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Abstract

We consider a coupled PDE-ODE system describing the motion of the rigid body in a
container filled with the incompressible, viscous fluid. The fluid and the rigid body are coupled
via Navier’s slip boundary condition. We prove that the local in time strong solution is unique
in the larger class of weak solutions on the interval of its existence. This is the first weak-strong
uniqueness result in the area of fluid-structure interaction.

1 Introduction

A solid body motion in a fluid is a widespread phenomenon in nature, being one of the most
classical problem of fluid mechanics. The understanding of the correct mathematical description
of fluid-structure interaction has several important applications in many branches, such as in civil
engineering, aerospace engineering, nuclear engineering, ocean engineering, biomechanics and etc..

As well-known [11] the fluid motion fulfills the Navier-Stokes equations and the solid motion is
described by a system of ordinary differential equations of momentum conservation laws. The fluid
and the solids can be coupled through a standard non-slip boundary condition: the continuity of



velocities of the fluid and the solids at the fluid-body interfaces. Such approach has been investigated
by many authors [3]-[7], [16, 24]. However, it has been shown in [14], [15], [23] that the non-slip
condition exhibits an unrealistic phenomenon: two smooth solids can not touch each other. The
non-slip condition prescribes the adherence of fluid particles to the solid boundaries and, as a
consequence of a regularity of the fluid velocity, permits the creation of fine boundary layer that
does not allow the contact of the solids.

Another method for coupling of the fluid and of the bodies admits the slippage of fluid particles
at the boundaries, which is described by Navier’s boundary condition. The first step in this direction
of the study of Navier’s condition was done by Neustupa, Penel [21], [22], who demonstrate that
the collision with a wall can occur for a prescribed movement of a solid ball, when the slippage was
allowed on both boundaries. We refer for a discussion of Navier’s boundary condition to Introduction
of [19]. In this last work a local in time existence result was demonstrated for the motion of the fluid
and an elastic structure with prescribed Navier’s condition on the boundaries. Also we mention the
article [12] where a local existence up collisions of a weak solution for a fluid-solid structure was
proved. The existence of a strong solution in 2D case was proven by Wang [27].

The global in time existence of the weak solution was proven in [2] for a mixed case, when
Navier’s condition was given on the solid boundary and the non-slip condition on the domain
boundary. This result admits the collisions of the solid with the domain boundary. Recently the
local in time existence of the strong solution for the mixed case was demonstrated in [1]. The main
purpose of this article is to show the weak-strong uniqueness result.

2 Preliminaries

We shall investigate the motion of a rigid body inside of a viscous incompressible fluid. The fluid
and the body occupy a bounded open domain Q@ C RY (N =2 or 3). Let the body be a connected
open set Sy C Q at the initial time ¢ = 0. The fluid fills the domain Fy = Q\ S, at t = 0.

The Cartesian coordinates y of points of the body at ¢ = 0 are called the Lagrangian coordinates.
The motion of any material point y = (y1, .., yn)? € Sy is described by two functions

t—q(t)eRY and t~— Q(t) € SO(N) for te[0,7T],

where q = q(t) is the position of the body mass center at a time ¢t and SO(N) is the rotation
group in RY ie. the Q = Q(¢) is a matrix, satisfying Q(¢)Q(¢) =1, Q(0) = I with I being the
identity matrix. Therefore, the trajectories of all points of the body are described by a preserving
orientation isometry

B(t,y) =q(t) + Q(t)(y —q(0))  forany ye€ S (2.1)
and the body occupies the set

St)={xeRY: x=B(ty), yeSo}t=B(t5) (2.2)



at any time t. The velocity of the body, called rigid wvelocity, is defined as

d

%X(t’ y) =uy(t,x) = a(t) + P(t)(x — q(t)) for all x € S(t), (2.3)
where a = a(t) € RV is the translation velocity and P = P(¢) is the angular velocity. The velocity
u, has to be compatible with B in the sense

dq dQ , ,
il and i Q" =P inl0,7]. (2.4)

The angular velocity IP is a skew—symmetric matrix, i.e. there exists a vector w = w(t) € RY, such
that
P(t)x = w(t) x x, vx € RN, (2.5)

We define the fluid domain as Qp(t) = Q\ S(¢). For simplicity we admit that the densities of the
fluid and the rigid body are equal to 1. We consider the following problem modeling the motion of

the rigid body in viscous incompressible fluids.
Find (u,p,q,Q) such that

Gt (u- V)u = div(T(n,2)), } in Qp(t) x (0,7), (2.6)

C(li_;q = - fas(t) T(u,p)ndv(x), o
4 (Jw) = — [y (x —a(®) x T pndye) [ 0T (27)
(u—u,)-n=0, Bus—u)-7=T(u,p)n-r on 05(t), (2.8)
u0,.)=u inQ;  q0)=qy d0)=a), w(0)=uwy, (2.9)

where n(z) is the unit interior normal at x € 05(t), i.e. the vector n is directed inside of S(¢).
The surface measure over a moving surface 95(t) is indicated by d~. J is the matrix of the inertia
moments of the body S(t) related to its mass center, calculated as

I= [ (x=aP1- - a) © (x - av))dx.
S(t)

In (2.6) u is the fluid velocity; T is the stress tensor and D is the deformation-rate tensor, which
are defined as

|
T=-pl+2uDu and Du= <Vu + (Vu)T> ,

with p being the fluid pressure and p > 0 being the constant viscosity of the fluid.

Let us introduce the definition of weak solutions for system (2.6)-(2.9). To begin with we define
the space [9, 20]:

VO2(Q)={vel?)Q): divv=0 inD(Q), v-n=0 inH Y200)},
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where n is the unit normal to the boundary of Q. Let M() be the space of bounded Radon
measures. Let

BDy(Q) = {v e L'(Q): Dve M), v=0 on 9Q}

be the space of functions of bounded deformation. Let S be an open connected subset of 2 with
the boundary S € C%. We introduce the following space of vector functions

KB(S) = {veBDyQ): DvelL*QS), Dv=0 ae onb,
divv =0 in D'(Q)}.

Now, we can give a definition of the weak solutions of (2.6)-(2.9).

Definition 2.1 The triple {B,u} is a weak solution of system (2.6)-(2.9), if the following conditions
are satisfied:

1) The function B(t,-) : RN — RY s a preserving orientation isometry (2.1), which defines a
time dependent set S(t) by (2.2). The isometry B is compatible with u = ug on S(t): the functions
q, Q are absolutely continuous on [0,T] and satisfy equalities (2.3)-(2.5);

2) The function u € L*(0,T; KB(S(t))) N L>(0,T;V°%%(Q)) satisfies the integral equality

T
/ dt/ {uyp; + (u®@u) : Dyp — 2pp Du : Dep }dx
0 0\AS(t)

T
= —/ u0¢(0,-)dx+/ dt Blus —uy) (s —s) dy, (2.10)
Q 0 o5(t)

which holds for any test function 1, such that
Y€ LU0, T KB(S(1))),
Yo € LA0.TiLAQ\ISW)),  w(T,-) =0, (2.11)

By uy(t,-), ¥s(t,-) and us(t,-), ¥(t,-) we denote the trace values of u, ¥ on 0S(t) from the
“rigid” side S(t) and the “fluid” side F(t), respectively.

Let us recall the global solvability result proved in [2].

Theorem 2.1 Let the boundaries be 0 € C%', S, € C?. Let us assume that Sy C Q and
Ug € Vo’z(Q), ID)LIO =0 m D/<So>

Then problem (2.6)-(2.9) possesses a weak solution {B,u}, such that the isometry B(t,-) is Lip-
schitz continuous with respect to t € [0,T],

U € Cuear (0, T3 VO2(Q)) N L2(0, T; KB(S(1)))
and for a.a. t € (0,T) the following energy inequality holds

1 t 1
s [ acs [l [ amupace [ oueupad <] [ e
2Ja 0 Qr(t) o5(r) 2 Jo



Let us introduce on the fluid domain Qg(t) for t € (0,T") the following function spaces:
L(Qp(t),  L®(Qpt),  Wh(Qp®)  forae te(0,7)
and

L*(0,T; L*(Qr (1)), L*(0,T; H*(Qp(1))), H*(0,T; L*(Qp(t)))  with k=1or 2.

Also we recall the local existence result for the strong solution obtained in [1].

Theorem 2.2 Let the boundaries be 992, S, € C?. Suppose that Sy C
Ug € KB(S())

Then problem (2.6)-(2.9) possesses a local-in-time strong solution (B,u) such that the isometry
B(t,-) is Lipschitz continuous with respect to t € [0,T], and there exists a maximal Ty > 0 such that
(2.6)-(2.9) has a unique strong solution (u,p,a(t),w(t)) which for all T < Ty satisfies the following
enerqy inequality:

lallzz 0,752 0 @) + 1PNl 220,758 @p ) + 1@l 21 0,0) + N0l 2007 < C.

Here and below we denote by C generic constants depending only on the data of our problem (2.6)-
(2.9).

The aim of our paper is to prove the weak-strong uniqueness result for system (2.6)-(2.9). More
precisely, we prove that on the interval (0,7,) where the strong solution exists, the strong solution
is unique in the class of weak solutions given by Definition 2.1. To the best of our knowledge this
is the first weak-strong uniqueness in the area of fluid-structure interaction. Uniqueness of weak
solutions in 2D case for the fluid-rigid body system with no-slip coupling condition was proved in
[18].

Let us end this section by a well-known Reynolds transport theorem from the fluid mechanics
theory, which will be often used in our calculations on moving domains.

Lemma 2.1 Let V(t) be a time dependent volume moved by a smooth velocity v = v(t,x). Then

d d
—/ f(t,x)dx = / a dx (2.12)
for any smooth function f = f(t,x). Here % = ‘?)—{ + (v - V)f is the total time derivative.



3 Weak-strong uniqueness

Let (uy, as,w;) be the triplet consisting of the fluid velocity, the translation rigid body velocity and
the angular rigid body velocity connected to the weak solution (u;, By) (see Definition 2.1), i.e.

Bi(t,y) = ai(t) + Qu(t)(y — qo),

where a; = ¢|(t) € R?® and w; = w;(t) € R® is associated with the skew-symmetric matrix
P, = Q|QT, satisfying the property

wi(t) x x =Py(t)x, vx € R®. (3.1)

We denote
Sl (t) - Bl(t, So)

the domain of the rigid body at the time t and
Qp(t) = Q\ Si(t)

the corresponding fluid domain.

Moreover, let (ug,az,ws) be the strong solution given by Theorem 2.2 with the corresponding
rigid deformation B:

Ba(t,y) = a2(t) + Q2(t)(y — qo)

where a; = g} and w, is associated with the skew—symmetric matrix P, = Q,QZ, satisfying
wy(t) x x = Po(t)x, vx € R®. (3.2)

Also as before, we denote
Sg(t) - Bz(t, SO)

the domain of the rigid body at the time ¢ and
p(t) = Q\ S(t)

the corresponding fluid domain.

In this article our main objective is to demonstrate the following weak-strong uniqueness theo-
rem.

Theorem 3.1 We will prove the weak-strong uniqueness result, i.e.
(u1, a5, w;) = (ug,ag, ws) on the interval (0,Tp)

where the strong solution (U, ag, wq) erists.



The demonstration of this theorem we divide on few steps, proving auxiliary Lemmas 3.1-3.4.
The major difficulty in the study of this uniqueness result consists from the fact that the fluid
domains of u; and uy are a priori different and therefore we need to transform the strong solution
to the fluid domain of the weak solution in order to compare them.

Let X; and X3 be two time dependent changes of variables defined in Appendix 4. Furthermore
we define the inverse transform of X, i.e.

Yo(t, ) = Xo(t, )t

It is easy to see
Yao(t,x2) = qo + Q5 (1) (%2 — @2(t)), %3 € 95(1).

Finally we define the transformation X; : Q% () — QL(¢) in the following way:
X1 (t, %) = Xy (t, Ya(t, x2))
and let X (¢, x1) be its inverse, i.e.
X (t,-) = Xy(t, )"

In the neighborhoods of S (¢) and Sy(t) the transformations X, and X; are rigid. They are given
with the following expressions:

X1 (t,%5) = qu(t) + Qi (1)QL (¢)(x2 — q2(t))  in the neighborhood of Ss(t),
(3.3)
Xo(t,x1) = qo(t) + Qa(£)QT (t)(x1 — q1(t))  in the neighborhood of S, ().

Furthermore we put Q = Q.QfF. Now we define a transformed solution of the strong solution
(ug, P2, A, wy), where py is a respective pressure (see Appendix 4):

U2 (ta Xl) - jil(t,XQ(t,xﬂ)uQ(t’ X2 (ta Xl)); P2 (ta Xl) = pQ(t7 5{2 (ta Xl))a

(3.4)
As(t) = QT (t)as(t), Qy(t) = QT (H)wa(t),
where Jx ;x5 (t.x1)) = gi(llj. Using formulas (3.3) we see that the following equalities hold (see also

[17]):
n; = QTIIQ, T(u2,p2)n2 = QT(UQ, Pz)nl. (35)

Let us compute how the slip boundary condition is transformed, using the transformed solution
(3.4). Let ul, u? be the velocity of the bodies S;(t) and Ss(t), respectively (see (2.3)). We define
the transformed rigid velocity

UL(t,x1) = QTui(t, Xa(t, x1)) = Aa(t) + Qa(t) X (x1 — au(t)).



We use (3.5) to verify that U, satisfies the slip boundary condition:

Us(t,x1) - ny = QT us(t,x2) - 1y = us(f,X2) - 0o
=ui(t,x) -my = UZ(t,x;) -y ondS(t),

T(Usy, Po)ny -1y = QTT<U27P2)H2 Q'
:ﬁ(ug—UQ)'ngﬁ(Ug—-Ué)'Tl on (951(15)

Now we can prove the following lemma.

Lemma 3.1 The transformed solution (Us, Py, Ao, 2s) of the strong solution (ug, ps,asz,ws), de-
fined by (3.4), satisfy the following system of equations on the fluid domain Q% (t):

OUs + (Uy - V)Uy — AUy + VP, = (L — A)Uy — MU,

—NU, — (G+ V)P, p inQkL(t) x (0,7), (3.6)
div U2 =0
(Ug — Ug) 1Ny = O,
T(Uy, Po)ny -1 = (U2 —Uy) - 71y on 95(¢) x (0, T), (37)
A)=—wx Ay~ / T(Ug, P)nydy(x1)  in (0,7), (3.8)
881 (t)

(J1922)" = —w x (1€22) — /as o {(x1 = ai(t)) x T(Uy, )0y} dry(x1) in (0,7), (3.9)

where the matriz J; and the vector w are defined by

J; = QT LQ and @ xx=0Q7Qx. (3.10)

Proof. Equations (3.6) and (3.7) follow from the standard calculations, we refer to Appendix 4 and
the above considerations. The interested reader can find complete details of these calculations, for
example, in the articles [8, 17]. Let us prove (3.8). We calculate

A, = (Q"ay)' =Q"a)+ (Q")ay = — / T(Us, Po)n; dy — Q"Q'Q"ay
851(t)
= —/ T(UQ, PQ)Ill d")/ —w X AQ.
a81(t)
Let us now deduce (3.9). We have that
@T(bwz)/ = —@T/ {(x2 — qa(t)) x T(ug, pa)ny} dy(xs2)
852(t)

B _/ {1 —au(?)) x T(Uz, )0y} dy(xy)
851(t)
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and on the other hand:

@T(szz)/ = @T(@J1@Tw2)/
= QTQ I+ (1) =@ x (JiD) + (J182)".

Therefore combining these last two relations we derive (3.9). Hence this lemma is proven. n

As a consequence of the previous Lemma 3.1 we can give the weak formulation for (Usg, P, Ay, ©5).

Corollary 3.1 Let us denote by
F=(L—-A)U;— MU, -~ NU, — (G + V)P

Then the transformed solution (Usg, Py, A, Q9) satisfies the following equality:

T T
/0 dt /Q\aSI(t) <U2 . ’(bt -+ (u1 X U2) . ]D)’l/)) dX1 — /0 dt /Q}?(t) (U2 — 'Ll1> . VUQ . 17[) Xm
T T
— : . — 2 _ (pg — d
2,uf/0 dt /9\831(t) (]DUQ D'l,b + F ’l/)) Xm /0 dt {/851(t) ﬁ(US Ug) ('I,b ’I,bf) ’Y(X1)}

T
— [0 dxi 4 [@ )+ x At (3.11)
Q 0

which holds for any test function ¥ satisfying (2.11). Let us note that this function v is a rigid
one on Si(t), that is

YL, %) = Pu(t) + o x (x—au(t))  forx e Si(h).

Proof. Using the Reynolds transport theorem (2.12) we can write the inertial term as:
T
/ dt/ (&Ug . 'l,b + U2 . VUQ . ",L’) Xm
0 Qp(t)
T
=~ [t (Uaow V(U ) - Vs VU ) dx - [ (0. dx
0 QL() Q

T
= —/ dt/ (U2'(9t1/)+u1®U2 D¢+(U1—U2)VUQQ/)> Xm—/u0¢(0,~)dx1.
0 QL(¢) Q

The rest of the proof follows directly from Lemma 3.1 in a classical way. The details can be found
in Appendix A.1. of the article [2]. |

Before proceeding with the proof we need to prove the following two Lemmas that give us
estimates for the additional terms arriving from transformation in (3.6)-(3.9).

9



Lemma 3.2 For the vector w defined by (3.10) the following estimate holds:
&(t)] < Clwi(t) — wolt)],  t€10,To),

where C' depends only the initial energy, precisely C' = C(wq(0), w1 (0)).

Proof. First we estimate the term |Q(¢) — I|. We have
Q1) = I = [Q2()Q ()" = Qu(H)Qu(H)"] < ClQa(t) — Qu(#)] < Cluwn(t) — walt)].
Here we used the fact that Q7 is bounded in C([0,T]; SO(3)).

Furthermore, we estimate the time derivative Q. We can write
Q = QQ +Qx(Q7) =QQ"QQ; ~ QQ; QQ;
= QQ'Q;, - Q)Qr.
Therefore we have to estimate the term QTQ/, — Q}:
QTQ, — Q4] < QT —T/Qy] + |Q) — Q.
Since Q) = P,Q;, i = 1,2 by (3.1)-(3.2) we conclude:
Q' ()] < Clwi(t) — walt)],

where we also used that Q) are bounded by the Lipschitz continuity of B, (¢, -) for ¢ € [0, Tp]. Finally,
since a skew—symmetric matrix Pz = QTQ’ is associated with @ (see (3.10)) we obtain the result
of this lemma. n

Lemma 3.3 The following estimate holds:
(L= AUy — MUy = NUy — (G + V) Pal r20.1;12(08 )
< C (Ha1 —ag||r20,1) T ||w1 — w2||L2(0,T0)) -
where C' depends only on ||U2||L2(0’TO;H2(Q%(,5))), ||P2||L2(07T0;H1(Q%(t))) and ||Us|| oo 0,10;01 (20 (1)) -

Proof. First we estimate transformations 522 and il. Since these transformations are rigid in the
neighborhood of the rigid body we have:

5{2(757X1> = q+Q(x1 —aqi)
= @-q+Q(x1—(—-Q"q))  ondS().

The functions q and Q satisfy differential equations (2.4), then the following estimates hold for
t e [0, To]I

t
(@ — ) ()] = | / (a1 — a0)(r)dr| < Cllar — 2201,
0

10



t
@~ Q)| = | | (@) ~ y(r))dr] < Cllws — wall o
0
Using the proof of Lemma 3.2 we can get the following estimates on 05, (t) for ¢ € [0, Tp] :

[Xo(t) —id] a1 (t) — q2(1)] + ClQu (1) — Qa(2)]

<
< Cfllar — az||z2(0,m) + w1 — wallL20,11))

0Xs(t)] < Cllan(t) — az(t)] + |wi () — wa(t)])-

Using the previous estimates and a standard construction of change of variables connected to the
rigid motion X (see the articles [17, 25] or for slightly different point of view we refer to Proposition
1 and Corollary 1 of [18]), one gets the following estimates:

1Xa(t,.) = id|lw2eoory < Clllar — agl|r2(0,1p) + llw1 — wallz20,1));

F

10:Xa (t, lwroe oy < Cllar(t) = aa(t)] + e (£) = walt)]),

} tel0,Ty. (3.12)

Analogous estimates can be derived for X;.

To finish the proof we use the formulas for the transformed differential operators (4.1)-(4.4).
Estimates (3.12) imply:

195 () = Oisllwrc ey + 197 () = Gillwrpy + 105 E) |2 @r @)
< Clar — aglp20m) + w1 — w2lr20m)), t € [0, Tp).

The proof of this lemma follows from the fact that

Uy € L2(0, To; H*(Qp(1))) N L0, To; H' (Qe (1)), Py € L*(0,To; H' (Qp(1))).

Let us give a principal lemma of our article from which Theorem 3.1 follows.

Lemma 3.4 We have that

(1117291,31,001) = (U27P27A27Q2) and (u1,B1) = (ug, By).

Proof. First we subtract equality (3.11) for (Uy, P, Ag, €29) from equality (2.10) for (uy, p1, a;, ws).
In the obtained identity for the difference

(u,p,a,w) = (u; — Uy, p1 — Py,a; — Ay, wy — §2)

11



we can take the test function 4 (r) = u(1 — sgns (r —t)) for any fixed ¢t € (0,7") and pass on € — 0,
that gives the identity:

t 1 t
/dr/ (——at\u\z—m@uzﬂ)u)der/d?“/ u- VU, -udx
0 Q\95 (r) 2 0 Qi (r)

t
+/ |u(t)|2dx—/ |u0|2dx—2,uf/ dr/ (|Dul* + F - u) dx
0\0S (1) Qr(0) 0 0\0S1 ()

t t
- / ar [ Blu, — ultdy +/ (@ x (i) - w + @ x Ay -a) dr. (3.13)
0 0S(r) 0

The main difficulty in the study of this relation is to estimate the difference of the convective terms.

Let us combine the convective terms with the fluid acceleration term, then we have:

t 1
/ dr/ ( — —OJuf-uw ®u: Vu+u-VU2-u> dx—l—/ lu(t)|? dx—/ lug|* dx
0 QL) 2 QL(1) 2 (0)

1 t
= _(/ ’u(t)‘Q dx —/ ‘UOP dx) +/ dr/ u-VU; - u dx.
2 A0 Qr(0) 0 QL)

By integration by parts the last term in the right hand side of this identity is written as:

¢ t t
/ dr/ u-VUg-udx:—/ dr/ u-Vu- U, dx+/ dr/ (u-n)(u-Us) dy. (3.14)
0 QL) 0 QL) 0 00L (1)

The first term in the right-hand side of (3.14) can be estimated in the standard way (see e.g.
Temam [26]) by using the interpolation:

1
F

t t
|/ dr/ 0-Vu-U, dx| < / A A
0 QL) 0

t
1/4 3/4
< C / (a2 Va5t + [[a)] g2)[|Val 2] Us|| 12 dr
0

IA

t C t
Ce [ 1l dr+ = [l (10 + Tl ar

12



The second term in the right-hand side of (3.14) is estimated as follows:

t
\/ dr/ (u-n)(u-Us) dvf
0 o0L.(r)

t
< O/O (Ja(r)] + lw(r)D ()] 228, ) [U2(r) | 22051 () dr
t
< C /0 (la(r)] + lw () DIDu(r) || 2@y DU2(r)[ 20 ) dr
< Q t 2 DU 2 dr + C' t D 2 d
< a(r) |22 @) IDU2(r) 7201 ) dr + Ce || u(r)l7201 ) dr

< —/ () o dr+C’€/ D)2 0

Moreover, applying (2.12) of the Reynolds transport theorem we have

1d

1
—— lu?dx = = O;[ul?dx —|—/ W ®u: Vudx.
2dt Js, 2 Jsi) S1(t)

Finally, the remainder terms in (3.13) can be estimated by using Lemmas 3.3 and 3.2.

By putting this estimates together we conclude:
t
”u(t)||%2(9) + 2/0 ||]D)u||2L2(Q) dr < ||u0H%2(Q)
t t
+C [ clDulag dr+C [ () + lw(r)) dr
0 0
C [ 2 8
= 1y o (1020 By o+ MO0y + 1)

e / (a0 + () [l 2@y dr

Using Young’s inequality and taking e such that ||Dul| term can be absorbed in the left-hand side

we get:

()l 0) < C/ () 1220y (1 + 10200740y, () + 10200 121 ) -

Hence we finish the proof by applying the integral Gronwall’s inequality and conclude that u = 0. B

4 Appendix - Local transformation

Since the fluid domain depends on the motion of the rigid body, we transform the problem to a
fixed domain. We define the local transformation as in Takahaski [25]. Let us point that such type

13



of transformation firstly was suggested by Inoue and Wakimoto [8] and then extensively used in the
context of strong solution to fluid-rigid body systems (see e.g. [17, 25]). Here we just briefly repeat
the main facts about this transformation for the convenience of the reader. Let us just emphasize
that our case is slightly different since we are not transforming to the fixed cylindrical domain, but
form one moving domain to the other. However, the essential fact for this transformation is that
the change of variable is volume preserving diffeomorphism - which is true also on our case.

Let us §(t) = dist(S(t),0). We fix dp such that §(t) > dy and define the solenoidal velocity field
A(t,x) such that A = 0 in the dy/4 neighborhood of 92, A = a(t) + w(t) x (x — q(t)) in the dy/4
neighborhood of S(t). Let us define the flow X(¢) : 2 — Q as the unique solution of the system

d

SX(Ey) =AMX(x),  X(Oy) =y, Vzel
We denote Y the inverse of X, i.e.

Y(t,-) =X(t-)h

Let us write the unknown functions (u, p,w,a, T) by the change of variables x — y. Then in
the system of coordinates y € {2 we obtain the new unknown functions

Ut,y) = Iv(t, X(t,y)u(t,X(t,y)), Pty)=nptX({tYy)),
2(t) = Q'(t)w(t), £(t) = Q' (t)a(t), fort € [0,T], y € Qq,
T(U(t,y), P(t,y)) = Q"(t)T(Q(t)U(t,y), P(t,y))Q(t)

The Jacobian of this change of variables x — y is denoted by

8Y};>7

Fv(6:X(6:3)) = (5

In the sequel we derive a system which satisfies the new unknown functions (U, P,=Z, £, 7). Our
system (2.6)-(2.9) is written in terms of the variables (¢,x), therefore we have to rewrite these
equations in terms of the new variables Y = Y (¢,x).

Let us first note that the determinant of the Jacobian Jy equals to 1, since is a divergence free
vector field. Hence using these change of variables we have

/ T(wpn() dy(x) = Q[ T(U,P)N do(y),
as(t) 85(0)

| x=a®) x Tapn® i) = @ yxT(UPIN doy).
aS(t) 85(0)
where do indicates the surface measure over non-moving surface 95(0).
In the sequel we derive the equations which satisfy these new unknown functions (U, P,=,£, 7).
Let us introduce the metric covariant tensor
_ 0Xy
Oy

9ij = Xk,iXkj, X
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the metric covariant tensor

g oY;
iy }/Z Y. Y; _ i
g K gk k X
and the Christoffel symbol (of the second kind)
1 dgi
F?j = §9kl<gz‘l,j + Gjti — Giji)- Gil; = 8_%
It is easy to observe that in particular it holds
0X,
| T T X = —

Hence under the change of variables x — y the operator L is the transformed Laplace operator
and it is given by

The convection term is transformed into

Zuﬁ u; + Z I jAL P (4.2)

Gk+1

The transformation of time derivative and gradient are given by

(Mu); ZY D + Z (rjkyk + (0 Y9, Xk)) (4.3)

k=1

The gradient of pressure is transform as follows
j=1

Therefore combining all formulas of transformed differential operators (4.1)-(4.4) we see that after
the change of variables the system (2.6)-(2.9) is transformed into the following system

U +(M-L)U = —N(U)-Gp, | .

s diV)U = 0 O -ar }IHQF@)X(O,T),
d —
mig = uxg faSO)TUPNda 0 (0.7)
I4E = Ex ~ Js ¥ x T(U, P)Ndo o

15



(U_US)N = 0,
f(U—-Us)-7 = —2(D(U)N -7 on 05(0),

U = 0 ono0Q,
£0) = a(0) and E(0)=w(0),

where Uy = (E(t) x y + £(t)) is the transformed rigid velocity us; N = N(y) is the unit normal
at 'y € 905(0), directed inside of S(0); I = Q'JQ is the transformed inertia tensor which no longer
depends on time (see details in the article [17]).
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