Applications of Mathematics

Jens Frehse; Sonja Goj; Josef Malek
A uniqueness result for a model for mixtures in the absence of external forces and

interaction momentum
Applications of Mathematics, Vol. 50 (2005), No. 6, 527-541

Persistent URL: http://dml.cz/dmlcz/134621

Terms of use:

© Institute of Mathematics AS CR, 2005

Institute of Mathematics of the Czech Academy of Sciences provides access to digitized documents
strictly for personal use. Each copy of any part of this document must contain these Terms of use.

This document has been digitized, optimized for electronic delivery and
stamped with digital signature within the project DML-CZ: The Czech Digital
Mathematics Library http://dml.cz



http://dml.cz/dmlcz/134621
http://dml.cz

50 (2005) APPLICATIONS OF MATHEMATICS No. 6, 527-541

A UNIQUENESS RESULT FOR A MODEL FOR MIXTURES
IN THE ABSENCE OF EXTERNAL FORCES
AND INTERACTION MOMENTUM*

JENS FREHSE, Bonn, SONJA GOJ, Bonn, and JOSEF MALEK, Praha

(Received September 11, 2003)

Abstract. We consider a continuum model describing steady flows of a miscible mixture
of two fluids. The densities p; of the fluids and their velocity fields u(® are prescribed at
infinity: gilco = 0ico > 0, u(i)\oo = 0. Neglecting the convective terms, we have proved
earlier that weak solutions to such a reduced system exist. Here we establish a uniqueness
type result: in the absence of the external forces and interaction terms, there is only one

such solution, namely g; = 900, u® = 0,2=1,2.
Keywords: miscible mixture, compressible fluid, uniqueness, zero force

MSC 2000: 35Q30, 76N10

1. INTRODUCTION

The aim of this introductory section is to describe the main result in a simplified
form, to outline the scheme of the paper, to fix the notation and to give some insight
into the difficulty of the problem.

For given positive numbers ci, c2, 01 ref, 02,ref and for v > 1 we define

01 o2 "L .
(1) Pi(0) = Pi(01,02) = CiQi( + —> (i=1,2).
01,ref 02, ref

Note that no summation convention over repeated indices ¢, ¢ = 1,2, is used in this
paper.

* This work was supported by the SFB 611 at the University of Bonn and the European
HYKE network (contract no. HPRN-CT-2002-00282). The third author was also sup-
ported by the project CSF 201/03/0934, and by MSM 0021620839.
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Further, for p;;, vij, 1,7 = 1,2, we set
(2) o) = g (Vu(l), Vu(2)) = uill]])(u(l)) +ui2ﬂ])(u(2)) + i div a1 4 v divu@ ]

requiring that there is a ¢y > 0 such that p;;, v;; fulfil
2 . .
(3) Z /[R3 o® (Vu(l), VU(Q)) : VuD dz > co||Vaul|2e.

We use the notation D(uV) = 1(Vu® + VuT), | being the identity tensor.
Let 0100 and 024 be positive numbers. We consider the following problem: find

W ® M M)
(4) 0= (gl> and  u = (uu)) <(u§2>7u?2>7 ?2>) )
02 U (U1 ) » Us )

solving

(5) div(eu™) =0 in R® (i=1,2),

(6) —div(e®) = ~VP(0) in R® (i=1,2),
(7) u® =0 and g; — 0iso as x| — o0 (i=1,2).

We formulate the main result of this paper.

Theorem 1. Assume that P(o) = (Pi(0), P2(0))" is of the form (1) and ¢,
i =1,2, of the form (2) fulfil the condition (3).
5)-

Then there is (p,u), a weak solution to (5)—(7), such that

(8) 0i — Oico € LA(R®)NLY(R?) (i=1,2),
(9) u e HYR®; R®) (i =1,2).

Even more, if (p,u) is a weak solution to (5)—(7) satisfying (8) and (9), then neces-
sarily

(10) 0= 0o and u=0.

In other words, ¢ = 00, u = 0 is the unique solution to (5)—(7) within the class (8)—
(9). Since the existence part of Theorem 1 follows from a more general result proved
in [7] (see also [6]), the statement concerning the uniqueness is the main achievement
herein.
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The problem (1)—(6) arises from the continuum theory of mixtures. We provide
a brief derivation of the model in Section 2 and motivate the boundary conditions (7)
we have chosen.

In Section 3, we first formulate more general assumptions on the structure of P;
under which the statement of Theorem 1 is still valid. (The form (1) serves then as
an example satisfying these assumptions.) We also discuss the interest in proving
the result presented in Theorem 1. The core of Section 3 is the proof of Theorem 1
and its generalization (Theorem 3).

We complete this section by discussing the remarkable difference between the
model (1)—(7) describing the steady flow of two miscible fluids on the one hand and
the analogous model for a one-constituent compressible fluid on the other.

If we consider a fluid constituted of one homogeneous compressible liquid or gas,
then the equations analogous to (1)—(7) are

(11) div(ov) =0 in R3,
(12) —puAv — (A + p)Vdive = —Vo? in R3,
(13) v—0and 90— 0o as |z| = o0,

with o: R? = R, v: R? — R3, and a given g, > 0.
Assuming that o € L?7(R3) N L?(R?) and v € H}(R?; R?) solve weakly (11)—(12),
we can set ¢ = v in the weak formulation of (12) and obtain

(14)  pl|VolF2 + (A + p)||divoel|F. = /rRz o divede = —7/ 0" v Vodx

R3
-7 ov-Vo' tdx
v=1Jgs
=1 div(ov)o? ' dx = 0.
Y—1Jrs

If £ > 0and A+ 2u > 0, then it follows from (14) and (13) that
(15) v=0 in R?

and (12) simplifies (in the weak formulation) to

(16) / (0" — 02) divepdz = 0.
R3

Taking (at least formally) in (16) ¢ such that divy = p— ¢, the strict monotonicity
of o7 then implies that

(17) 0= 00 in R3.
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This argument however fails if we try to imitate the same procedure for (1)—(6). In-
deed, multiplying the ith equation in (6) by ©?) and summing the resulting equations
over i = 1,2, we obtain with the aid of (3)

2
(18) col|Vul |z < Zcz/ (01 4 02)" L oi divu® dz,
i=1 R3

and for any v > 1 the right-hand side of (18) is not vanishing. This means that no
energy inequality is available for the model (1)—(7).

In the analysis of the classical compressible fluid model, a crucial role is played by
a quantity which is called the effective viscous fluz (see [11], [12], [3], [4]). This tool
also helps when studying mixture models of the type (1)—(7).

Just for clarity and simplicity, we explain this idea within the context of (11)—(13).
Taking formally the divergence of equation (12) and applying (—A)~!, we obtain

(19) (A4 2u) dive = o7 — o2

Multiplying (19) by ¢ — 0o and integrating over R® leads (due to the fact that
Jrs @7 divudz = 0, see (14) for a proof) to

/”Q3(9”—QZO)(9—Qm)d:E=0,

which implies that ¢ = 9oo. Then (12) implies v = 0.

The advantage of this approach consists in its applicability to the system (1)—(7),
see Section 3 for details.

On the other hand, while the approach described between (14) and (17) can be
extended easily to the model where the inertial (convective) terms are included, it is
not clear whether one can conclude that ¢ = 0 if one “replaces” (19) by

(20) (2u + N dive + (=A) "t divdiv(ev ® v) = 07 — 0.
Another drawback of the approach based on the effective viscous flux equation is
its sensibility to the boundary conditions. In particular, it is not obvious how to

extend this technique to the case of a bounded domain with homogeneous Dirichlet
boundary conditions.
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2. A CONTINUUM MIXTURE THEORY

A continuum mechanics approach to model mixtures starts with the assumption
of co-occupancy requiring that at each point x € @ C R? all components of the
mixture (so-called constituents) coexist (see [14], [13], [8], [9])-

Here, for simplicity, we restrict ourselves to the mixture of two fluid constituents
(labelled by i, i = 1 or 2).

We also assume that the motion of the mixture takes place at constant temperature
and that there is no mass conversion between the two constituents (as it could be if
chemical reactions between the constituents took place). Under these circumstances,
the motion of the mixture can be described in terms of the balance of mass for each
constituent, the balance of linear momentum for each constituent and the balance of
entropy for the whole mixture. Since the considered flow is isothermal, the balance
of energy is not even written below.

Let o;, uD, TW ), f@ 1) be the density, the velocity field, the Cauchy stress
tensor, the Helmholtz potentlal, the density of the external forces and the momentum
source associated to the ith constituent, ¢ = 1,2. Then the balance of mass takes
the form

(21) (0i)t + div(giu(i)) =0

(summation over repeated indices i never takes place unless it is explicitly men-
tioned), the balance of linear momentum leads to

(22) (giu(i))t + div(giu(i) ® u(i)) =divTD + 10 4 g, f,

and the entropy inequality (rewritten in terms of Helmholtz potentials) gives

2

2 2 2
(23) D (o) +div <Z Qi'(/)iu(i)> =310 vu® =310 w0 <o,
i=1 i=1 i=1

i=1
The balance of linear momentum for the whole mixture implies

1@ — (1)

Thus, (23) can be rewritten as

2

2 2
@) 30 T 10 (1) ) = (g — (3 o) 50
i=1

i=1 i=1
or

2

2
25) > 7D vl + 1O - (W —u®) =3 [0i(00)e + oiuf)) (i), ] = 0.
=1

i=1
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Next, we assume that the energy storage mechanism is the same for each constituent,
ie.,

(26) 1 = o,
and we require that

(27) Vi = V(o1 + 02)

or slightly more generally

(28) wi:@(LJr 22 )

O1,ref 02,ref

Assuming (27), for simplicity, we compute
(i) + u,(j) (¥i)a, = (01 + 02)[(01)e + (02)¢ + U’](ci)((gl)xk + (02)a)]
= V(01 + 02) [* div(glu(l)) — div(gw(?))
+ 0 ((01)ar + (02)20)]-

Then
2 .
> o) + oitg) (i), ]
i=1

= U'(01 + 02) [~ 01 div(01uM) — o1 div(gou®) + Q1u,(€1)((g1)xk + (02)1)
— 02 diV(QNL(l)) — 02 div(92u(2)) + Q2U§€2)((Q1)xk + (Qz)zk)]
=T (01 + 02) [—Q% divu™ — gy 0o divu® + 01(02) ), (u,(cl) — u,(f))
— 02(01)x, (U,(Cl) - u,(f)) — 0102 divu™) — 03 div u(2)]
= — V(01 + 02)(01 + 02)[011: Vu) + ool : Vu@)]
+ 0’ (01 + 02)[(01 Vo2 — 02V 1) - (uP) —u@)].

Incorporating the last result into (25), we conclude that

(29) DT+ ¥ (o)oeit]: Vul)

i=1
+ [IM =4/ (0)(01V 02 — 02V 1)) - (u?) = u®)) > 0.
Setting

(30) @ =T + ¥ (p)oeil and J:=IN +¢'(0)(02Vo1 — 01V02),
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we observe that the inequality (29) will be fulfilled if we set

o = ulilD(u(l)) + ugilﬂ)(u@)) + vq; div uM + vy; div u(2)l],
J= a(Q1, 02, |u(1) _ u(2)|) (u(l) _ u(2))

and require for a certain ¢ > 0

(31) io(i) : Vu > ¢o|Vul?,
i=1
a(gl, 02, |u(1) — u(2)|) > 0.
It follows from (30) that
(32)  TW=-P(l+0o" with Pi(0) = ¥(0)e0i,
7 — a(g1, 09, |u(1) _ u(2)|)(u(1) _ U(Q)) + 1//(9)(91ng — 02Vo1).

For later use, we denote

2
(33) LWy = —dive® = — Z (HikAu(k) + (pig + vie) Vdiv u(k)).
k=1

To summarize, we observe that the four unknown functions (g1, 02) and (u(l), u(Q))
can be found as the solution of the system

(34) (0i)e +div(ou®) =0 (i=1,2)

and

(35) (0:u®),+div(oiu® @u®) = ~VP,(0) = LO (uWT,u® 7)) 4 I 4 0 1O
with

36) J§" = —J5 = a(or, 09, [u® — u®]) () — @) + ¢/ (0)(01V 02 — 02V 1),
(37) Pi(0) = ¥'(0)00:
and LO ((u®-T u@-T)T) tulfils (33) and (31).

The system (34)—(37) satisfies an energy inequality.

We however consider the approximation of this system neglecting the second term
in (36). This means that we replace Jél) and JSQ), respectively, by

(38) TV = —J® = (g1, ga, [u® — u®|) (u® — ).
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This approximation, motivated by mathematical reasons (it is more or less hopeless
to expect any information on Vo; and/or Vs that would allow to pass to the limit
in the term ¥’(0)(01 Vo2 — 02Vp1)), can be justified physically as follows:

(i) (38) is a very good approximation of (36) provided that the variations of the
densities are of lower order.

(ii) Asit is very difficult to capture the term ¢’(9)(01V02—02V 01) experimentally, it
is always preferable to neglect it. In fact, it has been confirmed that the flows in
simple geometries will not change significantly whether the second term in (36)
is present or not.

However, once we accept (38) instead of (36), the basic energy identity is lost. In
this paper, we use (38) instead of (36).

If we, in addition, restrict ourselves to steady flows, i.e. (0;); = 0 and (p;u(?); =0,
then we end up with the system (i = 1,2)

(39) div(ou) =0,
(40) div(giu? @ V) + LOu = —~VP(0) + o1 fP + JD,

L@y being of the form (33) and J) of the form (38), both satisfying (31).

One can imagine that the mixture occupies a large domain (e.g. Br(0) C R3,
R > 1) and it is at rest, i.e. u® =0 and 9; = 0ise. Then if the motion is initiated
near the origin, it can take some time ¢* till the motion reaches the boundary of the
domain. Before t*, it is reasonable to assume that

(41) 0i = 0ic and u” =0 on [0,t*) x 9BR(0).

Of course, this type of boundary condition is not acceptable if we consider steady
flows in a bounded domain. On the other hand, it does not seem too awful to assume
that

0i — Oiso and uD =0 as |x] — oo

if the mixture fills the whole space R3.

Finally, we neglect the convective term in (40), which may be acceptable for spe-
cial flows or under the conditions that (" @ u(?) are of smaller order. Since the full
system is very complex, our motivation was rather technical: to start with the inves-
tigation of a simpler system first and thus, in analogy to the mathematical theory
for incompressible fluids, we study first the Stokes-like system for mixtures.
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3. MATHEMATICAL THEORY FOR THE STOKES-LIKE SYSTEM
FOR MIXTURES

Neglecting the convective term in (40), the system reduces to

(43) LOu=-VP(0) + oif D +JD (i=1,2).
We consider (42) and (43) in R? and assume that for given 0100, 0200 > 0
(44) 0i — 0ico and  u'Y — 0 as |z] — oo.

Further, L) are of the form (33) and fulfil for a cy > 0

2
(45) Z /R3 o vu dz > ¢ Vul2,,
i=1

which is a weaker condition in comparison to (31). We also assume that

(46) JO = _g@ gang JO = a(o1, 02, }u(l) — u(2)|) (u(l) — u(2))
and
(47) a is a sublinear continuous function of |u(1) — u(2)|.

We also require that P(o) = (P1(0), P2(0))T € C(R) x C(R) satisfies the condition

(48) there are v > 1, C' >0 and By # 0 such that
(0—0)" Ao(P(0) = P(8)) = C(lo|” " + 12"~ ") e — %,
for all 9= (01,02)" and §=(01,02)" with g; >0, & >0

where

0\ /2 2 -
(49) Ag = (ﬁo ) ( M1 +rvi1 2p12 + V12) '
0 1 221 + V21 222 + Vo2

Note that [y is imposed in order to include more general forms for P(p). We remark
that the pressure given in (1) satisfies the condition (48), as proved in [6].
Finally, we require that

(50) f@ e L*®;R) and f% and a have compact support in R*.
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Theorem 2. Let the assumptions (45)—(50) be fulfilled. Then there is (o, u)
such that
0i — 0ico € L (R*) N L*(R?),
u e HY(R3; R%),
solving (42), (43) in distributional sense.

Proof. See [6], [7]. Note that this proves the existence part of Theorem 1 since
a=0and f(V) =0 certainly satisfy the required assumptions. O

Once having the existence of a weak solution to such a system, it is natural to ask
whether such a solution is unique.

In general, this is a difficult task even for a one-component fluid, as the reader can
check in the case of steady isothermal flows in a recent survey article by J. Heywood
and M. Padula, where the uniqueness is established under a severe restriction on the
data (cf. [10]). Even more, as observed by E. Feireisl and H. Petzeltova (see [5]),
even if u =0 and f = VF, the equations

VP(g) = oVF
can have multiple solutions. For a more detailed and complete exposition in this
direction see also [2].
Thus we ask herein if the uniqueness of the solution can be deduced provided the

external body forces f(V and the interaction terms vanish. The following theorem
gives an affirmative answer to this issue.

Theorem 3. Let (0,u) = ((01,092)7, (u®T, 0 T)T) satisfying

(51) 0i — 0ico € L*(R*) N L (R?),
(52) u® e H} (R R?),

be a weak solution to

(53) div(giu(i)) =0 in R3,
(54) LWy =—VPi(p) in R,
(55) u — 0 and 0; — gico as |x| — oo

with L) of the form (33) fulfilling (45), P(o) fulfilling the condition (48).
Then ¢ = 0o and u = 0.
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Proof. We start with the equation?

(56) divu®

(50 div u<1>) = Ao(P(0) — Plos)),

where Ay is introduced in (49), and multiply this equation by 7(0 * wp — 000 ), Where
7 is the usual localization function with support in Bsg, being equal to 1 in Bpg.

Integrating over R?, we obtain

(57) / Ao(P(0) — P(0x)) - (0% wh — 000)T dz = Sy / divuM (o) % wp — 0100) dz

+ /div uP7(0g % wp — 0200) dez.
Analyzing the terms on the right-hand side, we arrive by integration by parts at

/div w7 (03 % Wi — Qi) dzz = — /u(i)VT(gi * Wh — Oico) A

— /u(i)TV(gi xwp)dr = Ajg + Aj.
First we observe that

(0 = 000) * WallL2(Bor\Br) Ul L6(Bor\Br) IV T L3 (Bar\ Br)

Cll(e = 200) * wrllL2(Bar\Br) IV | L2(B2 5\ BR)-

We see that, thanks to (51)—(52), the term A;; will vanish when the parameter R
tends to infinity (after i has gone to 0). We study now the term Ajo:

Ajp = — /(gl * wp, + 5)u(i)TV log(o; * wp, + §) dz

= /div((gi *wp +0) u(i))Tlog(gi *wp, +0)dx

+ /(gl s« wp, + O)uVrlog (9; *wp, +6) da

1 Eq. (56), modulo multiplication by constant matrices, can be formally obtained by taking
the divergence of (54) followed by applying (—A) ™! to the result. The proof of (56), even
with additional terms due to nonzero f () and 1™ can be found in [7], see the sketch of
the same in [6].
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= /div((gi «wp)u'Y) 7 log(o; * wy, + 6) da
+ 5/div u® log(0; * wp, + 0)7 dx
+ 5/u(i)VT log(o; * wp, + §) dz

+ /(Qi s wp)u® log(g; * wy, + )V dz
=: Dj1 + D2 + D3 + Dyy.

The term D;; can be treated with the aid of the lemma of DiPerna and Lions (cf. [1]),
which asserts that under our assumptions

T(div[(gi * wh)u(i)] —div [wh * (Qiu(i))]) — 0 weakly in L?/0*D as h — 0.
Since div(giu(i)) = 0 weakly, we conclude that
Dy —0 as h—0.
Moreover,
Dy — 5/div u® log(g; + 0)7dxz as h — 0,
D3 — 6/u(i)VT log(g; +d)dx  as h — 0.

As the integration takes place over Bag, both the integrals are finite for fixed R and
consequently
Dy —0 and D;3 —0 as h,6 — 0.

Finally, we deal with D;4 observing first that
Dy — /giu(i) log(o; + 0)Vrdx as h — 0.
Using again the fact that div(giu(i)) = 0 weakly, we see that
(58) /giu(i) log(g; + 6)Vrda = /Qiu(i) (log(o; + 8) —log(0ico + 9)) VT da.

Setting ¢ = %Qioo and L = 20, we see that

2
) < / |Qi79ioo|2d$<K7
{z€R3; 0;<e0}

|meR%&>Lmdx</ 01 — giool? do < K
{z€R3; 0, >L}

Qioco
2

{w € B 0i < e}
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Consequently,
(59) Hz € R®; 0; <o} < C < oo and [{z € R®; o; > L}| < C < 0.
Thus, with the aid of (59),

’/ oiu' (log(0; + 6) — log(oice + 0))VT d
{0i<eo}

K
< K (o) V7l ullol{or < 0} < .

and the integral vanishes as R — co. Next,
/ oiu” (log(0; + 6) — log(0ise + 6)) V7 dz
{oi>e0}
= / (0i — 0ino)u” (log (0 + 6) — 10g(0ico + ) VT da
{oi>e0}
+ Qico / u (log(0; + 6) — 10g(0ise + 8))V7 dx =: Ej1 + Ejo.
{oi>e0}

Using the fact that on {g; > o} the function log(g; + d) is Lipschitz and on {g¢ <
0; < L} the function g;log(g; + 0) is Lipschitz, we obtain

{e0<0i<L} {oi>L}

< c<gm>[ / o= el lul Vel o+ [ Jor— i Plul V7] a2
{eo<0i<L} {ei>L}

< C0ico)|l0i = GicollL2(Bar\Br) Ul L6(Bor\Br)
+ lloi — oisoll L2 [ull 6| V7| o< [{ 0 > L}|57/ 776,

From (59), (51)—(52) and ||V7||L~ < C/R, we conclude that
Eq1—0 as R — oo

Similarly, we have

|| <C(gm>/ 14D 01 — pioc] [V7] d
{Qi>€0}

< C(Qioo)HuHLG(BzR\BR)HQi - QiooHL2(BzR\BR)HVTHL37

and as above
Eios—0 as R — oco.
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To summarize: letting in (57) h — 0, then § — 0 and finally R — oo, we obtain

(60) [ 40Pl0) = Plox)) - (o~ 2)dz =0,
It then follows from the monotonicity condition (48) that
0 = Oco-
Thus, it follows that VP(p) = 0, and Eq. (54) simplifies to
Lu=0.

With the aid of Cacciopoli’s inequality one can conclude from this equation that the
velocity u vanishes everywhere. We briefly mention the proof. Denoting by w the

mean value of u taken over the support of 7 and taking the scalar product of the

2. we obtain

equation with (v — )7
(Lu, (u —w)7%) = 0.
Using then (45) implies
/|Vu|27'2 dz < C/T|Vu| IV7|(u —u) dz
< % / |Vul|?72 dz + C/ V7| |u —u|? da.

The first integral can be absorbed into the left-hand side. The second can be esti-
mated by Poincaré’s inequality because |V7|? behaves like 1/R2. Thus, we have

/|Vu|27'2 dr < K |Vul? d,
B2r\Br

and the last term vanishes, as R — oo, since Vu € L2. This implies u = 0. O

Remark. The statement of the theorem also holds if
(61) Qif(i) — curlg(i)

(i.e. f need not be necessarily vanishing), and also some small interaction term is
allowed (where a having compact support is used):

(62) a small enough.
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