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ABSTRACT o Cylinder radius ratid?;/Ry.

This paper is related to the fluid forces prediction on @ Exact outward normal to inner cylinder.
rapidly moving circular cylinder in cylindrical confinement. The
Fritz model, which mainly assumes infinitesimal motions of the
inner cylinder in an inviscid fluid, is one of the simplest model
available in the scientific literature and is often used by design . . , . o
engineers in the nuclear industry. et), et), ét) Dlsplacemerjt, velqcny and .acceleratlon im-

In this paper, simple non-linear expressions of fluid forces posed to the inner circular cylinder.
are derived for the case of finite amplitude motions of the inner & Ratio between the maximum displacement of the inner cylin-
cylinder. Assuming a potential flow, advection term and geomet-  derémaxand the radial clearané® — Ry, & = émax/(r2—R1)
rical deformations can be taken into account. The problem, for- r, Exact inner circular position.
mulated as a boundary-perturbation problem, is solved thanks r; r, r, Approximate inner circular cylinder positions at lead-
to a regular expansion. The range of validity of the approximate ing order, first order and second order.
analytical solution thus obtained is theoretically discussed. The
results are also confronted to numerical simulations, which al- . ) . )
lows to emphasize some limits and advantages of the analytical Yo, U1, U2 Approximate velocity at leading order and velocity

Ng, N1, N2  Approximate outward normals to the inner cylinder
respectively at leading order, first order and seconc
order.

u Local fluid velocity.

approach. rectification of first and second order.
p Local pressure.
NOMENCLATURE Po, P1, P2 Approximate pressure at leading order, and first anc
(X, Y)e.q) Cartesian coordinates system. second order rectifications.
(r, G)He( &) Po_lar coordinates system. ® \Velocity potential.
P Fluid density. o, d;, P, Approximate velocity potentials at leading order,

C(t) Inner circular cylinder. and first and second order rectifications.
W Parametric curbe af (t).

R: Inner circular cylinder radius. ds Infinitesimal element ofthfa curwhgn abscissa@(t).
R, Outer circular cylinder radius. F(t) Integrated force on the inner cylinder.



INTRODUCTION

Whenamoving body is submerged, it can experience strong
forces induced by the surrounding fluid. Since the body motion
modifies the fluid flow, and the fluid flow can modify the body
motion, this is a non-linear fluid/structure interaction problem.
Furthemore, the induced fluid forces are not only functions of
the whole history of the solid motion, which is sometimes deter-
mined, but also of the ambiant perturbation level. Hence, it can

be helpful to isolate physical phenomena in simple cases so as to

identify their influences. Once it is done, models may be built
and used to interpret real or numerical experiments. Moreover, if
they are validated, they can avoid the use of a numerical code to
solve the fluid domain in fluid/structure interaction problems.

This paper focuses on the fluid forces experienced by a
rapidly moving circular cylinder in a annular fluid region. The
motion is assumed radial, unidirectional and without rotation. It
is related to a study whose aim is to predict impulsive fluid loads
on naval components during a typical military shock. The sim-
plest and most currently used model available in the scientific lit-
terature related to this geometry is the Fritz one [1]. This model
makes the following assumptions:

(i) the flow is two-dimensional,

(ii) the flow is incompressible,

(iii) the fluid is initially at rest,

(iv) the fluid is inviscid,

(v) the advection term - Ou can be neglected,

(vi) the displacement imposed to the inner cylinder is very
small compared to its radiuelt) /Ry << 1.

Assumptions (i) to (iv) are also made in this paper. (i) is valid
if the length of the cylinders is much longer than their radius, if
there is no axial flow and if the two-dimensional flow is stable
- or the effects of three-dimensional instabilities are negligible

in the forces compared to potential effects. Some cases where

hypothesis (i) is not allowed are discussed in a companion paper
[2] and more generally in [3,4]. Hypothesis (iii) can be relaxed in
this study to an initially irrotational flow. Assumption (iv) is only
roughly valid if the inner cylinder displacements are sufficiently
small so that no separation occurs and if the motions are rapid

enough to produce boundary layers [5] whose thickness are much

thinner than the radial clearance and more specifically for high
numberwRZ (a — 1)? /V [4,6]. This paper puts the focus on the
relaxation of (v) and (vi). Hence the advection term is taken into
account and the fluid force is expected to be valid, as it will be
seen later, when the relatiga(t)/Ry)% << 1 is satisfied, which
is less restrictive than that of (vi). Another way of thinking large
displacements effects can be found in [7, 8].

In the first section the problem is formulated as a boundary-

e
eo Y
\I‘AFH
ex !

Figure 1. THE GEOMETRICALCONFIGURATION.
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given. In the third section, these results are compared with thos
obtained from a CFD code [10] based on a finite-volume dis-
cretization on a moving mesh. Some conclusions are given i
the last part.

PROBLEM FORMULATION
General equations

With assumptions (ii) and (iv) of the last section, the Navier-
Stokes equations governing the fluid motion are reduced to:

ou )

—+
O-u=0 )

ot
Sincethefluid is inviscid and the density is constant, the Kelvin
theorem can be used and provides the classical consequenc
an inviscid fluid initially irrotational remains irrotational at latter
times:

1
u-ju=--0
(u-0) 5P

Oxu=0 (3)
Hence, there exists a functiah, called the velocity potential,
such that:

u=0¢ 4)
Introducing it in Eqn. (2) gives the equation satisfieddbin the
fluid domain:

0’0 =0 (5)

perturbation problem [9] for the velocity potential and a regular Which is the Laplace equation. This derivation is classical anc
expansion method used to solve it analytically is exposed. The ¢an be found in all fluid dynamics books (see [11] for example)
resolution up to the second order is achieved in the second sec-
tion where the local pressure, velocity and integrated forces are

lthecirculationonall closed material line is conserved [11].
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Since thefluid is assumed inviscid, only the normal component

whereO is the centre of the outer cylinder. The unit tangérnb

of the velocity has to be conserved on the solid boundaries. For C(t) at the positiorf is given by:

the geometry of interest in this paper (see Fig. 1), the boundary

conditions in term of velocity potentiel are:
Od-n =0 onthe fixed outer cylinder
Od-n = é(t)e,-n onthe moving inner cylinder

(6)

(7
In order to make this problem analytically tractable, the inner
cylinder position and the unit outward normahave to be ex-
pressed in explicit terms in Eqn. (7). Thisis done in the following
subsection.

Geometrical considerations

By considering the triangl®O'A in Fig. 1, it is straightfor-
ward to find that the inner circular cylinder positionsatisfies
the following relation:

R =r2+€(t) — 2ree(t) cosd (8)

Since we are interested by motions of the inner cylinder much
smaller than its radius, the physical solution of Egn. (8) is:

e(t)

RE
Thisis the polar equation of the inner cylindei(t). Expanding

the square root in terms of series gives
t
re(6,t) = Ry <l+coseeF\E) (10)
n-1

S (30 (2))

which always converges fofe(t)/R1| < 1. Thanks to this for-
mula, we define approximate positions of the inner cylinder:

I’o(e) = Rl (11)
I’l(e) =R (1+ COSGeF\E?)

2
r2(0) =Ry <1+coseeF(:1) — %sinze (ngtD > (13)

TheboundaryconditionEqn. (7) will be expressed thanks to this
formula. rg is used in the Fritz model and is the leading order
approximation of Egn. (10)t; andr», respectivily the first and
second order approximations of Eqn. (10), will be used to locate
C(t) in the first order and second order models. It is also of
interest to write in explict terms the unit outward normabn

the moving inner cylinder. We consider for this the parametric
curveW of C(t) which is defined by:

C(t): 80— W(O) = 0+re(6,1)e

re(8,t) =e(t)cosB+ Ry, [1— sir’® 9)

sme

(12)

(6,t) (14)

_W(®)
0= v (49
whereW' (8) and|| W (0) | canbewritten:
W'(8) = re(B)er +rc(B)es (16)
[W(B) ]| = 1/ré(6)+TrE(®) an

andwhere the prime denotes derivative according.tdhe unit
normaln which is orthogonal t@ can then be evaluated thanks
to Egns. (11-16). Its truncation at the leading, first and secon
orders are respectively:

No(6) = (RycosBe, + Ry sinBey) (18)

1
1+ (®) ]
1

18 = @

(RycosB+e(t) cos20) e (19)

RisinB+e(t)sin20) ey

) cosb
s36> &

3E(t) .
8Rl> sin®
sinSG) &y
In order to evaluate the fluid forces on the inner cylinder, the

knowledge ofndsis also requireddsis an infinitesimal element
of the curviligne abscissa @f(t) and is given by the formula:

ds=||w(0) || do (21)

Hence the expression ofds can be directly deduced from
Egns. (18,19,20).

1
O

@ ((Rl

ez(t)
()C 020 + é?]_

+ @ ((Rl‘

e(t)sin20+ g?
1

3E(t)

n2(8) = é?l

(20)

+

_|_

Resolution method

Equations (5,6,7) governing the velocity potential can be
rewritten in polar coordinates to give:

20 109 190D
oz Trar Treaee O (22)
in thefluid domain(r,8) €]rc(8), Rz[x[0,21] and:
% (Ro.0) = 0 29
Od(re,0)-n(re,0) = ét)ex-n(re,0) (24)

on the boundaries. Hence the system of equations to solve is
laplacian with Neumann boundary condition on the outer cylin-
der. A difficulty arises from the boundary condition on the inner
cylinder sincerc andn are functions oB andt. Since there is



no differentiationwith time in this systent, is only a parameter.
The problem is tackled with a boundary-perturbation method [9]

Approximate analytical solution

thanks to a regular expansion. Equation (24) is seen as the ex-

treme boundary condition in the following family of boundary
conditions:

0@ (rn(6),0) -n(rn(6),0) = éft)ec-n(rn(6),8)  (25)
wherer,(0) takes the form:
() = S ApeP (26)
p; p
and satisfies:
lim rn(6) =rc(0). (27)

Nn—oo

The perturbation parameteis in our casee(t) /Ry and the coef-
ficientsAp can be identified by considering Eqn. (10). Perform-
ing a Taylor expansion of Eqn (24) abd®t and using the de-
composition Eqn. (26) allow to turn the original problem into an

equivalent one. We can now divide the problem into a sequence

of problems where we can separately find the funct®ps®;,
@5 ... in the desired solution:

(<) et n
°- 5, (%) o
o\ R
If the perturbationparameter is sufficiently small, the serie will
converge rapidly and few terms will be sufficient to provide a

good approximation of the solution. In this paper, only the main
order @, first order®; and second orde®, approximations

(28)

are found. Hence the solution is expected to be valid in cases

where (e(t)/Ry)® << 1. Once the velocity potential is found,
the velocity distribution is written thanks to Eqn. (4). In order to
obtain the pressure in the fluid domain, Eqgn. (1) is rewritten after
elementary manipulations [11]:

du u?
—pat—p[D (2) —ux(l]xu)}
Taking into account Egn. (3) and integrating the resulting for-

Op= (29)

Leading-order resolution

In this model, boundary condition Eqn. (24) is expressec
with the leading-order approximations igfandn given respec-
tively by Eqgn. (11) and Eqn. (18). In this case, the leading-orde|
solution®g satisfies the following problem:

?Py 19Dy 1 9°dg

oz ' roar ' r2 982
for (r,0) €]R1, Re[x[0,211, with the simplified boundary condi-
tions:

=0 (32)

0®g

or
0%

or

for 8 € [0,2m. Hence, this problem consists in solving a Lapla-
cian with Neumann boundary conditions in an annular geometr
and has been solved by Fritz [1] for example. The main steps al
repeated here for completeness. Since the problem is elliptic, w
search a solution by the method of separation of variables in th

form:

(R2,8) =0 (33)

(r0,8) = &(t) cosh (34)

®p(r,8) = &, (r)dg(0) (35)
Introducing it in Eqn. (32) and noting that Eqns. (32,33,34) are
invariant under the transformations:
(r,0,®p) — (r,0+ 211,P))
(r,8,®0) — (r,—6, %),
the solution has the form:

[

Do(r,0) = Z ((Anr"+Bnr ") cos®)) + AoInr +By  (38)
n=1

The coefficientsA, and B, are determined with the boundary

(36)
37)

mula in space coordinates gives the following expression for the ¢onditions and the leading-order solution arises:

pressure:

0P 1
p(rv e) _pﬁ(r?e)_péuz(n e)+c (30)

whereC is aconstant available in the whole fluid domain and will
be taken as null in the following. This formula is the classical
generalized Bernoulli equation. Since the flow is supposed invis-
cid, integrated fluid forces on the moving inner circular cylinder
are given by:

2n

A p(r(8))-n(8) | W(8)|| d8

wherel is the identity matrix. In the next section, the problem is
analytically solved at the leading, first and second orders.

F () (31)

®o(r,0) = —

qzil (r+Rr%) é(t)cosb+ By (39)

The correspondingvelocity field ug is found by putting the
decomposition Eqgn. (28) into Egn. (4) and keeping only the
leading-order term. Writingp = Urg€r + Ugp€s, it gives:

Uro(r,0) = ﬁ (I;ng — 1) e(t)cosB (40)
Ugo(r,0) = ﬁ (?2% + 1) é(t)sin® (41)

Introducingthe decompositiorEqgn. (28) in Eqgn. (30) allows to
express the leading-order pressure in the fluid domain:

0 U02
Po(r,6) —P5Po—P

(42)



With theabove expressions for the potential and the velocity, the Introducingthisdecompositiorin Egn. (47) and keeping in mind

pressure is fully determined and can be written: the problem solved bgp in the previous subsection, the bound-
1 R2 ary condition for®; at the inner cylinder is fully determined.
po(r,0) = péft) cosd (43) After some manipulations it gives:
a2—-1
® 202
_ 1 1/R RS Q(Rl 6) = ———&(t)cos20 (49)

p— — — —£ - < ) 2 _

P& (t) w17 {2 <r4 +1> = cosze] or a2—1

_ o ) ~ Theequatiorgoverning®; in the fluid domain and the boundary
At this order, the local pressure on the moving inner cylinder is  -ndition on the outer cylinder are found by putting Eqn. (48) in

evaluated at.(8) = rp (see Eqgn. (11)) which gives: Egns. (22,23) which results in:
o 021 %P, 100, 10%®
Po(Ry,0) = pé(t)Ry—— cosB (44) cF 2o, ST L
-1 or? + r or + r2 0e2 0 (50)
_ (1) 1 ; (1 (0(4+1) _0(200329) for (r,8) €]Ry, Rz[x 0,211 and:
(217 \2 991 2.8) =0 51
This differs from the expression of Fritz [1] in which the second or (Re,8) = (51)

term of the right hand side in the above equation does not appear.on theouter cylinder. Hence, the problem to solve fbj is
Integrated forces at the Ieading order on the inner cylinder can be again a |ap|acian in an annular region with Neumann boundart
expressed thanks to Eqns. (31,18) and take the form: conditions. The solution is found with exactly the same methoc
21 as that used for the leading-order problem and can be written:
Folt) =~ | po(R, O)R:coshdBe, (45)

_a? . R2 /12
With the pressure given in Eqn. (44), the fluid forces are fully (a2—1)(a*—1) e(t)ﬁl (R%
determined:

2.1 Thecorrespondindirst order velocity and pressure rectifications
Folt) = —PT[R% O‘ZJ_F 8(t) e (46) u; andp; defined such that:

(1, 0) = + ?g) cos28 (52)

Thisis exactly the expression given by the Fritz model. It can be U= up+ ?ul +0 (‘i@) (53)
inferred that even if the advection term modifies the local pres- 1
sure on the moving cylinder, integrated forces are not influenced p=po+ S et) Lo+ 0 (ez(t)) (54)
by it at the leading-order. In the following subsection, it will be Rf

shown that it nevertheless changes integrated forces at the neXtyrerespectiely found by mtroducmg Eqgn. (48) in Eqgn. (4) and
order. in Egn. (30), which gives:

up = 00, (55)

. . 0
First order resolution PL = —p5 P1—pUo- Uy (56)

Hence,in explicit terms, the velocity in radial coordinates and
the pressure take the form:

At this order, the boundary condition on the moving in-
ner circular cylinder Eqn. (24) is expressed ats r1 (given in
Eqgn. (12)) and the unit normalis approximated by, (given in

Eqgn. (19)). Flow quantities are truncated at the first order. Using Ura(r,0) = 20° R -~ r) 5t)cos20  (57)
Taylor series expansions, the boundary condition on the moving (02—-1)(a*—1) \Rird Ry
cylinder becomes: () 202 R4 r\ D8 (58)
Up1(l,B) = —— i ( 3 +) e(t)sin2 58
?;D(Rl,e) els) f(®,Ry,0) = €(t) cosb+ F(Qt) é(t)cos20 (47) (*-1) gor -1 RZer , RFlzz
1 1 a r .
I 20 p1(r,0) = —(a2—1)(a4—1)§i <R2+r22> pé(t) cos20
wheref(®,Ry,0) = cosea—(Rl,G) +Ricos8— 2 > (R1,8) 202 2
+ pE(t) (59)
e (@1 @
! RR R RS
In accordancevith the pertubation method, we search a function x || ==+ =55 ) cos30 — +— ) cos8
®; such as: Rar er3 Ruir® R
e(t) (1) Thelocal pressuren the moving inner cylinder can be found by
d=dy+ thb 1+ o< =2 > (48) performing a Taylor expansion gf(r1(6)) aboutRy, inserting
1 1



Eqn. (54)in the resulting decomposition and keeping terms of
order one. It gives in function gfy and p1 and their derivatives:

P(r1(8)) = po(R1,0) (60)
et) (pl(Rl) - Rlcose%;o (R1,9)> +0 (ezR(zt))
1

+ ?1

which canbeexplicitly written thanks to Eqns. (44,59):
) a?+1

p(ri(6)) = pe(t)le cosd

. 1 1
- pez(t)m (2

e(t)
TR

(61)

(o +1) - a2c0526>
{peomr -3+
o?(a%+1) B 1) cosZO} }

((azl)(a“l) 2
NG

e(t a?(a?+2)+1
R (02—1)"(a*-1)
Integrating the above formula on the moving cylinder with
Eqgns. (31,19) gives the following global fluid forces:

a?+1
—PTIR%me(t)&

(62)
202 (0% +1) e)?
(a2—1)?(a4—1) O( R1>

A new term has appeared in the right hand side of the above
formula. It can be inferred that the advection term which does
not influence the fluid force at the leading-order (see Eqn. (46)),
modify the global force at the first order. In the following sub-

section, the governing equations are solved at the second order.

+ (cos(36) — cosﬂ))

F(t)

+ pre(t)é(t)

Second order resolution

The boundary condition on the moving cylinder Eqn. (24) is
expressed at; ~ rp (given in Eqgn. (13)) with the approximate
unit normaln;, (see Egn. (20)). Flow quantities are truncated at
the second order, neglecting the terms of or@st) /R, ) and
higher. Then the following decomposition:

¢:¢o+eF§t)¢1+e2(t)¢2+o<e13t))
1

| RS
is introducedn the boundary condition. Lastly, the resulting for-
mula is expanded in Taylor series ab®t This provides the
boundary condition for the second order rectification potentiel
@,, expressed with the known functi@by, @1 and their deriva-
tives. After some manipulations, the boundary conditionstpr

(63)

can be explicitly written as:

9D, 20 .
ar (R1,08) = @D —1) 1)e(t)cos;e (64)
2 (~4
3 (@ 41) o) cos®

(02—-1)(a%-1)
Equations satisfied bgp, in the fluid domain and at the outer
cylinder are found with the same method as that used in the pre
vious subsection and consist once again of a laplacian with Net
mann boundary conditions:

%Dy, 10D, 102D,
a2 Tror 2o O (63)
for (r,0) €]Ry, R[x[0,2m] and:
22 (Ro.0) =0 (66

Sotheproblem for®, consists in solving Egns. (65,66,64) which
have exactly the same form as the problemsdigrand @;. It
gives with the same method:

. 202 R
@2(00)= 60 ;g (r+2)eo o7
: o?(at+1) 1 RS
U D D@ DR <r3 * r??) cos38

The corresponding second order velocity and pressure rectifice
tionsu, andpy defined such that:

- et) e (t) e(t)
U= Ug+ R]-U]_+R%U2+O(Ri> (68)
_ et) e(t) e(t)
|0—|00+—R1 p1+—R% p2+O<R? ) (69)

arefoundby introducing Egn. (63) in Egn. (4) and in Eqgn. (30)
which results in:

up = o, (70)

P (72)

5 (ur® +2u0- ug)

0
P2 = —paq)z—



So the can be written explicitly:

Ura(r,0) = eft) o 1?2‘;4 T (?2% - 1) cosh (72)

+ ét) e f;((zgaji)l(zﬁ — 1)% ('f - r2) cos30

Uea(r,8) = &) o 12)3(20(4 5 (iﬁ + 1) sin@ (73)

+ é(t) s f;(;(fji)l(zjs — 1)R1§ (f + r2> sin30

P2(1.0) = PR o 1‘;;4_ ATe) (74)
02

— pé(t B
P e 1P
whereA(r,0) andB(r,8) aregiven by:
2 r R
7(127 1 <Rl + er> coso
at+1/r R
af—1\R R33

— SZ—F:% cos46>
1

A(r,0) =

+ ) cos30

202 ( B
at—1\Rr6  R?
2 (R . R
+ 2_1 (I’4 —|—1—2r2C0529)
3(a*+1) / RS 2
+¥ =2 r—z— 0(2+i cos60
ab—1 \R6 R? R2r4
The local pressure until the second order, on the moving inner

cylinder, can then be written by performing Taylor series expan-
sions of the pressung(rz(8)) aboutR;, which results in:

p(r2(8) = Po(Ru8) + S (pu(R.8) + Rucosh 2 Ry 0) )
e(t)

+7
RE

B(r,8) =

op1

or (R®)

(pz(RL 0) + RycosB (75)

Rii2g9P0 R o2® P
-5 sir’ 0 o (R.6)+ cos 0 52 (R1,6)

The functions ofthe right hand side are all known, so the local

to the second order:

F(t) = —an%é(t)“ifey (76)
, 202 (a?+1)
+pﬂe(t)e2(t>(a2 Pl 1)
o4 o)\’
PN es<+0( - )

A new term appears. It can be seen as a non linear rectification
the added mass coefficient. Validity and limits of this fluid forces
expression are compared with numerical simulation results in th
next section.

Comparaison of the results with numerical simulations

Comparaisons of the analytical results are performed with
CFD code [10] based on a second-order finite volume discretize
tion scheme. The Navier-Stokes equations are written in thei
general conservative form [12] with an arbitrary lagrangian eu-
lerian formulation [13]. Hence moving boundaries can be taker
into account. The PISO algorithm [14] is used to handle the cou
pling between pressure and velocity. The analytical model will
be only tested on its ability to take advection term and geomet
rical deformation effects into account. Introduction of the fluid
viscosity is the topic of a work currently in progress and will be
the subject of a future paper. So it will not be considered here.

In order to compare the results issued from numerical simu
lations with the simple models developped in this paper, a sinu
soidal motion of period is imposed on the inner cylinder. Since
the fluid is assumed inviscid, there is no history effect [4] and this
motion can be considered without loss of generality. Three con
finements are investigated:=1.1,a = 1.5 anda = 2. For each
confinement, nine cases are computed (ffpm0,1t0& = 0,9)
so as to investigate the influence of large displacements in regar
to the radial clearance. For each case, the numerical results ha
been checked to be independent of mesh refinements.

The maximum integrated forces are compared to those pre
dicted by the Fritz model (which corresponds to the leading-
order formula Egn. (46)) and the second order model (given ir
Eqgn. (76)). The results are summarized in Fig. 2. As expectec
the models are all the more valid &ss small, i.e. as the inner
cylinder displacement is small compared to the radial clearance

pressure until the second order is fully determined. Expressing Furthemore, at a givety they are more accurate for small values

explicitly each term of the above formula and integrating the re-

of a. Itis also an expected result since the perturbation paran

sulting equation with Eqns. (31,20) give the integrated forces up etere = e(t)/Ry which have been used to construct the models

is all the smaller ast tends to unity. Of course, this argument is
only true as long as the inviscid hypothesis holds, i.e. as long &
the distance between the boundary layers of the inner and out
cylinder is large enough/v/w << Ry — Ry andmore specifi-
cally wRZ (a — 1)2 /v >> 1 [6]. These figures also show that the
second order model gives better prediction than the Fritz one
The differences between the numerical code and the second c
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der model are all under 3% unfil= 0.6 whereas they are at
more than 11% for the Fritz model at the safn&or the highest
& achieved in this paper (& 0.9), the differences are less than
25% for the second order model, whereas they are more than
40% for the Fritz model.

In order to gain some insight into the integrated fluid forces,
it is fruitful to display their time history on a whole period. We 1,5
will specialy consider the case= 2 for illustration but the same 0.0 02 04 06 08 10
phenomena occur far= 1.5 anda = 1.1. The results for differ- yT
entg (0.1, 06 and 09) are shown in Fig. 3. For small amplitudes
of the inner cylinder§ = 0.1), the fluid forces predicted by the (c)

Fritz model, the second order model and the numerical simula- i e 3. DIMENSIONLESSIME HISTORY FLUID FORCES
tion are the same at each time (see Fig. 3(a)). Incredsibgth FORa = 2 IN CASES = 0.1 (a), £ = 0.6 (b) and = 0.9 (c).
the second order model and the numerical simulation predict big-

ger maximum forces than the Fritz model, as it was already men-

F(ty/max(F. )
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tioned. Havever a net difference can be seen: the second or-
der model is for each time bigger than the Fritz model, whereas
numerical simulations predict smaller forces during parts of the
oscillation. Furthemore the time history contains two inflection
points in each semi-perid®,T /2|, ]T /2, T[, which are not pre-
dicted by neither the Fritz model nor the second order one. This
behaviour is all the more pronouncedaends to 1 (as shown in
Fig. 3(b)(c)) and has been already described in [15]. The follow-
ing physical interpretation is proposed. Once the inner cylinder
is subjected to an imposed motion, the fluid in front of it is sent
back and a significant part finally push it (see Fig. 4(a)). The re-
sulting force is then lower (see Fig. 3(c)tat 0,12) that the one
obtained with the Fritz and second order models, which are not
able to reproduce properly this coupled advection/geometrical
deformation effect. When the inner cylinder approaches more
closely the outer one, this phenomenon is relaxed since the fluid
amount sent back is lower and distributed on a larger area (see
Fig. 4(b)). Moreover, the fluid particules in the squeeze film are
all the more accelerated as the cylinders are closed, which results
in a force increase (see Fig. 3(c)tat 0,25) as in the case of a
body falling to a wall [16,17].

Conclusions

Extensions of the Fritz model are performed by taking ad-
vection terms and the geometrical deformations induced by the
inner circular cylinder movement into account. Approximated
analytical solutions are found with a regular expansion per-
formed until the second order on boundary-perturbation problem.
At the leading-order, the advection term influences the local pres-
sure on the moving inner cylinder, but not the integrated force,
which can help to explain why the Fritz model, which consists in

(b)

a pure added mass term, is accurate for small amplitude motions.; .. 4. COUPLED ADVECTION/GEOMETRICAL DEFOR-

Atthe first order, the advection term influences the fluid force and \ATION EFFECTS FOR SMALL (a) AND HIGH (b) AMPLI-
no term in the form(e(t)/Ry)€&(t) is found. At the second order T ypgE MOTIONS

the geometrical deformation gives rise to a non linear modifica-
tion of the added mass and no term in the fdef(t) /R?)é(t)

appears. The resulting fluid forces are then compared to numer-sions of the presented work would include viscous effects in or
ical simulation predictions performed with a code able to take der to characterize the damping term in the fluid forces.
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