nonlinearity we carefully consider the location of associated end states in the
phase plane. Finally we discuss rarefaction waves resp. attached waves and — last but not least — non-Laxian
shock waves that satisfy a given kinetic relation.

2.1. Rankine-Hugoniot conditions, shock waves, and phase transitions

Basic elementary waves for the solution of the Riemann problem for (1) are shock waves. A shock wave! with

speed s € R connecting a state (p;, m;) € A x R with a state (p,., m,.) € A x R (we also write (p;, m;) = (p,, m,))
is a discontinuous function of the type

p\ _ (P@t)\ _ [ (p,m)" i oz <st,
- - . (13)
m m(x,t) (pr,my) :ox > st
that fulfills the Rankine-Hugoniot jump conditions
m2
A =Tl and sl = | % 4 500)] (14)

1The notation is sloppy since usually discontinuous traveling waves satisfying the Rankine-Hugoniot conditions but having zero
entropy dissipation are not called shock waves. For the sake of simplicity we include them here.
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In (14) is and henceforth will be used the notation [a] := a; —a,. for some general variable a. The conditions (14)
imply in particular that (13) is a weak solution of (1).

Now, fixing a state (p;,m;) € A x R we can determine the set of states (p,,m,) hat can be connected to
(pi,mi) € A x R by a shock wave, the so called Rankine-Hugoniot set for (p;,m;). For first-order conservation
laws the Rankine-Hugoniot set can be characterized easily provided there is an open set containing (p;, m;)
where the system is hyperbolic. In our case this is true within each phase and we have the following result (see
e.g. [15], Thm. 4.1).

Theorem 2.1. Let (p;,m;) € A x R. There exists a number €9 > 0, functions @y, : (—e9,e0) — A X R,
k = 1,2, and a neighborhood of (p;,m;) such that the set {Pr(e)|e € (—eo,0), k = 1,2} coincides with the
Rankine-Hugoniot set for (p;,m;) in this neighborhood. Moreover we have for e € (—eg,e0) and k = 1,2

®r.(€) = (p1,m1)" + er(pr, ) + O(€?) (15)

and
s = s((pr,mu), Pr(e)) = A(pr, mu) + Ofe). (16)

According to the numbering of the curves in Theorem 2.1 we speak of k-shock waves. In the case of a 1-shock
wave a specific parameterization as in (15) is given by

(5)=20=(2)re( - ) o0

It follows for € € (—eq,£0)

_ /
v —u P () +0().
Pr — Pl Pr
Therefore we have
vy — v >0 (<0) for pr < pi (pr > p1). (17)

Returning to the global situation system (14) consists of two equations with three unknowns p,, v, and s. These
can be reformulated for v, and s depending on p,:

ve(pr) = uF \/%(p(pr) —p(p1))s (18)
s(or) = o F pr p(pr) :p(/’l) - p1p(pr) :p(pz). 19)
Pl Pr — Pl Pr Pr— Pl

We observe that globally the Rankine-Hugoniot set consists of two curves also called k-shock wave curves.
Comparing (18) with the local parameterization (17) we conclude: The 1-shock wave curve is given by

/B wlor) — plo0) 20 < o1

v — U = — (20)
*\/’J,Z—l,,jﬂ(p(pr) —p(pr) pr = pr.
Equivalently, 2-shock wave curve is given by
=/ B2 (o) = p(p)) < pr < pu,
v —v = \/’”pr (21)

+\/%(p(pr) —p(p)) :pr > .
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Remark 2.2. The parameterizations of the Rankine-Hugoniot sets (20) and (21) with v, seen as function of
the right-hand state p, € A satisfy the monotonicity property

dv,

d—(pr) <0 (> 0) for a 1-shock wave (a 2-shock wave).
Pr

To prove this for a 1-shock wave consider

[N

dv, prm) (\/pr —p ) (p(pr)p(m) Pr )
T = =+ r) — —_ L — " ,
T = (2 =P (o) o)) (PR ey
>0
where the + sign is valid if p, < p; and the — sign if p, > p;. Hence, g;: (pr) < 0 for a 1-shock wave. For a

2-shock wave the calculation works the same replacing “+” by “F”.

2.2. Entropy dissipation and characteristic structure

Physically meaningful shock waves (p;, m;) 2 (pr, m;) also have to satisfy the entropy dissipation inequality
or Clausius-Duhem condition, that is,

s[E(p,v)] = [F(p,v)] <0. (22)

The entropy E : (0,1/b) x R — R and the entropy flux F': (0,1/b) x R — R are given by

E(p,v) = %pvQ +Wi(p), Flp,v)=v (%pvQ +W(p) +p(p)) : (23)

where W = W(p) is the free energy of the system (cf. (6)). A shock wave that satisfies (22) is called entropy-
dissipative.

Later on in this section we need a reformulation of the entropy dissipation which we derive now. We get
from (14), (22), (23), and (6)

s[E(p,v)] — [F(p,v)] 5 5

—u (p(pz) + 1pw? + W(pl)) + v, (p(pr) + lprvf + W(pv-))

1 1
s (—pzv? +Wi(p) — 5prof — W(pr))

2 2

= ~2(s7 — ) ~ sl — 17 ()]

-2 ([l + v = 29) + W' ()]).
Here we used j := p;(v; — s) = pr(vy — 5). A straightforward computation using (18), (19) leads for p; # p, to

STEGm) 1.l = (4 1)

W)l pW' (o) +p7-W’(pr)> _. i P

[o]? [o]? 2010 Alpi,pr).  (24)
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Moreover, defining A(r,7,.) :== A (%, T%) and using relation (6) yields

[o]? [o]?
2pip; Al pr) 2ppr (7,7)
L) 5, )~ [ i) s

Tr

- / (ﬁ(n) + W(s -n) - 1’5(5)) ds. (25)

This formulation allows a nice geometrical interpretation to determine the sign and the zero level set of the
function A. Let 7,7 € (b,00). Then we have A(7, 7)) = 0 if and only if

/ () 4 2= s ) ) ) s =0, (26)

i.e. if the (signed) area between the straight line connecting p(7;) and p(7,.) and the graph of p is zero. As we
are interested in the zero dissipation level set we define the set

Ta = {(p1, pr) € (0,1/0)*| Apr, pr) = 0,p1 # pr } U (", p*) U (0™, p™) . (27)

Note that the function A is only defined for p; # p, but there is a continuous extension since

i A5 p) =~ 07(6) + 2/()) = — 575 (7).

The latter expression vanishes exactly for 7 = 7%, 7** and therefore we added the points (p*, p*) and (p**, p**)

in definition (27).
We observe that T'a is symmetric with respect to the axis {(p, p)|p € (0,1/b)} and also deduce from (8)

(p\lgpow pll\i/{quid)7 (pll\i/{quid7 p\lgpor) € FA' (28)

Moreover, the set I'a is a closed curve in (0,1/b)?, which follows from the geometrical interpretation (26) and
Assumption 1.1 on the pressure function p.

For the further analysis it is important to classify shock waves according to the following standard system.
For k € {1,2} a k-shock wave is called a Laxian (or Lax-compressive) shock wave if the condition

Me(pr, mp) > 5> Mg (pr, my) (29)

is satisfied. If one of the relations in (29) holds with equality the corresponding shock wave is called characteristic.
Furthermore, in the context of this paper a shock wave is called an undercompressive shock wave if

Xa(pr,my) > s> A (pr,m,) and  Aa(pr,my) > s> Ai(pr,my) (30)

is satisfied. The definitions are illustrated in Figure 2. In the framework of the first-order system (1) it is
natural to view phase jumps as shock waves: a shock wave (p;,m;) = (p,,m,) is called a phase transition, if
the left and the right states are located in different phases (see Fig. 1). In this case we also use the notation

(p1,my) 2 (pr,m;). We will see that in our case undercompressive shock waves will only appear as phase
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FIGURE 2. Laxian 2-shock wave (left) and undercompressive shock wave (right). Shock lines
for shocks with speed s and some characteristic curves (dashed lines) in the (z,t)-half plane.

transitions while Laxian waves can be purely hydrodynamical shock waves or phase transitions. Equation (29)
is —using 7 = 1/p and p(7) = p(1/7) — equivalent to

p(r) —p(m)
Tr — T

pr(m) < < pr(7r) (31)

for Laxian 1-shock waves and

_ p(rr) = p(m)
p‘r('rl) > T — 1

v

pr(7r) (32)

for Laxian 2-shock waves.

In the hyperbolic case (in each phase in our case), it can be shown that shock waves (13) that satisfy the
Lax condition (29) are entropy solutions, i.e. (22) holds. To account for the possible difference between Laxian
shocks and entropy dissipative Laxian shocks in the two-phase case we define the following sets:

MY = {(p1pr) € A% |3 (muymy, 5) € BP < (14) and (31) hold),
M2 = {(pi,pr) € A%| 3 (my,m,, 8) € R3: (14) and (32) hold}.

The sets M' and M? are displayed in Figure 3. Since we are interested in entropy dissipative Laxian shock
waves we introduce the subsets

M. = {(pi,pr) € A%*|3 (my,m,,s) € R3: (14), (31) and (22) hold},
M. = {(pi,pr) € A%*|3 (my,m,,s) € R?: (14), (32) and (22) hold}.

Thus M}, and M3, are bounded by (parts of) the boundary of A x A, the curves T'a, rtt pbr p

char’ =~ char’ ~ char’

I'%2"  which are given for k = 1,2 by

char?

rEL = (o pr) € A2 0 # pr | 3 (mi, ey s) € RS 2 (14),(22) and Ag(pr,mu) = s} U (p*, p*),

: (33)
Ffﬁ’ar = {(p1,pr) € A%, pr # pr| 3 (my,my, s) € R? 2 (14),(22) and A (pr, my) = s} U (p*, p*).

We note, that the conditions Ax(p;/r, 7)) = s in (33) are equivalent to

o) = p(rr) — p(1) or /pr(m) = p(rr) —p(m) (34)

Tr — T Tr — T
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FIGURE 3. Regions of density values which can be connected by Laxian shock waves (left
figure) and dissipative Laxian shock waves (right figure) are hatched. Note that Laxian waves
can only be ruled out due to non-dissipativity if the states are in different phases. We recall
that I'), denotes the density pairs with identical pressure and I'a the pairs with zero entropy

1/2,1/r

dissipation while point on the curves I'
p1 and pe we refer to (7).

correspond to characteristic waves (¢f. (33)). For

char

They are in particular independent of momentum. .

Assumption 1.1 ensures that there are exactly two specific densities 77,75 with 0 < pg < pZiPt < pellivt <
such that the slope of p in both points and the slope of the straight line connecting (7s, p(7s)) with (77, p(77))
takes the same value (see Fig. 1). In view of the fact that intersection points of the curves defined in (33) have to
satisfy both relations in (34) we conclude that there is exactly one intersection point in (0, poiP*) x (pellivt 1 /p)

. . min max
as well as one in (p2lP 1/b) x (0, p°iPY) namely (cf. Fig. 4)

(ps,p7) and  (p7,ps). (35)

In the next step we define the set

r, =

{(p1, pr) € A? | p(p1) = ppr), 1 # pr}-

We observe that I', is symmetric with respect to the axis {(p, p) | p € (0,1/b)}.

Due to (34) and (7) the union of Fiﬁar, Fi}’;r, Fa’far, Fiﬁ;r and the curve I', has four intersection points
lipt lipt i 1l
(Poain +P2)5 (P2, P )5 (Phnan’s 1), and (p1, paR"). (36)

The strict inequalities in (4) show that the points in (36) are the only ones.
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Recall from (24) that the entropy dissipation vanishes if and only if either p; = p,, A =0o0r v, = v, = s
hold. The latter case implies for states satisfying the Rankine-Hugoniot shock speed formula (19) that

[Pl =0 (37)

is valid.

Note, that due to (9) and (28) the curves I'a and T, intersect in the Maxwell points. These are the only
intersection points, which can be seen easily from (26).

In the vapor phase the genuine nonlinearity breaks down exactly at states with p = p*. As (p*, p*) € Ta the
curves from (33) and T'a intersect at the point (p*, p*) in the vapor phase. This is the only intersection point
in the vapor phase, which follows from the shape of p (¢f. Assumption 1.1) and (26).

There are exactly four further intersection points within A% of I'a and the curves from (33) (see Fig. 4),
namely

(p3,p4), (pa:p3), (ps;ps), and  (pg, ps)- (38)
For simplicity we only show that (p4, p3) € (pSPt 1/b) x (0, pfrllliift) belongs to I'a while it is also an end point
of " and 3" (see Fig. 4). Due to Assumption 1.1 there is a point 7 € (b, 1/pSlPt) such that

i GG

holds, i.e. (7,7*) satisfies (34) and due to (25) the relation A(7,7*) < 0.

On the other hanq, for (p7, ps) € I’_f}’;r (see (35)) it holds A(1/p7,1/psg) > 0. Therefore, there is an intersection
point (p4, p3) € (PP, 1/b) x (0, poliPY) of T'x and the curves from (33).

With help of monotonicity arguments and p,, > 0 in (b, 1/p&liPY) and p,, > 0 in (7%,1/ps) one can show the
uniqueness of this intersection point.

Remark 2.3 (Ordering and end points).
(i) For the intersection points identified above we have the ordering relations
111 i
Po < s < p3 < Py < PRt < ps < p7 < pa

M ellipt _ ellipt M
P1 < Pyapor < Pmin < Pmax < Pliquid < P2

M ellipt ellipt M
P3 < Pyapor < Pmin < Pmax < Pliquid < P4-

The inequalities pg < ps < p3 < pfrllliirf’t as well as pCliPt < o < p; < py can be verified using the
definition of the curves T/%/"™ and T'a (cf. (25)) and Assumption 1.1.

char
p1 < pilo < PPt < pellipt Pl < p2 follows directly from the definition of the points (see Fig. 1).
The strict inequality “<” then follows from (26).
For py > p3 it holds p(p4) > p(p3) because (p4, p3) € I‘iﬁ;r and therefore satisfies the Rankine-Hugoniot
jump condition (14) for some v;,v, € R. Moreover, it holds A(p4, p3s) = 0 as we have (p4,p3) € Ta

(¢f. (38)). Now suppose p3 > pit . (ps < pﬂ{luid analogously). Then

p(pa) > p(p3) > plpompor) = P(Pliuia)

and due to (26) A(pa, p3) # 0. Therefore, the statement follows.
(ii) The endpoints of Fi}/j;r lying in A% are exactly (pa4, p3) and (pg, p5). Endpoints of

exactly (p3, p4) and (ps, pg).

rl/2.

char

lying in A? are
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FIGURE 4. Graphs of the functions A\}', A\l'™ and A*! as defined in Lemma 2.4 and p;—, from
Lemma 2.5. They consist of parts of the characteristic curves and the equal-pressure curve.

To prove this note that for all (p;, p,) satisfying (34) there exists (m;,m,,s) € R? such that (14)
Fl/2,'r

chay Within A? are the points where the sign of the

entropy dissipation changes, i.e. intersection points of Fi}/li;"‘ and the set of points where the entropy
dissipation (22) is zero. Due to (24) this can happen if p(p;) = p(pr) (cf. (37)) or if A(py, pr) = 0 holds.

Intersection points of T'), and T'/2" are not in A2 (cf. (36)). Therefore, endpoints of TY/2" within A2

char char

have to be elements of I'a. Due to (38) this is the case for (p4, p3), (p6, P5)-
The second part of the remark follows by symmetry.

holds. Therefore, the only possible endpoints of

With the above remarks we obtain the configuration as depicted in Figures 3 and 4. The complexity of
the two-phase case becomes visible if one recalls that the one-phase case for a perfect fluid leads to the simple
situation in the liquid box (pcllipt 1/p)2.

Parts of the sets T'%

1,r 2,1 2,r . . . .
chars Lehars Lenar and I'y) - are graphs of functions depending on p; or p,.. We will define

those functions by the subsequent lemma (cf. also Fig. 4) as we need them in the remainder of the paper.

Lemma 2.4. There exist functions

11i
Abr : (07 p4) - (07 pfnilr?t)v
A (s piadt) — (piRt1/b)
)‘gJ : (07 pa) - (07 pfrllli?t)

such that
(i) Ty N (o1, pr)lor € (0, pinie )} = {01, AV (p1) | o1 € (0, pa)},
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(1) T 0 {(on pr)lor € (0, i)} = {000 AL () L € (s, i)}
, ellipt
(i) T2 0 {(onpo)lor € (0, 457} = {021 (0., 02) | s € (0, pa)}.

Proof. We prove (i) explicitly and note that (ii), (iii) can be done in the same manner. For p; € (0, ps) there
are two solutions of the equation

po(ry) = MO L (39)

Define
. 1
AL"(pp) == min { -

T

T solves (39)} .

Then, A7 (pr) € (0, p°iPY) due to the shape of p (cf. Assumption 1.1).

Moreover we get (o, A2 (p1)) € T5" as the condition A; (p, m) = s is equivalent to (39) and the corresponding
shocks are entropy dissipative (22). We show the latter statement for a single point (p;, A\L'"(p;)) with p; €
(0, pflllli?t). Then, the argument can be extended to p; € (0, ps) as the sign of the entropy dissipation does not
change until the intersection point with Ta, i.e. (ps, p3) (¢f. Rem. 2.3(ii)). Let for simplicity p; € (p*, poiP?)
Due to (24) we can calculate the sign of the entropy dissipation explicitly. As for (p;, AL"(p;)) the condition
A1 (p1,m;) = s holds the corresponding shock wave can due to (29) only be a 1-shock wave. Therefore, j =
pi(vy — 8) > 0 due to (19) (with — sign for a 1-shock wave).

Moreover we have [p]® > 0 as p; > AL"(p;) and A(p;, AL"(pr)) > 0 due to (25).

Altogether, the entropy dissipation (24) is negative. O

Accordingly, part of the set I', can be seen as the graph of a function depending on p,..

Lemma 2.5. There is a function
11i i 11i i
Pi=r : (pl? pfnirf)t) U (pfrlllagta p2) - (pla pfnirlljt) U (p?rlxla)e';7 p2) such that

111 i
Ly = A= (), p0) | pr € (p1, piain ) U (PERR" p2)}-
Proof. Without loss of generality let p € (p1, pfrllliirf’t). Due to Assumption 1.1 there is exactly one p € (pillggt, pg)

such that p(p) = p(p) holds. The statement follows with p;—, (p) := p. O

Out of points on the Rankine-Hugoniot curves let us now select (the p-components) of those shock waves
that satisfy the Lax entropy condition (29) and are entropy-dissipative.

Lemma 2.6 (1-shock waves). Let (p;,v;) and (pr,v,) € AXR be in one phase, such that (20) holds. Then (31)
holds, if and only if we have

(o, pr) €SY = {(p1p)lor € (0,0%), pr € (p1, Ao ()1} U { (o1, pr)lpr € (0%, pS2%), o, € AL (1), 1)}
U {(Phpr)|Pl € (pgllaigtv 1/b), pr € (p1; 1/6)} :

Moreover we have (py, pr) € MY, thus the waves are entropy-dissipative.

Proof. We show the statement for p; € (0, p*). The other cases are proved similarly. Let (p;, m;) and (p,,m,) €
A x R be in one phase, such that (20) holds. We have to verify (31) for p. € (p;, A\L"(p1)). Therefore, first
assume p; > p, i.e. 7, < 7. Then as 7y > 7* and p.(7) > 0 for 7 > 7* the following relation holds (c¢f. Fig. 5a):

plrr) —p(n)  _ -

ﬁ‘r (Tl) < T — T <Dpr (Tr)

and therefore, (31) does not hold. Hence, equation (29) does not hold for p; > p,.
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A p(T) A p(7)
T

Lo, 7

FIGURE 5. Auxiliary illustration for the proof of Lemma 2.6.

Now assume p, > py, i.e. 71 > 7, then as 77 > 7" (31) holds, as long as 7. > 7 (i.e. p, < py:= Til), where 7
is defined as the unique solution of (see Fig. 5b)

p(71) — p(m)

N = ﬁT(ﬁ)
T —T

The uniqueness follows from the shape of the function p.

Now it remains to prove p; = AL" (p;). This is true due to the definition of the function A\!". Therefore, (29)

is valid for p, € (pi, \b7(p1)). The cases p; € (p*, p°iPY) and p; € (peliet, 1/b) are proved similarly. Finally, we

observe from the location of M the inclusion S € M, . which concludes the proof. O

Equivalently for 2-shock waves the following lemma is valid:
Lemma 2.7 (2-shock waves). Let (p;,v1) and (pr,vr) € AXR be in one phase, such that (21) holds. Then (32)
holds, iff

(o1, pr) €S i= {(p1,pr)lpr € (0,07), 1 € (pr, X2 (0))} U{ (o1, pr) o € (0%, poil®), pr € (A2 (), pr) }
U {(Pl;ﬂr”ﬂr € ( ig§t7 ]-/b),Pl € (Pr; 1/b)} .

2
Moreover we have (py, pr) € M3ius-

The sets S* and S? are shown in Figures 6 and 7.

2.3. Rarefaction waves and attached waves

Next let us review the structure of rarefaction waves. Let (p;, m;), (pr, my) € A X R with p; and p, from the

same phase be given. For k € {1,2} a k-rarefaction wave (denoted by (p1,m;) "= (p,,m..)) is a weak solution
(p,m)T : R x [0,00) — A x R of (1) of the type

(:;Lll) : $§€{cta
(7{1)1((2 %) = ¢ () o dt<a<d, o

(Pr)y o x>t

mo.
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FIGURE 6. Classical 1-waves: density components of states (p;,v;) and (p;, v,-) within one phase
can be connected by a classical 1-wave. S corresponds to an 1-shock wave (cf. Lem. 2.6), R!
to a l-rarefaction wave (cf. Lem. 2.9) and A! to an attached 1-wave (cf. Lem. 2.10).

Here (p,m)T € C((€1,€5), A x R) has to be chosen such that (p,m)T is a classical solution of (1) for &¥t <
x < &8t with the property

pET) = pu, (&) = pr, M(ET) = pU(EY) = mu, M(&3) = po(€3) = m, (41)

where we have

dc = M (pr, mu), 55 = Xe(pr, mr).
For the hydrodynamical equations (1) the functions p and m = pv have to satisfy (41) and for & € (£F, €5) have
to be real solutions of the system of ordinary differential equations

Piplé) = F ()/( g>>+2p (p(€))” (42)
)

(79){2(6) = i) (566) F VI (D))
Eliminating ¢ in the above equations we can express v in terms of p:

; / S0 g, (43)

(p) = uTF

With (43) we have got a parameterization in the (p,m)-plane of the rarefaction curves, i.e. the set of states
(pr,m;) € A x R that can be connected by a k-rarefaction wave to (p;, m;).



1104 C. MERKLE AND C. ROHDE

1.6 T T T T T

14|
A2 (py)
12

! ! !
00 02 04 ) 06 038 1 12 14 1.6

Pl

FIGURE 7. Classical 2-waves: density components of states (p;,v;) and (p,, v,-) within one phase
can be connected by a classical 2-wave. S§? corresponds to a 2-shock wave (cf. Lem. 2.7), R?
to a 2-rarefaction wave (cf. Lem. 2.9) and A? to an attached wave (cf. Lem. 2.10).

Remark 2.8. The parameterizations of the rarefaction curves given in (42) with v, as a function of p, have
the monotonicity property

doy . .
d—U(pT) <0 (>0) fora l-rarefaction wave (2-rarefaction wave).
pr

This can be seen from

dv, P’ (p’r)
—\r) = F+F—
b, (pr) .

“_

with ” for a 1-rarefaction wave and “+” for a 2-rarefaction wave.

It is well-known (see [11]) that the system of ordinary differential equations (42) has a unique solution if the
condition (cf. (12))

A=V -7 > 0, ke{l,2} (44)
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is satisfied along the wave. This leads to:

Lemma 2.9 (1/2-rarefaction waves). Let (p;,m;) and (pr,my) € A x R be within one phase such that (43)
holds. Then (44) holds, if and only if

ellipt ellipt

(pr,pr) €RY = {(p1,pr)|p1 € (0,0%), pr € (0,00)} U{(p1, pr)p1 € (0%, P ) Pr € (P15 Prin )}
U{(p1, pr)lpr € (pSHPE1/0), pr € (pSiiRt o)},

for a 1-rarefaction wave and

ellipt ellipt

(p1,pr) €R* := {(p1, pr)lpr € (0,0%), p1 € (0, p0)} U{(p1, pr)lor € (0%, Poniny ) P1 € (Prs P )}
U{(p1, pr)lpr € (PRURY,1/0), pr € (pSEY, pr)},

for a 2-rarefaction wave.

Proof. Note that for a 1-rarefaction wave (c¢f. (12))
A(7) >0 <= p'(1) <0 < pe(p*p™)

holds. Now let (p;,v;) and (p,,v,) be two states on the rarefaction wave (43) (with negative sign for a 1-
rarefaction wave).

If p € (p*, pli®) C (p*, p**) holds then we have A1 (p,,m,) > A1 (pr, ) for p, € (pi, p
on the wave.

If p; € (0, p*) U (p**,1/b) holds then we have Ay (p,, m,) > A1 (p1, my) for p, < p;.

The statement for 2-rarefaction waves is proved analogously. U

ellipt
min

) since VA;-7 >0

The sets R' and R? are shown in Figures 6 and 7. Note that we have no difficulties to satisfy the Clausius-
Duhem inequality (22) for rarefaction waves as continuous weak solutions.

We observe from Figure 6 that we cannot connect all states in a single phase by only Laxian shock waves
and rarefaction waves. Furthermore, we need attached waves.

Let (p1,m1), (pr,m,) € A x R. If there exists a state (p,7m) such that an 1-shock wave (p;,m;) = (p, )

with speed s = A1 (p,7m) and an l-rarefaction wave (p,m) = (p,,m,) exist we say that (p;,m;) and (p,,m,)

can be connected by an l-attached wave (with notation (p;, m;) i (pr,my). Obviously, the function

(7;7);1) o< Al(ﬁ,m)t,
(TZ((Q?)) = (é((z//tt))) : )‘1 (ﬁa m)t <z < >‘1 (pTv mT)tv (45)
(n’;:) x> M(pr,mp)t

is then a weak solution of (1), where p,m are defined analogously as in (40) but with (p, ) as lefthand state.
Similarly, if there exists a state (j,7) such that a 2-rarefaction wave (p;,m;) "= (p,7) and a 2-shock wave
(p,m) > (pr,m,) with speed s = \o(p, 1) exist we say that (p;,m;) and (p,,m,) can be connected by an
2-attached wave. Then, the function

(%) Do < M)t
(ri((th))) - (7;2((2//?)) : )‘2 (pla ml)t S T < >‘2 (ﬁa m)ta (46)
(r) o @ > a(pm)t

is a weak solution of (1), where p, m are defined analogously as in (40) but with (p,7) as righthand state.
The attached waves within one phase are described in the following lemma.
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Lemma 2.10 (1/2-attached waves). Let (p;,v1), (pr,vr) € A x R with densities in the vapor phase. They can

be connected by an 1-attached wave (p;,my) atf (prymy), if and only if we have (cf. Fig. 6)

(o1, pr) €AY = {(p1, pr)lp1 € (0,0%), pr € AL (1), PSP Y U {(p1, pr) 1 € (0%, PSR), pr € (0, A57 (1))},

and by a 2-attached wave (py,my) i (pr,my), if and only if we have (c¢f. Fig. T)

(o1, pr) € A2 := {(p1, pr)lpr € (0,p%), o1 € A2 (02 ), P NY U { (1 o) 0 € (0%, PESPY), 1 € (0,020 (p, )}

In both cases the Clausius-Duhem inequality (22) is satisfied.

Proof. The proof is done for the case of a l-attached wave and for simplicity we only consider the case of
o1 € (0, p*). Values of p, € (0, LT (pl)) can only be reached by a single 1-rarefaction or one-shock wave. Bigger
values of p, cannot be connected to p; by a single shock or rarefaction wave (Lems. 2.6 and 2.9).

The only way to connect (p;,m;) to (p., m,) is therefore by a characteristic 1-shock wave (p;,m;) > (p :=
AT (pr),mm) with speed s followed by an one-rarefaction wave (p,m) "= (p,,m,). For this construction
s = A1 (p,m) holds which follows from the definition of A\'". This defines also uniquely the intermediate
momentum 772 by the Rankine-Hugoniot conditions. The location of the set M., shows that the characteristic

shock wave is entropy dissipative and thus (22) is satisfied for the whole attached curve. ]

The corresponding sets A! and A? are shown in Figures 6 and 7.

Remark 2.11. With the consecutive use of (20), (21) and (43) there is a parameterization of the k-attached
waves, k € {1,2}, in the (p,v)-plane and due to the monotonicity properties of the parameterizations of the
k-shock and k-rarefaction curves (see Rems. 2.2 and 2.8) it holds that v, = v,(p,) is monotone decreasing for a
l-attached wave and monotone increasing for a 2-attached wave.

2.4. Kinetic relation and subsonic phase transitions

Up to now we have clarified the possible wave structure in one phase. To take into account phase transition let
us note that the solution of the Riemann problem containing undercompressive shock waves which turns out to be
necessary is — in contrast to the classical hyperbolic case — not unique any more [23]. One remedy of this problem
is to admit only those undercompressive shock waves that satisfy an additional single algebraic constraint, the
so-called kinetic relation. Note that undercompressive shock waves are automatically phase transitions in our
case. The kinetic relation was first proposed by [1] (see also [39,40]) and motivated by experiments in the case
of nonlinear elasticity. For the system (1) mathematically a similar situation occurs [6,12] so that it suggests
itself to carry over this concept.

In the following we work with a specific kinetic relation.

Definition 2.12 (Kinetic relation). Let pg, € (p21,0ps p4)-
The function W : (AL (pkr ), pie ) U (p5REY AL (0%) — (0, P ) U (05EEY, ) given by

min
M ﬂkv‘fﬂﬁjquid M ) 1. M
Pliquid + m (P - pvapor) DAY (pkr) <p< Pvapor>
11i
\I}( ) pl:T(p) : p\lgpor <p< pfnilrli)t7 (47)
P Pi=r(p) : p?l’lllai,gt <p< Pf\i{luida
PYapor =P~
e pﬁg::dipfiy(p*) (p=AVNP")  + plhaa <p <AV

is called kinetic relation.
A phase transition (p;, m;) 2 (pr,m,) is called W-admissible if and only if p; = ¥(p,.) holds.
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As can be checked easily using ps > pf}guid and p3 < p%por (see Rem. 2.3) the kinetic relation from Defini-
tion 2.12 satisfies

0 - X
gy, ¥ (pr) <Oforpr € (A" (Prr) s Prapor) U (Pliguias A" (1)) - (48)

In fact (48) is the crucial property to construct solutions for the Riemann problem (see Lem. 3.1) and we can
formulate similar existence theorems for more general kinetic relations satisfying (48).

Remark 2.13.

(i) Up to our knowledge explicit formulae for kinetic relations in the case of liquid vapor have not been
suggested. In this sense Definition 2.12 appears to be quite arbitrary. However, note that the Maxwell
states P%por and pf}guid are connected by the kinetic relation so that the equilibrium configuration
connecting the Maxwell states is W-admissible. Then we use Laxian shocks whenever possible which
implies that the kinetic relation is chosen to end in the characteristic curves and is not extended further.
As the most simple choice we then take a linear function.

(ii) Mathematically one has to study whether the solution of the Riemann problem depends continuously
on the choice of the kinetic function. Our conjecture is that the qualitative structure of the solution
of the Riemann problem does not depend sensitively on the kinetic function (see [27], Sect. 2.3.1.8)
for Riemann solutions to different kinetic relations). A general theory on continuous dependence with
respect to the kinetic relation can be found in [9]. It is out of the scope of this work to apply the theory
in [9] to our case but it is likely that continuous dependence can be proven rigorously.

(iii) A U-admissible phase transition (p;,m;) 2 (pr,m,) is entropy-dissipative: it is clear that it satisfies
the inequality if one of the density states is given by the function p;—, since these jumps have zero
entropy dissipation. In the other cases it follows from the location of the curve I'a with respect to the
connecting states (see Fig. 8).

3. GENERALIZED WAVE CURVES AND SOLUTION OF THE RIEMANN PROBLEM

3.1. Generalized 1-wave curve

Before we can state the main theorem — the construction of a generalized 1-wave curve — we need to define
an additional function g which we will use in its proof. With the help of this function we make sure that the
speeds of the elementary waves within the generalized 1-wave curve are such that they do not interact.

ellipt
min

ellipt)

Lemma 3.1. There exists a function g : (0, p; .P") — (p%md, AL(p*), such that for py € (0, p5ik

o) —p(Tae ) al) s (Ve )

9(p) =t = (g(p))~! ot = Wlglpn)

Proof. Let us first define the functions hy, hay : [1/AM(p*), 1/pf}{luid] — R as

_im i) B~ B ()
hl(T) = S (7-) d h/2’l( ) = " \il(q-) 5

i

where W(7) := 1/¥(1/7). Then, it holds

hl(l/)\i’l(/}*)) _ P (1/)‘;;ll(p*)) -p (1/\111(5‘;’l (P*))) _ D (1/)\%{[(/)*3) —p (1*/p*)
1A () — 17w (A () A (o)~ 1/p

= ﬁT(T*))
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FIGURE 8. The graph of the kinetic relation (bold solid line) is displayed as given in Defini-
tion 2.12 is displayed. Furthermore the entropy dissipation curve I'a (dashed line), and the
characteristic curves (solid lines) are shown which impose some restrictions on the choice of the

kinetic relation as discussed in Remark 2.13.

due to the definition of AL and

(1//)1 d) (1/pllqu1d (1/\11 phquld ) _ ﬁ(l/pﬂ/émd) (1/pvapor)
iqui

= , =0.
1/p11quld / (pllquld) ]‘/pllivéuid - /pvapor

A short calculation using (4) (¢f. Assumption 1.1) and the monotonicity of ¥ (48) shows

dhy

— 0.

dr (7)
On the other hand for all p; € (0, piP") we have

o P p) = (/T (p* p(L/pr) —p(L/p*) _ - .
a1/ () = 2L P U] D) _ & 1P > ),
o =1/% (A (p) pr=1t/p

h (1/ M ) _ ﬁ(l/pl) B ﬁ (1/\11(/)1]%11“(1)) o ﬁ(l/pl) (1/pvapor
2 Pliquia) = 1/pl - 1/\I/(p1]}{1u1d) B 1//)1 - 1/pvapor

and with the same arguments as above

<0,

dhg,
dr (7)
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Therefore, there is exactly one 7; € (1/AM(p*), 1/pf}{luid) such that hq(7;) = ha,(71). Now the statement follows
from

glp) =%""1¢€ (Pﬂéuida)‘i’l(P*)) . U

Now we proceed to the main theorem recalling that we denote by a classical k-wave a k-shock/rarefaction/attached
wave.

Theorem 3.2 (Generalized 1-wave curve). Let v; € R and p; € A.
Case 1. p; € (0,p%]:

ellipt
min

e For p, € (O,p
classical 1-wave.
o For py € (phiak' g (1))
- If ¥ (p,) € ()\;’" (p1) ,pillliilf’t> there exists a unique v, € R, such that (p;,v;) can be connected to

) there exists a unique v, € R, such that (p;,v;) can be connected to (p,vy) by a

(pr,vy) by an 1-attached wave (py,vp) ot (U (pr),v) for some v € R followed by a phase transition
t
(‘II (p’!‘) ,’U) ﬂ’ (p7‘7 UT)'
— If U (p,) € (p*, AL7 (m1)): there exists a unique v, € R, such that (p;,v;) can be connected to (py,v,)
by a Lazian 1-shock wave (p;,v;) — (¥ (p,),v) for some v € R followed by a phase transition
t
(¥ (pr),v) % (prsvr).
o For p, € (g(p1),1/b) there exists a unique v, € R, such that (p;,v;) can be connected to (pr,vy) by a
Lazian 1-shock wave.

Case 2. p; € (p*,peuipt>:

min

e For p, € (O,pillliift> there exists a unique v, € R, such that (p;,v;) can be connected to (p,vy) by a
classical 1-wave.
o For pr € (phiak' g (p1)]:
— IfU(p,) € (pl,pillliilf’t) there exists a unique v, € R, such that (p;,v;) can be connected to (py,vy)

by an 1-rarefaction wave (p,v)) = (¥ (p,),v) for some v € R followed by a phase transition

t
(¥ (pr),v) Z (prsvr)-
— If U(p,) € (p*,p1) there exists a unique v, € R, such that (p;,v;) can be connected to (py,v,)
by a Lazian 1-shock wave (p;,v;) = (¥ (p,),v) for some v € R followed by a phase transition
t
(‘II (p’!‘) ,’U) ﬂ’ (p’!‘vU?“)'
e For p, € (g(p1),1/b) there exists a unique v, € R, such that (p;,v;) can be connected to (py,v,) by a
Lazian 1-shock wave.

Case 3. p; € (p&liPt 1/b):

max

o For p, € (0, A" (pir))
— If pi € (pir,1/b) there exists a unique v, € R, such that (p;,v;) can be connected to (py,v,)

by an 1-rarefaction wave (p1,v)) = (pgr,Vkr) for some vi. € R followed by a phase tran-

sition (prr, Vkr) L (AL (pir) ,v) for some v € R followed by an attached 1-rarefaction wave

1.r rare
()‘37 (ka) a"U) - (pTv UT)'
— Ifp € (peulpt pkr) there exists a unique v, € R, such that (p;,v;) can be connected to (p,,v,) by a

max ?
Lazian 1-shock wave (py,v;) > (prr, Vir) followed by a phase transition (pg,, Vi) L (AL (pkr) )
for some v € R followed by an attached 1-rarefaction wave (AL (prr) ,v) "5 (pryvr).
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FIGURE 9. Structure of the generalized 1-wave curve (¢f. Def. 3.2). Combinations of states p;
and p, can be connected by a combination of rarefaction-waves, Laxian shock-waves and un-
dercompressive shock-waves satisfying the kinetic relation.

e For p, € ()xi’r (Prr) 7prc‘tllliié)t) :

— If pi € (¥ (p),1/b) there exists a unique v, € R, such that (p;,v;) can be connected to (py,v,)

rare

by an 1-rarefaction wave (p;,v;) — (¥ (pr),v) for some v € R followed by a phase transition

pt
(¥ (pr),0) = (pr, vr).
— Ifp € ( ellipt (pr)) there exists a unique v, € R, such that (p;,v;) can be connected to (py,v,)

pmaxv

by a Lazian 1-shock wave (pj,v)) = (¥ (p,),v) for some v € R followed by a phase transition

pt
(\II (/)T) ’ U) L (/)rv/Ur)~
o Ifp. € (pelhpt 1/b) there exists a unique v, € R, such that (p;,v;) can be connected to (pr,v,) by a

max ?

classical 1-wave.

All shock waves are entropy-dissipative.

Proof. The existence and uniqueness and thermodynamical admissibility of the constructions above follows from
Lemmas 2.6, 2.9, 2.10, the definition of the kinetic relation (Def. 2.12) and Remark 2.13.

For the well-posedness of the constructions above we have to check that in each case the elementary waves
do not interact:
Case 1. p; € (0, p*]:

For pr € (Owl)cllipt

min

) the solution consists of a single classical elementary wave (¢f. Lems. 2.6, 2.9 and 2.10).
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For p, € (peiPt g(p;)) and ¥(p,) € ()\i””(pl), pfrlllift): The rightmost speed of the 1-attached wave (p;,v;) %>
(¥(pr),v) for some v € R (¢f. Lem. 2.10) is smaller than the speed of the succeeding phase transition (¥(p,.), v) 2
(pr, vy) because of (30). So this construction is always ¥-admissible.

If pp € (PPt g(p)) and ¥(p,) € (p*,AL"(p1)): The speed s of the preceding 1-shock wave (p;, v;) 2
(¥(pr),v) for some v € R has to be smaller than the speed spp, of the following phase transition (¥(p,),v) L

(pm UT):

o p( (o) —p(p)\® pe Do) =p(¥(p)\°
v<‘ll l l> = v<\1/(p7') p,«—\I/(pT) ) .
S Sph

Using the Lagrangian pressure p this is equivalent to

Pn) ~ () plr) —p(7)
=T A

where 7 = 1/ (p,). Because of Lemma 3.1 this is true for

pr < g(p1).

For p, = g(p1): s = spn and (p,, vy) = (p1,v1) can be connected by a single Laxian shock with speed s.
Finally, for all p, > g(p;) the left and right hand state are connected by a single Laxian shock wave (p, v,.) ~

(p1,v1).-

Case 2 is checked similarly.

Case 3. p; € (pSlip®, 1/b):

For simplicity suppose p, € (0, ALr (pkr)). The left-hand state (p;, v;) is connected to (pgr, Vi) for some vy,

by a classical 1-wave (either a shock or a rarefaction wave). Then, (pk, Vir) 2 ()\i” (Prr) ,v) are joined by a

V-admissible phase transition. Finally, ()\;’T (Prr) ,v) rane (pr,v,) is connected to each other by a rarefaction
wave.

Again we have to check the speeds of the waves: Suppose the leftmost wave is a rarefaction wave then the
fastest speed of propagation is A1 (pgr, vkr) which is less than the speed of the undercompressive shock wave
due to (30).

If the leftmost wave is a classical shock wave then this property can be calculated with the help of (19).

The rightmost wave always is a rarefaction wave. The smallest speed of propagation is Ay (A;vr(pkr), v) which
equals the speed of the preceding undercompressive wave due to the definition of AL". O

With Theorem 3.2 there is defined the generalized 1-wave curve, i.e., the set consisting of all the right
handstates (p,,v,) € A x R that can be connected to a left hand state (p;,v;) € A x R by a combination of
1-rarefaction waves, Laxian 1-shock waves, 1-attached waves, and undercompressive shock waves satisfying the
kinetic relation (47) (c¢f. Fig. 9). In Figure 10a a the generalized 1-wave curve is depicted for a specific choice
of (p1, ).

From the construction of the generalized 1-wave curve in Theorem 3.2 it is clear that the righthand velocity
state can be computed uniquely and continuously from the given state (p;, v;) and the righthand density state

pr € (0, pfrllliirf’t) U (pellipt ' 1/b). Let us therefore define the mapping

ellipt ellipt
Wlphvl : { (0’ pmin ) U (pmax ’1/b) - R (49)
p = Up (p),

where v, = v,.(p) is this righthand velocity state.
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(a) Generalized 1-wave curve (¢f. Thm. 3.2) and generalized (b) Zoom into the generalized one-wave curve from Figure 10a.
2-backward-wave curve (Thm. 3.4).

FicUrE 10. Example of generalized wave curves for the states p; = p, = 0.4, v; = —v, = 2.

Lemma 3.3. The function W{""" from (49) is monotone decreasing. We have

lim W (p) = oo and lim W/ (p) = —o0.
p—0 p—1/b

Further, it holds
11i i
WP (i) < W (p5ak). (50)

Proof. Let (pi,v;) € (0, pipty U (pellie® 1/b), then if p, is small enough the rightmost wave of the generalized

min max ?

1-wave is a 1-rarefaction wave from some (p,0) € (O,peu.ipt) x R to (pr,vr) and

min

lim, 0,(p,) = lim <v " \//— ) > lim <v\/—/p7 —dp) oo

pr— pr—0

On the other hand if p,, — 1/b the left and right states will be connected by a Laxian 1-shock wave if p, is big
enough and

1
. Pr — PL 2
lim v = lim = — ) = ! ) — —00.
) =l ( ( =2 ()~ plo)
The monotonicity of the generalized 1-wave curve is a consequence of the monotonicity properties of the ele-
mentary waves (c¢f. Rems. 2.2, 2.8 and 2.11) as the generalized 1-wave is composed of elementary waves.

Now it remains to show Wi H(pehipty < ntr(pellity: Tt (p,1;) € A x R be given and suppose p; €
(0, p2NPYY  The case p; € (p¢liPt, 1/b) is proved analogously.

It suffices to prove W{"" ()l .) = W{"" (pf ;iq) and to use the monotonicity of W{"""" in each phase (see
Fig. 10Db). pliquid is reached by a classical wave p; — pfgpor and an undercompressive shock wave pfgpor —
pf}guid connecting the Maxwell states. It is easy to check from the Rankine-Hugoniot conditions (14) that since
p(p{/\gpor) = (phquld) the velocities on both sides of the shock wave are the same and therefore, W/ (pvapor) =

Wlpl’vl (pliqmd)' U
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3.2. The generalized 2-backward-wave curve

Similar results as in Theorem 3.2 and Lemma 3.3 can be shown for the two-wave curve. Since we want to solve
finally the Riemann problem we are interested in the so-called two-backward-wave curve, i.e., the set consisting
of all the left hand states (p;,v;) € A x R that can be connected to a given right hand state (p,,v.) € A X R
by a combination of elementary waves.

Theorem 3.4 (Generalized 2-backward-wave curve). Let a righthand state (p,,v.) € A X R be given. The set
of all lefthand states (p;,v;) AXR that can be connected by a combination of 2-rarefaction waves, Laxian 2-shock
waves, 2-attached waves, and V-admissible phase transitions is given by {(p, W5 (p)) | p € A} where WH™""
is defined through

Wgr (p) = =W (o) (peA). (51)

The shock waves are entropy-dissipative.

Proof. As the generalized wave curves are a combination of shock — and rarefaction — waves, it is enough to
show the statement for those waves.

In the case of a rarefaction wave: Let (p;,v;) A x R and (p,, v,) A x R two states that can be connected by
a 2-rarefaction wave (cf. Lem. 2.9). Then, we can calculate

Pr /
WE () = vn — / AT
Pl P

and
Pl / Pr /
=W (o) = - (—vr —/ v (p)dp> =, —/ v (p)dp =Wy (o) .-
" P Pl P
The same calculation can be done for shock waves using Lemma 2.6 and (18).

To observe that shock waves in the 2-backward curve are entropy-dissipative consider (24). The sign of j
changes if we switch from a 1-shock wave to a 2-shock wave. Since we have also interchanged the role of p; and
pr in (51) the overall sign in (24) does not change. Note that A(p,, p1) = A(pi, pr) holds. O

From Lemma 3.3 we directly get

Lemma 3.5. The function W5 from (51) is a continuous, monotone increasing function. It holds

lim W/ (p) = —o0 and lim W/ (p) = oo,
p—0 p—1/b

and further

WQpr,v,.( ellipt) > W2p7'7v7' ( ellipt)_ (52)

Prin Prmax

3.3. Thermodynamically admissible solution of the Riemann problem

The Riemann problem (1), (3) can now be solved if one analyzes whether there are points (p,0) € A x R
such that we have
WE(p) = W™ (p) = 0. (53)
From Theorems 3.2 and 3.4 we can then explicitly construct the weak solutions. It will turn out that the
intersection points (p,?) are not unique in general. The subsequent theorem summarizes our result and in
particular gives physically reasonable criteria for a unique solution.

Theorem 3.6 (Existence and uniqueness for Riemann problem). Consider the Riemann problem (1), (3) where
the pressure is given by (10). Let ¥ be given by Definition (2.12).

(i) The Riemann problem admits a weak solution in the class of self-similar functions consisting of Lazian
shock waves, V-admissible phase transitions, attached and rarefaction waves.
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(i1) It is unique in this class if it satisfies the following properties:
(1) phase transitions connecting states with the same pressure connect Mazwell-states vaapw and p%uid;
(2) a one-phase solution is used whenever it exists.

The shock waves within these weak solutions are entropy-dissipative.

Proof. Due to (50), (52) and the monotonicity of W/*"* and W5"™"" described in Lemmas 3.3 and 3.5 there
exist at least one and at most two intersection points (py/2,01/2) € A X R of W{'** and WJ™"" i.e., solutions
of (53). Thus we have proven (i).

If there is only one intersection point, say (p1,01) there is a unique solution of the Riemann problem consisting
of a combination of 1-waves from (pr,vr) to (p1,01) (¢f. Thm. 3.2) and a combination of 2-waves from (p1, 1)
to (pr,vr) (¢f. Thm. 3.4).

If there are two intersection points (p1,01) and (ps,02) — thus two solutions — they are located in different
phases. We have to eliminate exactly one of them.

Case 1. PL and pr are also located in different phases. Suppose for definiteness that p; € (0, pillliirf)t) and
PR € (phaal’, 1/b) holds.

Assume that for the first intersection point p; < pf,\gpor holds. Then, due to the kinetic relation (47) for the
according phase transition it holds p(p1) # p(¥(p1)).

Moreover, due to the monotonicity of the wave curves the following equation is valid:
WL (pliquia) = WEE (Plapor) < WEF(p1) = W™ (p1) < WE™ (pgaper) = WE™ ™ (pliguia)-
Due to the monotonicity of W{*"** and W™ it holds for the second intersection point
p2 < pll\i/{quid

and due to the kinetic relation (47)
p(p2) = p(¥(p2))-

Thus the solution associated with the second intersection point is excluded by condition (1).
For p1 > pll ., we have p(p1) = p(pdl,,). The argument as above shows then p(p2) # p(pdi,,,) which is
chosen by condition (1).

Case 2. py, and pgr are located within a single phase.

If there are two intersection points one of them is located within the same phase as pr, and pr and we get a
unique solution within one phase by condition (2).

The shock waves in the constructed solution do satisfy (22) since it is constructed by a combination of the
thermodynamically admissible waves described in Theorems 3.2 and 3.4. U

One can check that there are Riemann problems with states in the same phase such that the solutions
constructed in Theorem 3.6 contain density values in different phases: nucleation occurs. The condition (2) in
Theorem 3.6 can be seen as a nucleation criterium for a new phase. We suppose that the fluid does not tend to
nucleate a new phase if possible. Also other less restrictive criteria can be used to enforce uniqueness. It is out
of the scope of this paper to prove rigorously the L'-continuous dependence of our Riemann-solver with respect
to initial data. In particular this has to be shown for the critical case of nucleation. Results in this direction
can be found in [9] for similar models.

Condition (1) can be motivated e.g. by work from statistical mechanics. Starting from an equilibrium
particle set-up in the sense of statistical mechanics a formal thermodynamical limit procedure shows that the
limit density distribution leads to Maxwell states [19]. Therefore we exclude all stationary phase transitions,
i.e. connections with the same pressure on both sides, which do not connect Maxwell states.
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4. A RIEMANN SOLVER BASED GHOST FLUID METHOD

In this chapter we present a numerical scheme for the mixed hyperbolic-elliptic Cauchy-problem (1), (2) with
non-monotone equation of state. In principle one could apply a “classical” finite-volume (FV) scheme to get a
numerical solution (cf. [15]). However, these schemes will typically fail for a hyperbolic-elliptic problem for two
reasons:

e First, due to artificial dissipation shock waves in the solution will be smeared out. In the case of a
phase transition a smeared out wave will eventually contain values of p that are situated within the
elliptic region. Most of the above schemes will abort then since e.g. the term +/p’(p) contained in the
calculation of the eigenvalues (11) is not defined as a real number.

e Second, for schemes that will not break down (e.g. Lax-Friedrichs) and might even converge to an
entropy solution it cannot be guarented that the limit will satisfy a given kinetic relation. Since the
entropy solution depends sensitively on the kinetic relation not used in the schemes spurious solutions
show up.

These issues can be avoided if one tracks carefully the position and motion of all phase boundaries and represent
them as sharp fronts. The movement of sharp discontinuities can be controlled by a level set method (see
e.g. [29,32,34,37]). Then at the interface we use an exact Riemann solver of the problem (see Sect. 3) which
includes the kinetic relation and keeps the phase boundary discontinuous. The idea of this scheme is similar to
the class of Ghost Fluid schemes [13,14,26]. They address multi-material flows without mass transfer between
the different materials and only approximate Riemann solvers are used. In the sequel we assume that the
Cauchy problem (1), (2) with

Wo 1= (pOa mO)T € LlIOC(R7A X R) (54)
admits a unique weak solution w := (p,mT) € L} (R x [0,00), A x R) such that all shock waves are entropy-
dissipative and such that all phase transitions are W-admissible with ¥ given in Definition 2.12.

To motivate the new algorithm we introduce an initial value problem for a level set equation which is used
in the algorithm. Let ¢g : R — R be a (Lipschitz) continuous function that vanishes if and only if py changes
phase. We use for x € R the (signed) distance function

wo(x) := sgn(po(z) — p2iP%) min{|z — z| | po has a phase transition in z € R}. (55)
This and some definitions below require regularity properties for w which are assumed to hold in this motivation
for simplicity. Let V : R x (0,00) — R be a function that coincides with the velocity of a phase transition at the
location of phase transitions. Then the motion of phase boundaries is tracked by the solution ¢ : R x [0, 00) of

Ot +V1]0.p| =01in R x (0, 00), ©(+,0) = ¢p in R. (56)

In our numerical algorithm a discrete version (56) is used at each time step to keep track of the location of
phase boundaries. For one space dimension this could also be done “by hand” if the transportation speeds of
the phase transitions are given, however we will work with the level-set equation because this concept can be
transfered to multiple space dimensions without conceptional problems [27].

Before we present the numerical algorithm (as two sub-algorithms) let us introduce some notations. For
h > 0 we consider an uniform spatial grid with z; := jh and cells I := [z; — h/2,2; + h/2), j € Z. To start
our algorithm we have to assume that the initial data (54) is such that for j € Z we have

w) = % /1 wop(z) dz e A x R. (57)

Algorithm 4.1 (Time evolution). Let (54), (57) be satisfied and define

@12 = wo(xjt12) (J €Z), (58)
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The numerical approximation wy, = (pn, ms)T : R x [0,t"Y) — A x R of the weak solution w is given by
wp(z,t) = wf, (x,t) el x [t ") (59)

The number N € N, the cell averages {w?}jez,n:17,,,71\;, the auxiliary values {(p?+1/2}jez7n=1,___7N, and t0 =

0,t1,...,tN~1 are constructed below in steps (1)-(5) where we use the notation

fy = {5 €| @ro+ ia0) 20} and Ty, = {5 € 2| (10 + 64172) <O} (0 =0,...,N). (60)

(1) (Splitting to two single phases, Fig. 11(a).) Suppose at time t" the values {w] } jez and {gp?+1/2 }iez
are given, such that for j € Z we have p7 € A. Define

noo._ n n\T ._ n n\T : n
w'uapj = (p'uapj s mvapj ) = (pj ) mj) for J € Iyap?

n . n n\T R n n\T : n
wiigy = (P}, Miiq’}) = (p},m7}) for j € Ij; .

(2) (Completion of single phase values.) Define ghost values by

noo._ h T h ™T : n
wvapj T (pgapj ) mgapj ) for JE Iliqa

. gh™ _gh™\T : n
wl“lj T (pliqj ) mliqj) for J € I’uap'

The ghost values will be given in Algorithm 4.3 below.
(3) (Evolution for single phases and level set, Figs. 11(c) and 11(d).) For j € Z set

A"
wliq/vap;_url = 'LUlz'q/vap;-L - h |:gliq/7jap (wliq/vap;la wliq/vap;lJrl) — Gliq/vap (wliq/vapyfla wliq/vap?) )
V4 yn ~ 4+ ot - _ ot
+1 L +1 ¢ 1'% 1'% ¥
‘p?+1/2 =P _Atn( ’ D) ’ - D) =g 2 - ) :

Here giiq : ((pfifuia> 1/0) X R)? = R2, guap : ((0, plh,;) X R)? — R? are chosen as consistent numerical
flux functions for (1) in the vapor/liquid phase. The local velocities V;* will be given in Algorithm 4.3
below. For the approximation of (56) we use

VPV

of = 2

n n - 1 n n
(¢j+3/2 - %4_1/2)7 Py = E(%+1/2 - %—1/2)7 Qji1/2 = filg;(

> =

with 1 := [min{e¢;, o7 }, max{p;, oI }].

The time step size is defined as At" := min{A¢#}; , Aty,,, At} }, where Atj; and Aty,, are computed by
the CFL condition for the single phase flows and At%; ; by the CFL like restriction for Hamilton-Jacobi
equations [15,33].

(4) (Reconstruction of unique two phase values.) Let "1 :=¢" 4 A" and

n+1 ., - n+1

Wt Wiiq; 1 J €L,
j = 1. 1

J Woap; 0 JEIYAL

(5) (Admissibility /nucleation check.) If p}”l € A holds for all j € Z repeat steps (1) to (4) with
n — n + 1 otherwise exit the algorithm with N :=n.
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Ap Ap

(a) At time ¢" the density is given. High density values (b) Definition of the ghost values results results in a ghogt
belong to the liquid phase, low ones to the vapor phase. liquid (red dashed line) and a ghost vapor (blue dotted line)
The light grey line denotes the exact solution at later time. defined in the whole computational domain.

(c) Two-times solution of (1). One for the liquid (red dashed (d) Update of the level set function using velocities V.
line) and one for the vapor phase (blue dotted line).

F1cURE 11. Schematic diagrams for the first four steps in Algorithm 4.1.

Remark 4.2.

e Practically the construction of ghost values in step (2) of Algorithm 4.1 is only necessary in a nar-
row band about 2-3 elements around points where the discrete level set function changes sign. The
implementation can be optimized accordingly.

e In step (3) of Algorithm4.1 system (1) is solved for two sets of data. However each set belongs to a

single phase where (1) is hyperbolic. For the numerical solution one can use the prefered scheme for
(isothermal) Euler equations.
If during the calculation there occurs states p}”l within the elliptic region for some j € Z, we have
to exit the algorithm (step (5)). The reason can be a numerical instability. If however schemes are
used which preserve the state space (e.g. kinetic schemes) this case indicates that the nucleation of a
new phase takes place. Nucleation is not treated in our algorithm but can be easily incorporated by
calculating the exact Riemann solutions (according to Thm. 3.6) on the affected elements and construct
a new level set function ¢, accordingly. Then, Algorithm 4.1 can be re-entered.

e For the numerical approximation of the solution of the level set equation in step (3) of Algorithm
4.1 we use the scheme as in [33] for Hamilton-Jacobi equations. Of course other choices are possible.
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During the calculation the level set function does not remain a signed distance function as it was
initialized. The level set function can steepen or flatten. To avoid numerical errors due to this process
we conduct a reinitialization procedure [13,31,35].

we describe the definition of the ghost values in detail as we need them in step (2) of Algorithm 4.1. This

is the crucial part of the numerical scheme where we need the solution for the Riemann problem as developed
in the first part of the paper.

Algorithm 4.3 (Definition of ghost values). Suppose that for n € {0,..., N — 1} the sequences {gp?+1/2 }iez

and {wliq/vap?}jel_” are given as defined in step (1) of Algorithm 4.1. The ghost values {wf]iz;}jef"

lig/vap vap’

{wgf;p;?}jezﬁq for step (2) and the velocities {V;"} ez for step (3) in Algorithm 4.1 are computed as follows.

(1)

(Constant extrapolation, Fig. 12(a).) Define

'wmp;? Wyapp, for j € ng,
where k is chosen such that |j — k| becomes minimal under all values |j — k|, k € Z,q; and
Wiig; = wiqy forj eIy,

with & chosen such that |j — k| becomes minimal under all values |j — k|, k € Z;4. We obtain two
complete sequences {wliq/wp?}jez.

(2) (Solving Riemann problems, Fig. 12(b).) For j € Z determine (according to Thm. 3.6(ii)) the
unique wealk solution w@™ : R x [0,00) — A x R of the Riemann problems for (1) and initial data
wh—q? <0 ( " "
. 90‘12750‘_12<0)7
w(j’”)(x 0) = { wuap? x>0 J+1/ Jj=1/
; w'uap? <0 " n >0
wigh o x>0 Pz TP 20)

(3) (Definition of ghost values and local phase velocities, Fig. 12(c).) For all j € Z the function
w™) contains exactly one phase transition which connects two states. For j € T}y denote the liquid
state by wlgif;? and, for j € Iﬁq, the vapor state by wggp;l. For j € Z let V;"* be given by the phase
transition speed.

Remark 4.4.

(1)

(2)

To save computing time it is only necessary to solve the Riemann problem in step (2) of Algorithm 4.3
only in a small band around locations of phase transitions. Actually from the Riemann solution we
need only the values left and right to a phase transition. One could think of approximations which do
not require to resolve all the Riemann pattern in single phases.

The complete algorithm does not preserve conservation of mass and momentum. All numerical exper-
iments we performed show that the loss of exact conservation does not prevent the numerical method
to converge for vanishing mesh parameter. We do not present these experiments but they can be found
in [27], in particular in Sections 4.4.4 and 4.5.

In view of the fact that up to now there are no convergence proofs even for one-phase flow problems it is not
surprising that we are not able to present a convergence result for the general initial data in (54). However for
special initial data which lead to a traveling wave solution connecting states in different phases we are able to
give the following statement.



THE SHARP-INTERFACE APPROACH FOR FLUIDS WITH PHASE CHANGE 1119

~— left and right state

| phase transition” ]

R

! 1 1 1 1 1 | 1 1 1 1 1
Tj—2 Tj-1 L Tj+1 Tj+2 Lj+3 Lj—2 Tj-1 T Lj+1 Lj+2 Lj+3
(a) Extrapolation of the liquid and vapor states. (b) Solution of a Riemann problem for each cell (in this
example the same Riemann problem on all cells).

r ghost liquid 1

ghost vapor

| 1 1 1 1 1
Tj—2 Tj-1 Zj Tj+1 Tj+2 Tj+3
(c¢) Definition of ghost values by solution of a Riemann prob-
lem for each cell.

FIGURE 12. Schematic diagram of the definition of ghost values by Algorithm 4.3.

Proposition 4.5. Let h, At > 0. Assume that wi/r = (pL/R> mL/R)T € AUR are given such that wy, Lt wR
is W-admissible. Consider the problem (1), (2) for

: —h/2 <0,
wo = (po,mo)T = { WL N /

| wr : xz—h/2>0.

According to Theorem 3.6 the unique weak solution is given by

v Dno T (61)

w(w,t) = wr : x—Vt—h/2<0, mpr —mp,
T wg o x—ViE—h/2>0, PR — PL

Let wy, denote the numerical solution obtained by Algorithm 4.1 where we assume that we can solve (56) exactly.
Then we have for all S;t >0

[w(.,t) = wn (D)l p(s.s) = Oh), /Rw(x,t) — wp(z,t)dz = O(h).
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The function wy, takes only wr and wr as values.

The proposition shows in particular that the conservation error scales with the mesh width. Note that the
initial phase jump is aligned with the mesh in order to guarantee (57).

Proof. W.l.o.g. we can assume that py, is a vapour state and pp is a liquid state. From (57), (58), and (60) we
conclude by step (1) of Algorithm 4.1

wr ]Soa

0 (U 0 _
7z {1,...,00}, T {—=c0,...,0}, w {wR >0

lig — vap

Since the states are W-admissible we get from step (2) (using Algorithm 4.3) wliq/mp(; = wp/r, and determine

VjO = V for all j € Z. With the consistency of the numerical flux g;;q/vqp in step (3) and solving the level
set equation exactly we obtain wliq/mp; = wg/ and gajl,+1/2 = @o(xj41/2) = x; — VAL, Since we have then
I, =i € Zlwj_1y — VAL > 0} and T, = {j € Z|z;_1/2 — VAL < 0} the final update wj according to
step (4) is
’11)1 _ wy, $j,1/2 — VAt S O7
J wr $j,1/2 — VAt > O7

and we can proceed to the next time step. It follows for n > 1 with induction

w" — wy, I'j_1/2 — VnAt < 0,
J wgr  Tj_12 — VnAt >0,

which implies the statement of the proposition taking into account the definition (59) of wy, and (61). O

5. NUMERICAL EXPERIMENTS

In this numerical example we test the new scheme in the presence of a phase transition. Therefore, we
solve numerically a Riemann problem with left and right states in different phases. We perform the numerical
calculations on the computational space-time domain [—2,2] x [0, 0.3] with different grid widths. To solve the
two single phase problems for (1) in Algorithm 4.1 we use as numerical flux the FORCE* flux [38] with CFL
number 0.5. We calculate the L'-error and the corresponding experimental convergence rates (EOC).

As initial values according to (3) we choose

M M
PL = Pliquidy PR = Pvapors VL = —3.5, wvr=0,

with the Maxwell states from (8). The pressure function is as in Remark 1.2. This function satisfies Assump-
tion 1.1 and the exact W-admissible solution of the Riemann problem with ¥ from Definition 2.12 is calculated
with Theorem 3.6 in the first part of this paper.

Results

Figure 13 displays the exact solution of the Riemann problem as well as numerical approximations for
calculations with different grid sizes at time 7' = 0.3. Figures 13(a) and 13(c) show the density p and velocity v
on a fixed mesh with 800 volumes (h = 0.005). We first notice, that the complicated structure of the solution,
consisting of a small shock wave followed by a (discontinuous) phase transition with attached rarefaction wave
and finally an attached wave, is reproduced very well. Also the constant states of the density p and velocity v
are met quite good. The shock wave on the very left is better resolved than the attached wave on the right,
whereas the phase transition is hit perfectly. This demonstrates that the left and right hand states of the phase
transition, which define the velocity V in the level set equation (56), are reproduced very well.
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(a) Density p (b)  Detailed view of a part of the computational domain.
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(c) Velocity v
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(d) Detailed view of a part of the computational domain.

FIGURE 13. Graph of exact and approximate solutions for Riemann problem with shock wave,
phase transition with attached rarefaction wave and an attached wave in the vapor phase.

TABLE 1. L'-error and EOC rate for subsequent refinement levels of the grid.

Grid size L'-error of p | EOC | L'-error of v | EOC
0.04 0.08953370 0.85 0.22612267 1.03
0.02 0.04975303 0.48 0.11056125 0.39
0.01 0.03562381 075 0.08429837 0.84
0.005 0.02126755 077 0.04722471 0.88
0.0025 0.01247926 0.79 0.02572075 0.90
0.00125 0.00721779 0.83 0.01378924 0.97
0.000625 0.00406572 0.87 0.00702086 1.08
0.0003125 0.00222163 077 0.00332194 077
0.00015625 0.00130720 077 0.00195002 075
0.000078125 0.00076604 0.76 0.00115614 0.70
0.0000390625 | 0.00045315 0.85 0.00071321 0.89
0.00001953125 | 0.00025183 0.00038543

Figures 13(b) and 13(d) show a detailed view of part of the exact and approximated solutions on different
grids with subsequently finer grid size. We notice that the numerical approximations improve as the grid is

refined. This indicates convergence of the scheme.
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The convergence of the scheme can be seen in Table 1 where we list the L'-error of the numerical approx-
imations on different meshes at time 7' = 0.3 for the density p as well as for the velocity v. We also show
the resulting experimental order of convergence. The values of the EOC are around 0.7-0.8. This result is in
accordance to the classical Finite Volume scheme for hyperbolic systems.

Summarized we can say that the new scheme for hyperbolic elliptic systems (that can describe phase transi-
tions) converges with about the same rate as a classical Finite Volume scheme.
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