N
N

N

HAL

open science

Flow-induced self-sustained oscillations in a straight channel
with rigid walls and elastic supports

Dario Alviso, Denisse Sciamarella, Alejandro Gronskis, Guillermo Artana

» To cite this version:

Dario Alviso, Denisse Sciamarella, Alejandro Gronskis, Guillermo Artana. Flow-induced self-sustained oscil-
lations in a straight channel with rigid walls and elastic supports. Bioinspiration and Biomimetics, 2022, 17

(6), pp-065005. <10.1088/1748-3190/ac8c0f). <hal-03865974)

HAL Id: hal-03865974
https://hal.science/hal-03865974v1

Submitted on 22 Nov 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-03865974v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Bioinspiration & Biomimetics

ACCEPTED MANUSCRIPT

Flow-induced self-sustained oscillations in a straight channel with rigid
walls and elastic supports

To cite this article before publication: Dario Alviso et al 2022 Bioinspir. Biomim. in press https://doi.org/10.1088/1748-3190/ac8c0f

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 157.92.36.252 on 24/08/2022 at 15:26



https://doi.org/10.1088/1748-3190/ac8c0f
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1748-3190/ac8c0f

Page 1 of 15

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BB-103007.R1
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Abstract ~

This work considers the two-dimensional flow field of an incompressible viscous fluidfn a parallel-sided channel. In
our study, one of the walls is fixed whereas the other one is elastically mounted; and sustained oscillations are induced
by the fluid motion. The flow that forces the wall movement is produced as a consequence that one of the ends of the
channel is pressurized, whereas the opposite end is at atmospheric pressures The study aims at reducing the complexity
of models for several physiological systems in which fluid-structure interaction produces large deformation of the wall.
We report the experimental results of the observed self-sustained oscillations:yThese oscillations occur at frequencies
close to the natural frequency of the system. The vertical motion,is accompanied by a slight trend to rotate the
moving mass at intervals when the gap height is quite narrow. We propese a simplified analytical model to explore
the conditions under which this motion is possible. The analytical approach considers asymptotic solutions of the
Navier-Stokes equation with a perturbation technique. The comparison between the experimental pressure measured
at the midlength of the channel and the analytical result issued with a model neglecting viscous effects shows a very
good agreement. Also, the rotating trend of the moving wall can be explained in terms of the quadratic dependence of
the pressure with the streamwise coordinate that is predicted by,this simplified model.

Keywords: Flow-induced; Self-oscillation; Straight channel

1. Introduction

The cardiovascular or the respiratory system provides abundant examples in which the flow is driven through
a deformable channel or tube and where the flow-structure interactions are of major biological importance. In the
problem of blood flow, a large part©f the atténtiof of researchers has focused on the induced streaming flow and the
associated increase of flow rate or' changes in‘solute concentration distribution. Coronary flows [1], working muscles
irrigation [2], and oxygen supply to:the heart [3] are some paradigmatic examples of this application. This kind of
approach is found in the respiratory system of some insects, such as ground beetle [4] and Lethocerus uhleri [5], or in
the myoelastic-aerodynamic mechanism responsible for voice production in songbirds and mammals [6].

To analyze these complex phenomena in laboratory environments, many authors have considered the Starling
resistor. A large number of studies, either experimental or numerical, have been reported [7].

Secomb [1] found thatin axisymmetric wall geometries like those of many physiological systems, the flows follow
the same lines as in two-dimensional channel flow problems. Hence, studies with this last geometry may provide
useful insights into more complex problems. To avoid the problem of flow-induced wall deformation, systems may be
further simplified. This naturally leads to the study of flows in channels with moving indentations or with oscillating
rigid parallel-sided walls:

The complexity of \the modelling of the flow inside these moving-wall channels is mainly due to the moving
boundaries of the domain and to the forced wall motion induced by fluid dynamic forces. Furthermore, the occurrence
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of the flow detachment from the wall ends may result in oscillatory flows downstream of the moving wall:that may
interact with the flow inside the channel. A large number of studies with moving indentation have focuseditheir
attention on the analysis of the downstream structures when the wall motion is imposed. Stephanoff et al. [8] studied
the fluid flow along a two-dimensional closed channel with an asymmetric oscillating constriction. They observed a
train of waves, which appeared in the core flow downstream of the oscillating constriction. Flow along a 2D channel
with a moving indentation in one wall was experimentally studied by Pedley and Stephanoff [9].. They considered a
steady inflow, and the indentation of the channel moved sinusoidally with time. Downstream_the censtriction, ithey
found a vortex wave for both viscous and inviscid flow, but there were significant differences between the two cases.
A much more complex pattern was obtained in the viscous case, including “vortex doubling” in which a vortex that
initially shows a high degree of longitudinal symmetry becomes markedly asymmetric and eventually splits into at
least two separate co-rotating vortices. Ralph and Pedley [10, 11] numerically studied fluid flowsthrough a channel
with a moving indentation. DemirdZi¢ and Peri¢ [12] developed a finite volume method. for the prediction of fluid
flow in arbitrarily shaped domains with moving boundaries. They have validated their method for the flow in a
channel with a moving indentation, which has been studied experimentally by Pedley and Stephanoff [9]. Finally, a
numerical model used to simulate the flow in a tube with an indentation moving ata given frequency was studied by
Ben-Mansour et al. [13].

Flow-induced oscillations of a parallel-sided channel have been largely discussed, particularly in the context of
voice production [14—-18]. In these systems, the human vocal folds act as a self-oscillating valve that induces pressure
waves upstream and downstream from the glottis in a water-hammer mechanism [19=22]. Mathematical modeling of
the flow-induced vocal-fold motion with low-order models usually relies on strong approximations. The geometry of
the folds is customarily simplified and the glottal flow is assumed in most cases to be one or quasi-one-dimensional
(in space) and quasi-steady (in time) [23]. Idealized vocal-fold models,normally consider a symmetric motion of both
(left and right) folds, except when trying to model vocal fold unilateral pafalysis, in which only one of both folds
moves [24].

This kind of problem is not restricted to the physiological domain and can also be encountered in numerous and
diverse problems such as lubrication [25-27], peristaltic.pumps [28-30], valves [31-34], pulsating diaphragms [35]
or in aerodynamic particle focusing devices [36].

When the wall channels are rigid and largecenough, the flow can be elegantly described in terms of an exact self-
similar solution of the Navier-Stokes equation. This derivation involves an assumption concerning a form of the flow
field that enables reducing the equations of motion to an ordinary differential equation for the similarity function [37].
In the present case, the assumption can‘be posed in termsyof the independence of the velocity component (v) in the
direction normal to the wall (y) with the longitudinal coordinate (x). Considering incompressibility, the longitudinal
velocity (#) has a linear dependence with x. When the boundary conditions at both channel ends are constant and
exactly the same, no external pressure gradient is imposed, and the flow exhibits a stagnation point in the symmetry
plane at the mid-length of the channel (= 0). This kind of problem belongs to a more general class, that gathers flows
in which stagnation points approach oscillatory walls or vice-versa. One of the pioneering works addressing this issue
can be found in Rott [38]. Therein, a self-similar solution is found when a plate is set to perform periodic oscillations
in the presence of a steadysorthogonal flow/towards the wall. A large number of similar case studies followed this
work, as reviewed in Blyth and Hall [39].

In the particular case of ehannel'flows with oscillating walls, one of the prominent studies was reported in Secomb
[1]. This work analyzed both walls moving periodically and symmetrically along the normal direction. The author
found asymptotic solutions for u;: the part of the longitudinal velocity that presents a dependence with x. It depends
in fact on the values.of two'parameters, namely, non-dimensional oscillation amplitude A and the Womersley number

a = ay \/g , with‘ay the half-width of the channel, w a characteristic frequency, and v the kinematic viscosity. An

interesting aspect of this study was that the author showed that the solution found for u#; was valid even when an
external gradient of pressure was imposed on the channel.

The perturbation gechnique used in Secomb [1] was also considered by other researchers, who analyzed flows
with non-periedic squeeze rates. Some of these studies [40, 41] were performed in terms of the perturbation theory
considering the small Reynolds number range. However, several authors highlighted that, even though an initial
transient may exist in which such solutions fail, the regular perturbation solution provided accurate results in a larger
Reynolds number range, which extended up to Re ~ 10 [42].

2
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Other related problems in which one of the walls remains fixed while the other wall moves vertically were also
analyzed by different researchers. These works studied the induced flows for periodic laws of wall motion [43] or
transient movement that reduced [27, 44, 45] or increased [46] the clearance between plates.

We found in the vast previous studies involving flows in channels with straight parallel walls and oscillating gap
heights, that authors have conventionally considered approaches that do not involve the fluid-structure, interaction.
This article focuses on the induced motion produced by air flowing inside a channel with rigid, parallel walls; one
elastically mounted and the other fixed. The purpose of the article is to analyze the dynamics of.this system by
combining an experimental study and an analytical approach that considers asymptotic solutions of the Navier-Stokes
equation with a perturbation technique. An analysis of the channel oscillations is done, considering the frequency
spectrum. Our results show that oscillations of the channel wall occur at frequencies closesto'the natural frequency of
the system. Experimentally, a rotating trend of the moving wall is observed, and an explanation of this phenomenon
is given. Finally, a comparison between the experimental and analytical pressure at the midlength of the channel is
done. -

The article is organized as follows: Section 2 describes the experimental setup! Section 3 'details the model we put
forward, considering asymptotic solutions for different cases. In Section 4, wesdiscuss the flow-induced vibration of
the wall in the context of the analytical models, and Section 5 enumerates the most salientiaspects of our study.

2. Experimental Study

2.1. Setup

The experimental setup shown in Fig. 1 was chosen to analyze the flow-induced oscillations of a channel. The
setup was inspired by a previous one used by Sidlof et al. [47] to'study. vocal fold motion.

Inside a rectangular duct of 4 cm x 10 c¢m, two parallel masse$ were-Taid out to throttle the flow in a narrow
parallel channel. The leading edges of these masses were rounded to produce a smooth constriction of the flow. A fan
produced the airflow along the duct and channel. Labels,P, and P denote the upstream and downstream pressure.
Typical values of the pressure difference P, — P, were close to 150 Pa. Mass dimensions were such that the channel
length L along the stream-wise direction x was 3.9 cm and.the width in the spanwise direction was 9.9 cm. The gap
height a(f) was variable with time and typically followed an approximate sinus law.

The lower mass was fixed while the upper one was linked to two identical cantilever beams on both sides. This
support enabled the mass to oscillate vertically as a eonsequence of the flow. Typical values of the amplitude of
oscillations A were about 5 mm.

To minimize the lateral movement produced by the drag exerted on the mass by the flow, two vertical thin plates
facing both sides were added to the setup; at the front and the rear part of the oscillating mass. A small airflow settled
through the narrow gap between the mass and the plates, producing a lubrification effect that helped compensate for
the horizontal movement of the mass.-This arrangement also allowed for keeping the upstream pressure at a relatively
constant value, when the gap height was largely reduced.

2.2. Mean flow velocity

To characterize the airflow through the channel, its mean velocity was measured at the exit of the duct using a hot
wire anemometer (testo 405i,Smart). When the masses were oscillating, measurements performed at a frequency of
0.5 Hz showed that far downstream of the channel there was little variation of the flowrate at this frequency, whereas
its mean value was =~ 6/s. In this case, the mean velocity in the channel can be estimated to be circa 1.5 m/s.

2.3. Pressure difference

The pressure differences at different positions were measured using a variable reluctance low differential pressure
manometer (Validyne DP103). The manometer measured the pressure differences using plastic tubes (9 mm diameter
and 40 cm length) placed carefully at the positions of interest. The evolution of the upstream pressure 25 cm upstream
of the constriction was recorded. The pressure difference was found to remain almost constant in time (around 126
Pa), withifluctuations/of the order of 1 Pa. The time dependence of the pressure at the mid-length of the lower mass is
shown in Figure 2 (left). A cyclic behavior was observed, in which the pressure approximately followed a sinusoidal
law. The difference between maximum and minimum pressures was about 35 Pa. Notice that the vertical movement
of the mass was synchronized with the pressure signal.
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Figure 1: Experimental setup. P,
while the upper is elastically
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e upstream and downstream pressures, and L is the mass length. The lower mass is maintained fixed
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Figure 2: Left: Pressure evolutioniin time at the mid-length of the lower mass (top). Gap height against time (below). Right: Trajectory of the mark
49 point#1 of the upper mass located at 4 mm from the leading edge and from the channel wall.
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2.4. Upper mass trajectory

The time variation of the channel height was measured using an inductive sensor (Truck type NI8-M18-LIU). This
sensor was set to measure the vertical movement of the upper mass. To check that the motion was mainly vertical,
mass motion was visualized with image post-processing. The record presented 600 frames per second obtained with
a Fast camera (512 x 512 pixels SpeedCam MiniVis e2 camera Weinberger) equipped with.a 60 mm £/2.8D lens (
Micro-Nikkor), located 1 m away from the device. Image resolution was + 70 um.

The upper mass trajectory was tracked by marking points on it (named 1: left and bottem, and 2: right'and
bottom of the mass). The vertical motion of the mass was accompanied by a slight rotation that produced ashorizontal
displacement, as also observed in a similar setup by [47]. A typical trajectory of a mark point is shown in Figure 2
(right): the mass moved less than 0.5 mm across the x-axis and about 6 mm on the y-axis of the mark. In Figure 3
(left), points laying off a 1 : 1 slope indicated a slight rotation of the mass (ordinate of Point 1 vs erdinate of Point 2).

8000

—SpecX
—SpecY

O fx
6000 | — T oy

4000 1

| (au)

2000, ¢

0 . AR._‘ A,
10° 10t 102
f (Hz)

Figure 3: Left: Vertical movement of mark point #1 and mark point #2, located respectively at 4 mm from the leading and trailing edge in the
x-direction, and 4mm from the channel wall in the y- direction. Right: A typical Fast Fourier Transform (FFT) of the upper mass movement in the
y-axis (in blue) and the x-axis (in red).

Figure 3 (right) presents the Fast Fourier Transform (FFT) of the upper mass movement, showing that the fre-
quency of the flow-induced oscillations was close to 15 Hz; harmonics can be observed mainly at 30 Hz.

6
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To estimate the natural frequency (f,), and the elastic (k) and damping (y) constants of the system, an impulse test
was performed without airflow. The upper mass was released from the highest point. The gap in the rest state was ~
3.9 mm. The upper mass and the cantilever beams (1) were weighed and the value obtained was 124 grams.

The damped oscillatory movement of the mass (y;s) was assumed to be described with the following equation
[48]:

oNOYTULT D WN =

13 Im + 2y9m — Wiym = —¢ (1)
14 whose solution is:

15 yu = Aexp(=yt)sin(wt + @) + Yo 2)

16 )

17 where wj = k/m = 2xf,, w* = wj —¥*, g is the gravity acceleration, A is the initial amplitude, ¢ is the initial phase,

and yy is the gap in the rest state.
A least-square estimation of the parameters of the damped oscillatory equationwas per&gmed, yielding:

20 o f,=149 Hz;
22 o k=1082 N/m and

24 e y=19.5""

26 3. Problem Modelling

28 Let us now consider a laminar two-dimensional flow of an‘incompressible fluid in a channel whose half-length
29 (b = L/2) is much larger than its mean width (a,). We assume that the channel ends are connected to large fluid
30 reservoirs, both at constant but different pressure. We can classify this problem as a Plane Poisseuille flow with
31 time-varying gap height. A scheme of the geometry is'shown in Figure 4.

y
34 A Yy =+al(r)

36 | 4 s
/ /)+

N .
4 Fixed >
43 | ES RTH T TE TR TR TSR “3 [

b

b

46 L

49 Figure 4: Geometry scheme used for the analytical approach. The length L is much larger than the gap between masses.

51 Our interest is laid in those regions where the flow is fully developed and is not affected by the exit/entrance
52 conditions of the fluid. Izet us focus on the case in which one of the rigid walls experiences a periodic motion along
53 the normal direction (y-axis) expressed as:

55 Yw = a(t)

The equations of motion of this flow are:
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U+ Uty + vty = =@y + V(Uyy + Uyy) 3)
Vi F UV + vy = =y + V(Vix + V) 4)
uy+v, =0 (®)]

with (u, v) denoting the velocity components and the ratio between pressure and density ¢ = 2.,
Boundary conditions at y = y,, and y = 0 are such that: # = 0 and v = ¢ and v = 0 at the moving and fixed wall
respectively. The dot indicates time derivation.

3.1. Self-similar solutions
y

Let us consider the following transformation of the y-coordinate as n = oL
the velocity normal to the wall does not depend on the longitudinal coordinate:

and supposeithat the component of

v(n, 1) = af(m) (6)
The incompressible condition then leads to:

= U~ L xpym ™

—C T an™

where the subindex indicates derivation with respect to the indicated variable. U does not depend on the x or
coordinate and is associated with the inlet/outlet condition of the‘channel: Sulzstitution into the Navier-Stokes equation
of these expressions and derivation to eliminate pressure gives:

fmmn = %(fmmf N fnfrm ~ nfnrm - zfrm)+

ati ®)
va
Self-similarity requires satisfying one of these conditions:
Condition 1:
aa _
v
aa ©)
N — =G
va
Condition 2:
fm]m; =0 (10)
2 -q 11
a
Condition 3:
Jm =0 (12)

where Cy, C, and C,sare constantsy The first condition is satisfied when a(¢) scales as ¢. Condition 2 is satisfied if
a(?) is sinusoidal;, Condition' 3 does not impose any restriction on a(z).

3.2. Asymptotic solutions

The.set,of equations (3)-(5) can be solved numerically with the strategies detailed in [49—51]. These studies are
however somewhat arduous as there are transients before the solution is reached, and require special care to attain
suitable numerical accuracy. To avoid these difficulties, one possibility is to consider asymptotic solutions. The price
to pay is that the solutions may be restricted to a limited range of non-dimensional control parameters.

8
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3.2.1. The non-dimensional equations
Let us now propose the following scaling:

_X u v .
{‘—;t*:txw;u*z—;u*z ¢:iz
b U;

Uy apAw’
where ¢ = 5 and § = 9 << 1. Depending on the case under study, the value of Uy can be assgeiated with @ mean

flow velocity produced as a consequence of the gradient of pressure imposed on the channel (i.e.: Uy =, /%), or

to the longitudinal velocity associated with the squeeze flow produced by the wall movement (i.e.: Uy = bwA).

For the sake of simplicity, the same notation is kept for the non-dimensional variables as for thosepreviously used,
adding an asterisk to indicate that they are in dimensionless form. The height of the channel can beexpressed in terms
of a general function H and ay as:

a(t) = apH(A, w, 1)

and the time derivative of the gap height as:

a= aowHA

Here, w is the frequency and A < 1 determines the amplitude of the oscillation:sWe only consider cases in which
a>0.
This scaling allows rewriting the Navier-Stokes equations in terms of the non-dimensional variables:

&
(Fo)u,* +ulug +( U, v Hn)H = ;.
* vb * o2 u;’? ( )

¢, * (W)(u(_(é + )

0

b(l) * * Uk b(A)A * ’ V:; _
(Govr +u VR =W — Hn gy = »

UO ¢;k] vb w2 U;U

_(aowA)E + (—ang)(uﬁ& + m

N Yoy

(bwA)u§+ H 0 (15)

at n=1landn=0 u" =0,
at p=1 v'=H, (16)
at n=0 v =0.

The non-dimensional number/=>2
0

Uoc, 2Ppearing in the last terms of the right-hand-side can be rewritten as - with

Re = Yoo,
v
Let us now consider the possibility of finding a self-similar solution to this problem as expressed by Equation (6).
In that case,we have:

w (§m, 1) = ug(n, 1) + uy(n, )¢ a7

Considering the.condition established by Equation (10) and boundary conditions, it is found that:

(L 17) = By, 1) + ¢ () + 5N (18)
9



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BB-103007.R1

Now, the non-dimensional equations for the self-similar solutions for § << 1 can be written as:

bw_ « «  bw .. loy
(g Mar + it + (7AW - Hp— =
1 _uo; y>
% m
O (Res) T2
b b . Uiy
(T +ui? + (FOAW = Hn) L =
0 0 | ul* (20)
¢k + (—— _m
%2 (Reé) H? o
b b .V
G20+ COAW - Hp 4 =
Uy Uy H @1
— Uo )@ +(L U_:;"
aywA” H Reé “H?
Uy ., Yy
(IM—OA)M1 + ﬁ" =0 (22)
with boundary conditions: v
at =1 uy=u; =0,
at n=1 vh=H, (23)

at n=0 v =0

The value of uj is associated with a flow that depends,on the imposed external gradient pressure ¢. An interesting
aspect of this set of equations is that thelsolution for 13, ¢3pand v are independent of uy, as the solutions of equations
(20), (21), (22) are decoupled from (19).

3.2.2. The inviscid solution
The inviscid flow assumption is obtaingd when assuming %{5 ~ 0 and relaxing the first condition of equations 23.
The solution of the problem is assumed to be self-similar and to satisfy Condition 3. In our case, this determines that:

Vo = an (24)
a
Uy = Uy — —x (25)
a
Dy = Pogyay + P1nx + Doy x” (26)
where: B
aa
Pog) = bt = 51" @7)
a .
Qi = U(z); - Ugy (28)
Bay = ~13 — 2%y (29)
20 = 2°a a
10
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Notice that the pressure adopts a quadratic dependence on the x-coordinate and that the pressure changes with. the
transverse coordinate for a fixed value of x. U(¢) represents the value of the velocity at the middle leéngth,of the
channel and ¢.(¢) is the pressure at this same streamwise coordinate at the lower mass surface. Functions U(#) and
¢ (1) are related functions that depend on conditions at the channel ends, but not on x.

Considering the equation of kinetic power conservation in its integral form one can easily deduce:
1, I*a 1

3 7 a ..
(Dc(t) = ZU(;)Z + ELZ(;)Z + Ea - ﬁ; + Eaa 30)

Hence, this expression links the functions U(f) and ¢.(¢) in the assumption of invisciddflow.

4. Discussion
~

This section proposes the analysis of experimental data based on results issued, from the inviscid solution, since
the value of Res ~ 10. The objective is to bring some light on the role played by. the non-steady terms appearing in
conservation equations in the dynamics. However, this approach has important limitations.

Different studies with a fully developed fow (Espin and Papageorgiou/51], Hall and'Papageorgiou [50]) showed
that the pressure-driven flow Uy is symmetric around 1 = 0, as well as periodic with the same period as a(¢) for small
values of Re. As Re increases the amplitude of the oscillations is also/found te increase. This behavior remains unal-
tered until a critical value Reg is reached, above which the solutionss no longer Symmetric. Espin and Papageorgiou
[51] quantified the location of the change of stability of horizontal velocity through a symmetry-breaking bifurcation
index I(Re, A). They showed that at Res = 20 there is a pitchfork bifurcation,to a solution with /(0.2 < A < 0.4) # 0.
At the same time, when these instabilities start to prevail, the flow is no longgr 2D.

Instability analysis for cases when boundary layers, remain vety thin'compared to the gap height along the cycle
has not yet been reported. Thus, it is not immediate to conclude that:Similar instabilities as those mentioned above
could then develop.

For this reason, and instead of proposing a model providing afull description of the physics involved, we focus
our discussion on whether the inviscid solution leaves a significant footprint on the dynamics of the fluid-structure
interaction in the experiments.

In our experiments, the movement of the mass wasiaccompanied by a slight rotation in the xy plane. The linear
term with @ (¢) contributes to explaining this effect. Also, note that the quadratic term ®,(¢) prevails when a(¢) attains
a minimum value, indicating that the forcing and rotating trend of the mass diminishes as the gap narrows. This is
what we observe in Figure 3.

We focus on the movement in the vertical direction, and propose that the dynamics of the mass be governed by a
law of the type: N

myy + 2Ymym — k(ym — Yo) = —mg + Fae, (1) (31)
with:
L/2
Faer(t) = —PD ¢(r,r]=l)dx (32)
-L/2

with D the size of the mass in the z-direction. Note that we disregard here the effect of the lateral walls of the channel.
Considering the.equations, of the inviscid case, the value of this force equals

3., LPa, &
F = plLD[— — (= -
aer(t) P [4U(t) + 16((1) + 12] (33)
Let us now simplify the experimental law of motion of the masses with an expression of the type:
a(t) = ap(1 + Asin(wr)) (34)

This law agrees quite well with the recorded mass motion of our experiments when ay = 0.003m, A = 0.85, and
w=939s"".
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Substituting this expression in equations (30), (31), and (32) and with the data of elastic constant, mass, and
damping coefficient of our system we can find the values of ®.(¢) and of the flow rate at the exit of the channel, For
the pressure, Figure 5 compares the recorded experimental values of @, and the one using the inviscid approach.

[— Exp Data
— Inviscid model

—-
(=]
o

Pressure (Pa)
[o)] @
o o

0 0.05 0.1 0.15 0.2 0.25

0 0.05 0.1 0.15 0.2 0.25
time (s)

Figure 5: Pressure at the midlength on surface of the lower mass. Experiments/vs Fitted invisci‘model. Parameters in Equation (31): m=0.124kg;
k = 1082 N/m; vy = 0.1317Ns/m; yo = 0.0039m

These curves are obtained with the following parameters in Equation (31): m = 0.124 kg; k = 1082 N/m;
vyu = 0.1317 Ns/m; yo = 0.0039 m. The agreement of model and experimental results observed in Figure 5 is
surprisingly good. The satisfactory agreement is partly due to a damping coefficient that is only ~ 10% of the
recorded value. This is not anomalous, since/viscous, effects, are being neglected. An increase in the aerodynamic
forcing should increase the viscous effects, leading'to larger values of this coefficient.

Figure 6 shows the contributions of each term in Equation (30). The first and second terms are dominant. To better
understand these two terms, Figure 7 represents the velocity at the midlength (x = 0) and the velocity at the exit of the
channel (x = b). The difference between bothifunctions indicates the influence of the squeeze flow produced by the
moving plates and the relative weight of'this flow eompared to the flow produced by the externally imposed pressure
gradient. The second term explains the origin of the wiggle observed on the pressure signal in Figure 5. In the slight
phase delay of the wiggle, differentfactoss 'can come into play, e.g. the incidence of the boundary layer when the
channel height becomes quite narrow.

5. Conclusions

This paper presentedan experimental and analytical study of a parallel-sided channel with one wall pulsating
periodically. We observed that the oscillations induced by the flow of the mass that limits one side of the channel
occurred at a frequency close to the natural frequency of the system. The gap varied following an almost sinusoidal
wall of motion. Thé mean velocity in the channel attained a relatively high value compared to the horizontal squeeze
flow produced by the oscillating mass.

The analytical study we propose was based on the assumption of a self-similar behavior of the flow inside the
channel. The'study allowed us to analyze the nature of the flow-induced oscillation in the context of an inviscid flow
assumption.

This theoretical framework enabled gaining physical insight into some aspects of the flow-induced movement.
The rotating trend'of the mass was explained in terms of the quadratic dependence of the pressure with streamwise
coordinate. A very good agreement was obtained between the theory and the experimental pressure, measured at the
midlength of the channel. This was achieved when the damping coefficient was assigned a value that was substantially
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Figure 6: Pressure at the midlength on the surface of the lower mass. Contributi
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s/m; yo = 0.0039m.
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lower than the recorded one, indicating that the viscous effects should not be seen as the only factor producing a
significant forcing of the mass.

Our article has privileged a study based on analytical solutions. Even if interesting, numerical approaches are
delicate and have issues associated with the accuracy of the solutions when the oscillation amplitude i§ large and the
gaps are quite narrow. Future work can bring into the analysis some aspects that we have left without consideration
and that may have relevance in terms of the physics of the problem, such as the development of three-dimensional
effects or the role of downstream flow structures.
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