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Abstract

We study the existence of the invariant region for the equations of nonisentropic
gas dynamics. We obtain the mean-integral of the conserved quantity after making
an intensive study of the Riemann problem. Using the extremum principle and
the Lagrangian multiplier method, we prove that the one-dimensional equations of
nonisentropic gas dynamics for an ideal gas possess a unique invariant region. However,
the invariant region is not bounded.
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1. Introduction

In this paper, we analyse the existence of the invariant region for the one-dimensional
equations of nonisentropic gas dynamics. These are characterized by

prt (pu)x =0

(pu); + (pu* + p) =0 (1.1)

(PE): + (puE + pu); =0
with the gas state

p=RpT, e=cT, p(s.p)=e’l"p, (1.2)
where p > 0; s and u are the density, entropy and velocity, respectively; E = u?/2 + e
is the energy; and e is the internal energy. Also, R, k, ¢, and y are positive constants
withy > 1.
The initial data for (1.1) is

om,q) x<0
b b ’t = = 1-3
(o, m, q)(x, Dli=o Ord) x>0, (1.3)

where m = pu, g = pE and p;,, my,, q;, are all given constants.
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The gas dynamics equation is one of the core subjects for a conservation law, for
which the most important problem is the existence of global weak solutions with large
initial data.

Compensated compactness [10] is one of the most effective methods for
investigating this problem. Using this method, the framework for the existence of
solutions to the equations of isentropic gas dynamics with Cauchy data is almost
complete. Diperna [2, 3] established the existence of the weak entropy solution for the
isentropic Euler equations with general L* initial data for y = 1 + 2/(2n + 1), where
n > 2 is an integer. Ding et al. [4, 5] also obtained the existence of the isentropic
solution by vanishing numerical viscosity for y € [1,5/3]. Lions, Perthame, Tadmor
and Souganidis [1, 7, 8] obtained existence results for y > 3, while Huang and Wang
[6] obtained existence results for y = 1.

However, the compensated compactness theory encountered bottlenecks when
proving the existence of a solution for (1.1) and (1.2) with Cauchy data because of
the difficulty in obtaining a uniform bounded estimation.

The aim of the present paper is to find a method for obtaining an invariant region
for the conservation laws. Hence, we calculate the mean-integral of the Riemann

solution
5 Ky
s M M) - )
2 202\ T, '
5:M+E{ mg _y=—1m® M+7_‘1m_3}
2 20 p 2 p? Pr 2 p?

and use the properties of the Riemann invariant region for (1.1). Finally, we find a
partial differential equation to calculate the bound equations, F' = F(p, m, g), of the
invariant region for (1.1); here k = At/2Ax, p, m and g are the mean-integrals of p, m
and g, respectively.

Thus, we show that there does not exist any bounded invariant region for (1.1) with
an ideal gas state. This means that the equations for nonisentropic gas dynamics are
quite different from the isentropic case.

This paper is organized as follows. In Section 2, we study the Riemann solution of
system (1.1) and calculate the mean-integral of the conserved quantity. In Section 3,
we mainly discuss the properties of the Riemann invariant region for (1.1) and prove
the nonexistence of Riemann invariants for (1.1) with an ideal gas state. The paper
concludes with a discussion in Section 4.
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2. The mean-integral conserved quantity

The Riemann problem which consists of system (1.1) and the Riemann initial data
(1.3) was solved by Smoller [9]. For brevity, we state the solutions as
&
Pi

— e—x

P 0 |- per x>
. ¢, |yx+log ¢ x<0
1-family e*—p

— (1 - >0
Uy — U 7—1( e X

1=
€ (e = 1) Fi<o
e*—p
2-family br_ er, ST —yX, U =1u
Pi Cy
& — ex
PI
Se—8 0 g x>0
]y +1
3-family | [
7YX _
— (e 1) x>
€l —X)
To investigate the mean-integral for the conserved quantlty of (1.1) and (1.3), we
setm = pu and g = pE.
For
1 1
E=-u’ E,
2 vy—1p
we obtain
1 m?
== Da-5>) @.1)
yol
Substituting (2.1) into system (1.1), the system (1.1) reduces to
pr+m, =0
3
m+ 2527 1 - 1| =0
2 1% X
mqg y-1m’
G+|y—-—F——75| =0
P 2 p?

Defining the mean-integral of U as

!
U(x,t) = 211 fl U(x, h)dx = (p(x, 1), m(x, 1), q(x, 1)),

we have the following theorem.
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THEOREM 2.1.
p = 3(o1 + py) + k(my — m,)
m = %(m; +m,) +k(p; — p,) + k(o = pyu,?) (2.2)
g = 3aqi+q0) + k(qu — gyuy) + k(piuy = pruny),

where k = h/2l.

Proor. We suppose that S;, R; and J, are the ith shock waves, the rarefaction waves

and the contact discontinuity, respectively. U; are the ith middle state, where i = 1, 2.
(1) If the Riemann solutions are

Sl -]2 S3
U—U — U, — U,

then
!

1
p= 2 p(x, h)dx

1 1h U h 2h [
=—(f0 pldx+f pldx+f pzdx+f prdx)
21 -1 o h unh ooh

m

1
= E(Pl + pr) + k(Plul - prur)a
i
m(x h)dx

NI
II

21

1 1h Ul oo h [
:—(fw m;dx+f mldx+f mzdx+f m,dx)
21 _I oih umh oxh

1
= E(ml +m,) + k(p; — pr) + k(mgu; — myu,),
/

1
q= 2 n(x h)dx

1 1h L h ool /
=Z(f0 qldx+f qldx+f qzdx+f q,dx)
-1 oh unh oh

1
= E(q’ +qr) + k(piuw — pruy) + k(qu — qruy).
(2) If the Riemann solutions are
Ry Ja 3
U — U —»U,— U,

then
i

o1
p= 2 p(x, h)dx

1 (Mz ch (ttm—c1)h s " ’
= Z(f ,Dzdx+f p(x)dx + f pm,1dx+f0 pzdx+f p,dx)
-1 (w—cph (Um—c1)h Unh oh

1 1
= 5(101 +p,) + k[(u; = cphpr + prei] + 2—11 — koruy,
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-21y Um—Cn, .
where x/h =u —c, ¢* = clze o] = " p(x, h) dx. Since

uj—cy
% =u+ - 7Cl — B,
we obtain
1 1 (tm—c1)h X
—I=— p(—)dx
21 21 Juy—epn h
1 (1/7)log(ci/c1)
= pie™ h(~Bepe ™ (=7) dy
21 Jo
log(ci/c1)
= kf Bpicie P ds (with y = s/7)
0
=k(pic; — picy).
Thus
P =301+ pr) + kL — cp; + prer] + kpi(cr = 1) — kppuy
= %(Pl + pr) + k(Plul _prur),
which completes the proof of the theorem. O

3. The invariant region for the equation of gas dynamics

We suppose that the weak solutions of (1.1) exist in a bounded invariant region
and that U = (p, m, q) € X is a point which belongs to the neighbourhood of Uj: that
is,

F(p,m,q) < C.

Depending on the convexity of X, F(p, m, g) reaches a maximum value at (o;, my, q;).
From (1.2) and (2.2),

— + k
=Lt Som - m)
_ m+m k{3—ym;2 3—ym? }
= = — -Dg—-————-(y-1
m > t31 3 pl+(v )1 - — , (y =g (3.1
__q1+q+k{ mq y—1m mq y—1m3}
1= Ty, 2 p?2 Tp 2 p2)

According to the extremum principle and the Lagrangian multiplier method, there
exists A € R such that

0F(p,m, q) _/laF(p, m,q) ~0
op U=U op

FGmD | _ OFpma)
om U=U om

OFGmD | _ OFpma)
dq U=U dq
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Eliminating A yields
FCI(Fpép + an—ip + qui)) = FP(F‘IEq_+ F‘]n—157_+ anqz (32)
F,Fyp,, + Fpm, +Fyq,) = F,,,(Fppq + F,my + quq).
Substituting (3.1) into (3.2), and with an arbitrary value of k,
3 2
mq m 3—-ym m
[7—2 —(y - 1)—3]qu + —=—FuFy+y—F,Fy+(y— DF,F, =0
p P 2 p p 3.3)

3 m? q m
[E(y - 1)p—2 - y;]qu +(Q2y - 3);Fqu —F,F,+(y-1F,*=0.
Then
-1 3 2
%[%qu + 3%Fqu ¥ 2%1:qu +2FFy + 2%1:,,,2 =0,
Fory > 1, set t = m/p to yield £ F,* + 3t*F,,F, + 2tF,F, + 2F,F,, + 2tF,,* = 0, that
is,
(tF, + F,)(*F, + 2tF,, + 2F,) = 0. (3.4)
We solve equation (3.4) for the following two cases.
() If tF, + F,,, = 0, substituting into (3.3) gives
[y +1m? q]
=|l———-y- s
P 2 p2 p q
and we conclude that
F,=—F,
(3.5

Jol
7 _[)f—%lm2 q]
P~ 2 p2 yp UM

Depending on the first equation of (3.5) and taking p as a constant,

2

F(p.m.a) = Glp.q - ’;’—p) (3.6)

Substituting (3.6) into the second equation of (3.5) yields
2

Fip.m.q) = (o ;”—p))

(I) If *F, 4+ 2tF,, + 2F, = 0, substituting into equation (3.3) yields

2
sz[_ﬂi v (if_m_z)]Fq
p y=1\p 2
1m2¢ 0% (q mz)m]Fq'

P2 T \y-1\p 22

(3.7)

P
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Depending on the first equation of (3.7) and taking p as a constant,

_ Yy m
F(p,m,q)_G(p,zvyi /7_11)), (3.8)

where y = g — m?/2p. By setting
Yy m
PN L AL
y—-1lp

and substituting (3.8) into the second equation of (3.7),

I P B |y m
Gp = [+ mmp + ﬁp—z]GZ
_ |7 32 Y ﬁ]
[+ y— lmp + y— 1 p2

cannot be presented as a function of p and z, because z is a function of ¢g. Thus, if
the nonisentropic gas dynamic system (1.1) has a bounded invariant region, then the
boundary equation must be

Then

F(p,m,q) = f(p77y) = C,

where C is a constant. In other words, g = (2p)™'m? + Cp”.

The function g = g(p, m) is convex in the (p, m, g)-space, which means that, for
the convex invariant region of (1.1), g > (2p)"'m? + Cp?. 1t is obvious that such an
invariant region is not bounded for p, m and g, which leads to the following main
theorem of our paper.

TueorREM 3.1. A bounded invariant region does not exist for the equations of
nonisentropic gas dynamics with an ideal gas.

Without a bounded invariant region, we cannot obtain the uniform bounded
estimation, which is the first step of the compensated compactness method. The result
indicates that there is a big gap between the nonisentropic case and the isentropic case.

4. Conclusion

We have shown that a bounded invariant region does not exist for one-dimensional
equations of nonisentropic gas dynamics with an ideal gas. This indicates that the
compensated compactness theory encounters bottlenecks when solving equations of
nonisentropic gas dynamics. In a future work, we will investigate the equations of
nonisentropic gas dynamics with a nonideal gas. We will propose a necessary and
sufficient condition about the gas state p(p, s), to prove that, for a special gas state, a
bounded invariant region for equations of nonisentropic gas dynamics does exist.
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