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SUBSONIC POTENTIAL FLOWS IN GENERAL SMOOTH
BOUNDED DOMAINS*

CHAO CHENT

Abstract. In this paper, we study the existence and uniqueness of subsonic potential flows in
general smooth bounded domains when the normal component of the momentum on the boundary is
prescribed. It is showed that if the Bernoulli constant is given larger than a critical number, there
exists a unique subsonic potential flow. Moreover, as the Bernoulli constants decrease to the critical
number, the subsonic flows converge to a subsonic-sonic flow.
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1. Introduction and main results

As a natural starting point for multidimensional gas flows, the study of steady
fluid has experienced a lot of development in the past sixty years. The main feature
of the steady Euler equations is that they may be hyperbolic or hyperbolic-elliptic.
An important approximate model is the potential flow, which describes flows without
vorticity. As is well known on the subject, the equations are hyperbolic-elliptic if the
maximum of the velocity is less than the speed of sound while the equations themselves
are hyperbolic when the flows are supersonic. Many physical observations indicate that
the supersonic flows may give rise to shock waves and other phenomena, [29, 30, 31].
Therefore, smooth solutions are generally not expected in supersonic flows. On the
other hand, since 1950s, tremendous progress has been made in the study for subsonic
potential flows. Shiffman in [32], Bers in [3], Finn, and Gilbarg in [21, 22], and Dong and
Biao in [12] studied subsonic potential flows past a profile. Roughly speaking, in their
work, the flows are subsonic if the speed at infinity is not larger than a critical value.
Recently, Xie and Xin in [39, 40], Du, Xin, and Yan in [18] gave a positive answer to the
existence and uniqueness of the subsonic-sonic potential flows in a infinitely long nozzle.
The critical mass flux was used to make the flows lie in the subsonic region instead of
the speed at infinity. Besides flows in unbounded domains, there are also some results
on finite nozzles with special geometries. Two dimensional subsonic irrotational flows
in finitely long flat nozzles were considered in [15]. Subsonic flows in three dimensional
finitely long flat nozzles were studied in [5, 38].

As a limit flow of subsonic flows, the subsonic-sonic flow was studied in [6, 9, 25] via
compensated compactness method. In another aspect, the existence of subsonic-sonic
flows with sonic boundary was obtained by Wang and Xin in [34, 35].

When the flows have non-zero vorticity, steady Euler flows were investigated in [1, 4,
5,7,10,13, 14, 16, 17, 19, 33, 38, 41] and references therein. As an important constituent
of subsonic flows, the existence of transonic flows which are small perturbations of
background flows was also studied in [8, 11, 27, 28, 36, 42, 43] and references therein.

Since previous work mostly focused on unbounded domains or bounded domains
with special geometries, an interesting question is whether subsonic potential flows
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exist in general bounded domains. Hence, in this paper, we will give a complete answer
on potential flows in general bounded domains when prescribing the normal component
of the momentum on the boundary. In our result, the flows are subsonic if the Bernoulli
constant is given larger than a critical number. Furthermore, they approach subsonic-
sonic as the Bernoulli constant decreases to the critical value.

The steady isentropic compressible ideal flows are governed by the following Euler
equations:

div(pu) =0,
div(pu®u)+Vp=0,

A,_\
—_ =
[N
~—

where p, u=(uy,us,...,u,), p are the density, velocity, and pressure, respectively. We
assume that p=p(p) satisfies

p=p’ for y>1 (1.3)

The equations (1.1) and (1.2) are hyperbolic-elliptic in the subsonic region (|u|? <p’(p))
and hyperbolic in the supersonic region (|u|>>p'(p)) (cf. [41]), where the quantity

/P (p) is called local sound speed.

The Bernoulli’s law yields that the Bernoulli function B defined by Bz%—i—
%p”‘l is invariant along each streamline, that is u-VB=0.

If in addition, we consider the potential flow, that is u=V¢ for some potential
function ¢, the Bernoulli function is a constant in the whole domain ) thereby. Thus
we set such a constant 5.

Since the density can be uniquely determined by the relation

_1
p= (7—_1(]?7 %|V<p|2)> """ the Euler system (1.1)-(1.2) reduces to the potential equa-

div <<7;1<B;|V¢2>)V11V¢> =0. (1.4)

For simplicity, we set p=p(|Vp|?) and the Equation (1.4) is

tion

div (p(|Ve|*) Vi) =0. (1.5)
We prescribe the normal component of the momentum on the boundary, i.e.,

pu-n=f, (1.6)

where n is the unit outer normal vector and f satisfies the compatibility condition

| ras=o. (1.7)

Without loss of generality, we assume that there exists at least a point on 92 such that
10,

Our main theorem is stated in the following:
THEOREM 1.1.  Assume that Q is a C*® smooth bounded domain in R".

(1) For any given normal component of the momentum feCh(00) satisfying
(1.7), there exists a critical number B*, such that for any B € (B*,+00), the problem
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(1.4) supplemented with the boundary condition (1.6) has a C*%(Q) smooth subsonic
potential flow.

(2) Furthermore, as B— B*, the subsonic flows approach to a subsonic-sonic po-
tential flow, which satisfies the Euler system

-1 2 ﬁ
div 7(3%—m|> u| =0,
v 2 (1.8)

in the sense of distribution and the boundary condition (1.6) in the sense of boundary
trace.

(3) Assume that both (p1,Vp1) and (p2, Vi) solves the original Euler system (1.4)
with the same Bernoulli constant. If in addition,

IVerl? <p'(p1), [Vl <p'(p2), (1.9)
then Vi1 =Vs.

REMARK 1.2. The uniform state at infinity plays an important role in the work in
the exterior domain [3, 32, 21, 22, 12] or infinitely long nozzles [39, 40]. Compared with
these, the data on the boundary are arbitrary in our result. The key point is that the
magnitude of the velocity is always finite while the sound speed goes to the infinity as
the Bernoulli constant increases to the infinity.

REMARK 1.3. Compared with the results [37, 38] in finitely long nozzles, the domain
we consider is general and our result holds for general multidimensional irrotational
flows.

REMARK 1.4. In [5], the authors also considered the existence of subsonic-sonic
potential flows in bounded domains. They lessened the normal momentum on the
boundary to make sure the flows lie in the subsonic region. In our paper, we enlarge
the Bernoulli constant to reach this instead. This makes the boundary data unchanged
and seem more reasonable. On the other hand, since the equation itself depends on the
Bernoulli constant, it is not easy to see how the Mach number changes as the Bernoulli
constant increases, which is the main difficulty.

REMARK 1.5. In this paper, we impose the normal component of the momentum on
the boundary. This is also a physical condition.

REMARK 1.6. Our main results are true for general isentropic gas with the pressure
satisfying ¢1p7 =1 <p'(p) <cop?~! for large p with some positive constants cj,co. The
proof is virtually identical, so we omit it here.

The rest of the paper is organized as follows. In Section 2, the wellposedness of the
truncated potential flows is studied for fixed Bernoulli constants; this section is divided
into two parts. We obtain a priori estimates for the solution to the truncated problem
first and the existence is derived by the fixed point theorem in the second. In Section 3,
we study the existence of the critical Bernoulli exponent and the limiting subsonic-sonic
flows.
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2. Truncated potential flows
As introduced in [39], for a given Bernoulli constant B, we define the maximum
1 1
density and the critical density by p(B)= (VTAB) "' and p(B)= (321;3 B) " re-

spectively. It is easy to compute that the flow is subsonic, sonic or supersonic if
and only if p(B)<p(<p(B)), p(B)=p or p(B)>p. This condition can be replaced
by [ul? <p/(p(B)), [ul=p'(p(B)), and [uf? > p/ (p(B)) respectively.

Since curlu=0, there exists a function ¢ such that u= V. In order to fix the inte-
gral constant, we always choose ¢ € L1 ={pe L! (Q),fQ ¢=0}. The continuity equation

becomes

div (p(|Ve|*) V) =0, (2.1)

where p= (77_1(357 %|Vgp\2)> "' We define € (Q) = C*e(Q)N LY, where CF2(Q) is
the standard Holder space.

Here we study the potential flow when it is subsonic for p> p(B).

One of the main difficulties is that Equation (2.1) becomes degenerate elliptic as
p—p(B). Hence, we begin with the study on the well-posedness of the truncated
potential flows in bounded domains, i.e.,

div (pm (|V[2)Ve) =0 in Q, 25
pm(|Vo|?)Vé-n=cf on 09, (2.2)

where o€10,1] is a fixed constant, (,,(meN) is a given smooth increasing function
satisfying

s, ifsgl—i,

Cm(s)= m
2 1

1——, ifs>1——

m m

and pm (s) = p(Cm (570500 (p))-
According to our choice of (,,, p., satisfies that
(1) p(B) < pm < p(B), (2:3)
(1) %B(B)IE\Q < (pm (P13 + 207, (1P )pinj)&:&; < p(B) €[> (2.4)
Therefore, the truncated potential flow is strictly and uniformly elliptic for fixed m and

large Bernoulli constant B.

2.1. A priori estimates for truncated potential flows. For simplicity, in
this subsection, we omit the index m and ¢ in (2.2) and all the bounds C here are
dependent on m, but independent of B, if B is large enough.

PROPOSITION 2.1.  Any weak solution to the truncated problem (2.2) in H'={¢p€
H', [,¢=0} satisfies

IVellz@) <Clf 20 elle@ <O, (2:5)

with some uniform constant C'.
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Proof.  Suppose that ¢ is a weak solution to the truncated problem (2.2) in H!,
ie.,

/p(|Vg0\2)Vgo-dex:/ fdS for all eH!. (2.6)
Q a0
Moreover, (2.6) can be extended such that
/p(\Vgo|2)V<p~V¢dz:/ fdS for any € H'(Q). (2.7)
Q o9

In fact, for ¢y =1 — ﬁwiE’Hl, due to the condition (1.7) then

~ 1
2 . = = —_— =
/QP(WSO' Ve Vibde /aﬂfwds {mfw €2 /Qw/aszf an¢-

Now taking ¥ with ¢ itself, and noting that p has positive lower bound give the
H'-norm of ¢, i.e.,

/Q|W|2dxsc /8 1245, el <Cl oo (2.8)

The L*°-norm can be deduced by standard Moser’s iteration.
Set ¢ =min{3,max{p,1}} €[1,5] and take =@} € H' (¢>2) in (2.7). Applying
the trace theorem |- ||z190) < C||-[lw1.1(q), one has that

/ apL [V psl? = / f@8 <0 / o1+ / 455V es))
Q o0 Q Q
<C(g / 55+ / a7t [V5sl?).

or

q+1

EEUI == 1 2
[8sllLs@en SCTT|@g7 ||y <CaF1(g+1) 7+ ||@g|| La+r.

Once setting ¢g+1=3",r=1,2,3--- and letting v — 0o, we have

_ _ \l,_- ;2
supps < C||@gllz: < C(sup@p) 3 || @sllpe-

So sup@g < C||@s|lr2 < C. Since the bound is independent of 3, it yields that supgp <C
immediately. Similarly, info” > —C for ¢” =max{—8,min{p,—1}} and infqp>—C.
Together with these two inequalities, it gives that || ) <C. 0

The next proposition gives the C%®-priori estimate of the solution.

PROPOSITION 2.2.  Suppose that ¢ is a C*% solution to the truncated potential prob-
lem (2.2). The following prior estimate is obtained:

el 2oy < C. (2.9)

Proof.  First, since the truncated equation in (2.2) is strictly and uniformly elliptic,
applying Ladyzhenskaya’s work [26, Chapter 10.2] directly implies the C1'* estimate,
that is

ellra@) <C. (2.10)
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Second, rewrite the truncated Equation (2.2) into the non-divergent form, i.e.,

(B)

()

"1
> ——=(p(IVel*)di;+ 20 (|Vo|*)Di0050) D00 =0. (2.11)
=1

Note that the second order coefficients for such elliptic equation have bounded C%(Q)
norm. This yields that

lellozem) <C (2.12)

for any compact subset K €.
To obtain the higher regularity on the boundary, we need the Holder estimate of
the derivative for the divergence equation as follows.

LEMMA 2.3. Suppose that M= (M,;) is a given C*(Q), positive definite matriz
function, i.e., M>XI. Then the solution to the linear elliptic equation of the divergent
form and cornormal boundary condition

{div(MV(b): g+divF  in Q, 2.13)

MV¢-n=nh on 0.

satisfies the following local Hélder estimate.
For 20 €99 and if B, = By,.NQ(r is some fived small constant), it holds that

1980l 7, < Cr (16l 0a 7, + 67 ) (2.14)

Here g+:”]:”ca(ﬁ)+||g||0(@)+”h”0a(aﬁ) and C, only depends on A, r, and
M|

C~(B3.)’

Proof. First let us begin with considering the simplest case for M = M (constant),
Q={xeR" x, >0}, and g, F, h have compact support in BsN{x, >0}, i.e.,

div(MV¢)=g+divF  x,>0,
MVé-e,=h z, =0.

with e, =(0,0,---,1). Without loss of generality, by a simple change of coordinates, it
reduces to the standard Neumann problem defined on half plane.

A,p=g+div,(LF) zn >0,
0., ¢=ch+(LF)-e, zn =0,

where = Qz and Q, L, ¢ are constants only depending on M. Similar to the Dirichlet

boundary case, (see Chapter 4.5 [24]), it holds that

Vol ca({o>0p) < é(||g||0({zn20}) +[Fllco ({zn>01) + Hh’HCO‘({zn:O})>-

It is important to point out that the constant C here only depends on the elliptic
constant A and sup; ; M;;.
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Next, choose some smooth truncated function 7 such that its support lies in By ()
and n=1 when it is inside B (zg). The constant r will be chosen later. The equation
for n¢ in By, reads

div(MV (ng)) +div((M = M)V (1¢))
=div (nF +¢MVn)+ng+(MVe—F)-Vn, M=M/(z).
On the boundary, it holds that
MV (1) -n+(M—M)V(np) -n=nh+¢MVn-n.

Due to the estimates for constant coefficients in half space and the strictly elliptic
condition for M, we have that

IV 5, <C(IM = NOT D) g i, + 6] 5, +67)-
Note that
[(M=M)V(né)lox <[ M= MlcolIV(n8) o= +[IM = Mlloa [V (né)llco
<Cr®(|[V(ne)llce +Crlldllcr
Thus, for Cr® < 1, this yields (2.14). d

Next, take the tangential derivative Or, (k=1,2,--- ,n—1) of the system of ¢, i.e.,

1
—_8¢(p8¢wk+2p’8icp8jcp8jwk):g+divf in B;'_T,,
p(B)
1 (2.15)
——— pOpwi +2p' 0,0, pOjwi, = h on B3 NoQ,
p(B)
with wp=dne and G*=|Fl .. zm + 19l oz, +Hluomr
Lemma 2.3, we have that

< <C,. So using

lwell .o g, < Cr (0l oy + 1 lennony )

Once combined with the interior estimate showed in (2.12), this yields that
lwellr.ay < € (lwrllos @ + £l om )-

From the equation 9;(pd;p) =0, i.e.,

1
B - Sii+20' O 0O ) 0+ E 2.16
T = 2 (0, )2 m);n n)(p Ao A e 210

where T, =n and €]/ ¢eq) < C, we conclude that

1077l o 57y <€ > lonnellca@+C
(4,9)#(n;n)
and then
Iellcaeq@ <C(Ielloxey +ifllereon )
or

Iellcae@ < (Iellow@ + I fllereem ) <€
This finishes the proof of Proposition 2.2. ]
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2.2. Existence of truncated potential flows and the continuous depen-
dence on the Bernoulli constant. Back to our truncated flows (2.2), we set

Flpl=div(pmVe) in Q
and
Gmlpl=pmVe-n on 0Q.

Analogous to the Theorem 17.28 in [24] with slight modification, one has the exis-
tence theorem stated below for nonlinear oblique problem.

LEMMA 2.4. Let 0<a <1, C**(Q) ={uecC**(Q), [udr=0}. Set
E={uecC**(Q)|F,[u]=0,Gn[u]=cf for some o€[0,1]}.

Suppose that E is bounded in C**(Q). Then the truncated problem F[o]=0 in €,

Gmlpl=f on 09 is solvable in C>*(Q) for fived B € (0,+00).

This gives the existence of truncated problem together with priori estimates ob-
tained in the former propositions. In the final proposition of this section, it is showed
that truncated potential solutions depend on the Bernoulli constant continuously.

PROPOSITION 2.5. Suppose that p;(i=1,2) are potential solutions to the truncated
problem (2.2) with the Bernoulli constant B;(i=1,2) respectively. Then it holds that

‘Vipl—ngﬂSOmlBl—Bﬂ. (217)

Proof. Set &=y —¢s and B=B;— By. Then & solves the following oblique
problem:

1
a m .
S [ oty s2p000,000,0 )= [ av(Lm(vor BvHBAL n 0

7,j=1

(2.18)

Z/ i Pmézﬁ?pm&@@ma q’) /(8pm(|v *,B)V¢)Bdt-n on 99,
1,j=1
(2.19)

Due to Lemma 2.3, this yields the estimate (2.17). O

3. Subsonic-sonic potential flows -
ProproOSITION 3.1. There exist a By, >0, such that for any B > B,,, the solution to the
truncated problem (2.2) also solve the original Euler system (1.4) and (1.6).

Proof It suffices to show that for large enough B, the truncated function can be
removed.

To see this, we first compute that p’(p(B)):yp(B)7_1 and this yields that the
sound speed goes to infinity as B — +o0o. In another aspect, due to the priori estimate
of Vy, the magnitude of the velocity is always bounded. Hence, there exists a B,, >0
large enough, such that for any B> B, [V¢|? <(1—2)p/'(p(B)). Thus we are done.]

Furthermore, by the blow up argument, we can show the existence of the critical
number B* stated in Theorem 1.1.
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Proof.  Define the solution of truncated problem Fy,[p]=0 in ©, G,[¢]=f on
0Q with Beroulli constant B to be ¢,,(+;B) and M,,(B)=supq |Vem(;B)|?. Since
©m € C2%(Q), Proposition 2.5 yields that |M,,(B1)— M, (B2)| < C,|By — Bs|. Thus,
M, (B) is a continuous function of B.

Choose B}, =inf{s € (0,+00)|M,,(7) < (1—2)p'(p(7)) for all 7€ (s,+00)}. Propo-
sition 3.1 guarantees that M,,(B) < (1—2)p/(p(B)) at least for large enough B. Hence,
B, is well-defined. ;

Furthermore, By, is decreasing and M,,(B;,) = (1—2)p/(p(B;,)) due to the conti-
nuity of M,,. Take B*=lim,,,. B}, and B* is the critical number stated in Theo-
rem 1.1. Then for any B> B*, there exists B}, such that B> B},. Due to the choice
of B}, the truncated function can be removed and the solution ¢, exactly solves the
original potential flows (1.4) with boundary condition (1.6).

Moreover, the compensated compactness method implies that for such B* >0, there

exists a pair (p,u) such that
. 1 2 *
div (pu) =0,curlu=0,h(p) + §|u| =B

in the sense of distribution and the boundary condition pu-n= f makes sense in the
sense of boundary trace.

In fact, from the definition of B}, u,, with respect to B, is uniformly bounded in
L, ie., [u,|2<p'(p(B;,)) <C. Due to Young measure theory [20], there would exist

a probability measure v, such that

Flup(z) - F(z) = / F(y)dve(y) 2< va(y), F(y) > ae. z€0Q

for any continuous functions F'. Thus, it suffices to show that v, is one d-measure, which
gives the pointwise convergence for u,,. First we extend the definition of p=p(|ul?)
by p=p(B) for |ul|?>>p'(p(B)) and set p,, =p(|u,,|?). Thus, p becomes a continuous
function in R3. Then we consider v,, = p,W,,. Applying Div-Curl Lemma [20] for u,,
and v, (divv,, =0,curlu,, =0), we have

pm|um|? = pud=pu-u in the sense of distribution, (3.1)

where u, pu and pu-u are the w-* limit of W, pmW,, and p,|u,|? respectively.
Therefore, by a straight computation, this yields that

0= (v (y1) @vz(y2),(p(y1)y1 —p(y2)y2) (y1—¥2))-

Note that (p(y1)y1—p(y2)y2) (y1—y2)>0 on the subsonic branches if y; #ys. The
only possibility for the identity holds when y; =y2. Hence, it holds that supp(v, @ v, ) C
{(y1,¥2):y1=y2}. That is to say, v, can only be a d-measure and u,, —u a.e. § as
m goes to infinity. Hence, using Lebesgue dominated convergent theorem immediately
implies that u is a weak solution in the sense of distribution and the boundary condition
makes sense in the sense of trace. ]

The next proposition is about the uniqueness of the subsonic-sonic flows.

ProprosITION 3.2. Suppose that there are two solutions ¢ and @ to the original
potential problems (1.4) and (1.6) with the properties that

Vel <p'(p(B)), V@ <p'(p(B)). (3.2)
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Thus o=@ in Q.

Proof. Since ¢ and ¢ are both solutions to the potential problem, ®=¢p—¢@
satisfies the equation

n 1 o
Z/O &((ﬁéw+2ﬁ’81¢8j¢)8]<1>)dt:0 in Q (33)

4,j=1

with the boundary condition fol pV®-ndt =0, where p=tp+(1—1)@ and p=p(|Ve|?).
From the basic Cauchy inequality, we conclude that

VeI =[tVe+ (1-t)Ve|* < (t|Ve|+ (1-)[Ve])* <p(p(B)).

This implies the strictly elliptic condition for the Equation (3.3).
So integration by parts ensures that [[V®[/z2(q)=0 and ¢=¢ (at most up to a
constant). o

Finally, we prove that the limit solution with the critical Bernoulli constant B* is
subsonic-sonic, i.e., maxg |Ve*|=p'(p(B*)).

Proof. Note that the limit solution with the critical Bernoulli constant B* is
either subsonic or subsonic-sonic. If it is subsonic, i.e., [Vo*|<p'(p(B*)), one may
choose some positive m such that |Ve*| < (1—2)p/(p(B*)). Let ¢° be the solution to

m

the truncated problem (2.2) with the Bernoulli constant B*—0>0. Proposition 2.5
implies that [V¢?| < (1—2)p/(p(B* —6))+ Cp,d. Hence, for small § >0,

3 * * *
|V¢5I2§(1—E)p’(g(3 —0)), B, <B*-Jd.

This contradicts with the definition of B*. 0
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