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Abstract

Regarding the palatal flutter in snoring, experimental and theoretical studies are carried out for the flutter of a
soft plate placed in a channel flow. The results show that (1)flutter occurs with an oscillation of travelling-wave
mode beyond a critical flow velocity, (2)the channel walls act to promote flutter, whereas the hard plate attached
in front of the soft plate acts to suppress flutter, although both of those effects are rather slight, and (3)flutter
could be predicted theoretically by taking account of the mechanical damping of the plate. It is noted in the
experiment that, once flutter occurs, the soft plate oscillates with large amplitude, and a hysteresis is observed, in
which the flutter does not cease until the flow velocity is reduced to be much lower than the flutter velocity.
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1. Introduction

Recently, attention has been progressively paid on the
mechanism of generation of snoring, which would be sometimes
fatal ™. The snoring is considered to be caused mainly by the
self-excited oscillation of the soft palate in narrow airway. So, it
would be important to study the palatal flutter from aerodynamic
point of view, but only a few works have been done till now.
Huang® first carried out experimental and theoretical studies on the
snoring systematically to analyze the palatal flutter. He showed
that flutter of the soft palate occurred in a travelling-wave mode of
oscillation and could be vpredicted by the flutter analysis of an
isolated aerofoil. His study, however, did not take account of the
effects of the airway wall and the hard palate attached fore to the
soft palate. Under impetus from Huang’s work, one of the present
authors presented a computational method for a soft plate oscillating
in two-dimensional subsonic channel flows and showed that flutter

could occur in travelling-wave oscillation mode®.

The purpose of the present paper is to elucidate the
characteristics of the palatal flutter experimentally and theoretically,
taking account of the effects of the airway wall and the hard palate.
Experiments are carried out for soft plates of natural, urethane and
o -gel rubbers, which are set in vertical or horizontal channel.

Theoretical approach is also performed for predicting the palatal
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flutter.
2. Experiment

2.1 Experimental setup and procedures

Figure 1 shows the experimental setup used in the present
study, which consists of a rectangular duct (50 mm wide, 40/60/80
mm high), a settling chamber and a blower. The duct is set either
vertically or horizontally, in order to examine the gravity effect. A
soft plate is allocated on the duct axis, being clamped to a hard plate

which is 60~100 mm long, 10 mm thick, and fully spanned in the

duct.
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Fig.1 Experimental setup
In the present study are used several kinds of soft plates of natural,

urethane and o -gel rubbers, which are 60~150 mm long, 16/32/48

mm wide and 1 mm or 2 mm( « -gel) thick, as shown in Fig.2.
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A steady flow is generated in the duct by the blower.

Increasing the flow velocity causes the soft plate to vibrate at
flutter-on velocity Uy and then, decreasing the flow velocity leads it
to stop again at flutter-off velocity Us. Flow velocity in the duct is
measured

by a hot-wire anemometer, and oscillation mode of the soft plate is

observed by high-speed video camera(Kodak Ektapro 1000).

2.2 Experimental results
2.2.1 Mode of oscillation The natural frequency can not be
defined clearly in the oscillation of the soft plate. Then, when

hanging and swinging the soft plate freely, its oscillating frequency

Table 1 Properties of Plates
Ls=100mm, W=16/32/48mm

Plate Mass p;x Ux:i\‘.Area Nat. Freq. | Log. Decrement
g/m Fo 1lfs 3
Natural Rubber* ! 1.84 2,&0 0.442
Urethane Rubber* ! 1.44 5.00 0.450
o -gel Rubber* ¢ 200 1.90 0.129

*1 : Thickness=1mm

*2 : Thickness=2mm
will be called here as the natural frequency. The swinging mode is
similar to the first cantilever mode, but it damps out abruptly. The

properties of each rubber plate of Ls=100mm are given in Table 19

(a)Natural Rubber Plate (b) «-gel Rubber Plate

Fig. 3  Oscillation in Flutter
D=60mm, Ly=70mm, Ls=100mm

When the soft plate is fluttering in flow, its oscillation mode is
entirely different from the free oscillation mode, as shown in Fig.3,
which illustrates the oscillation at every 30 degrees in one cycle,
taken from the pictures of high-speed video camera. Once the plate
embarks on flutter, it oscillates in large amplitude, eventually hitting
the channel walls. It is noted that the oscillation mode has a

travelling-wave form with a travelling velocity ¥ less than the flow

B
*

,...
*

Flutter Frequency F; Hz
Natural Frequency F, Hz

Natural Frpquency | i j . i
0 80 100 120 140

Soft Plate Length L, mm

Fig.4 Natural and Flutter Frequencies
Vertical Duct Type, Natural Rubber

D=60mm, W=32mm

velocity U . It is likely that the trailing edge oscillates with phase
lag @ =wl/V=2.0rad behind the fixed end, irrespective of the
length of the soft plate. The oscillation mode mentioned above is
similar to that obtained by Huang® . The flutter frequency Fyis

nearly proportional to the natural frequency F, but it is several times
as large as the latter, as shown inFig.4. In the case of an elastic
plate such as a metal one, the oscillation may occur with a frequency
near around its natural frequency, but it is not the case for a soft

plate.

2.2.2  Flutter velocity Figures 5 to 7 give typical results of the
flutter velocity for the natural rubber plate, showing that longer plate
falls into and recovers from flutter at lower flow velocities.
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Fig.5 Effect of Plate Geometry on Flutter
Vertical Duct Type, Natural Rubber

D=60mm, Ly=60mm
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It is striking that, once flutter occurs, it does not stop until the flow
velocity is reduced much below the flutter velocity, such as Us; =0.5
Uy This hysteresis may be attributed to the non-linear aerodynamic
characteristics of the soft plate oscillating with large amplitude. In
the case of wide plates, such as W=48mm, slight drop of flow
velocity is observed just after flutter occurs, that may be attributed
to the blockage of flow due to large oscillation of the plate.
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Fig.6 Effect of Channel Walls on Flutter
Vertical Duct type, Natural Rubber
W=32mm, Ly=60mm

Figure 5 shows that decrease of the plate width raises the
flutter-on/-off velocity. It is considered that narrower plate width
which makes larger gaps between the plate and duct side-walls

brings about the divergence of flow and reduces the exciting flow
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Fig.7 Effect of Hard Plate on Flutter
Vertical Duct type, Natural Rubber
W=40mm, W=32mm

force, as in the case of an aerofoil of finite span®® . Figure 6 shows
the effect of the channel height on the flutter velocity. For any
plate length, the flutter velocity, both start and stop, are nearly
independent of the channel height. For flutter start, that is

presumably because the channel wall effect would be small for the
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Fig.8 Effect of Plate Material on Flutter
Vertical Duct type, Natural Rubber
D=40mm, W=32mm, L=60mm

oscillation of the soft plate with rather short wavelength comparable
to the channel height, but no clear description could be made for
flutter stop, when the violent oscillation bringing about the flow
blockage would be closely related to the channel height.

Figure 7 shows the effect of the hard plate attached fore to the
soft plate. The hard plate, too, does not give any significant effect on
the flutter velocity, both start and stop. The hard plate is just similar
as a spoiler, but it is far from the dominant part of the soft plate of
large amplitude, so its effect would be rather small.

Figure 8 shows a comparison of the cases of the urethane and
o -gel rubbers with that of the natural rubber. Comparing with
each other, the flutter velocity is nearly proportional to the natural
frequency of plate, but the flutter characteristics are similar as a
whole. The flutter velocity is not given for short urethane-rubber
plates here, because the capacity of the blower is too small to
increase the flow velocity to cause flutter of short urethane rubber
plate.

No marked difference is observed between the vertical and
horizontal cases, except for some of the «-gel rubber plates. The
thin o -gel rubber plate is very flexible, so it bends down sluggishly
on the lower duct wall in the horizontal case, that may lead to larger
flow velocity for flutter.

Using the flutter velocity and frequency, the flutter reduced
frequency (@ Ls/U)y , is obtained, as shown in Fig.9 for the
natural-rubber plate. The flutter reduced frequency ( w Ly/U)s
is around 0.5 in the cases of natural and urethane rubbers, and
around 0.6 in the case of « -gel rubber. Table 1 shows that all of
the rubbers have nearly the same mass, but the logarithmic
decrement of the o -gel rubber is much small as compared with the
others. Hence, for the o -gel rubber, the low mechanical damping
is considered to raise the flutter reduced frequency, as discussed

later.
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Fig.9 Flutter Reduced Frequency
Vertical Duct type, Natural Rubber

D=60mm, W=48mm, Ls=70mm

Figure 9 shows that the flutter reduced frequency increases
slightly as the plate length increases (or decreases), whereas Fig.6
shows no clear effect of the channel walls (or D/Ls ). It looks that
these results of Fig.6 and Fig.9 conflict somewhat with each other,
but Fig.9 is given for a constant plate width, so that longer plate may
promote the three-dimensionality of flow, which reduces flutter
velocity or increases flutter reduced frequency ®_ Hence, it could
be said approximately that D/Ls and L,/Is have no significant effects
on the occurrence of flutter, although they would be closely related

to the noise generation in snoring.

3. Theoretical Approach

3.1 Formulation

As mentioned above, the soft plate falls into flutter with large
amplitude in travelling wave mode, which causes significant
hysteresis between flutter-on and -off velocities. However, flutter
starts with a oscillation of small amplitude, so the small perturbation
analysis could be applied to estimate the flutter velocity. The
details of the analysis used here are referred to Ref.3, but as for

incompressible flow.

Fig.10 Model Plate

Figure 10 shows a fundamental model, in which a thin plate
placed in two-dimensional channel oscillates with a frequency
in incompressible flow with small amplitude. Here, U is the flow
velocity, pis the density of fluid, L is the total length of the plate
(QL;,+LS) , D is the channel height, and (x, y) and ( £, 7) are the

coordinates, in which ( £, 7) is related to the plate position
(generally taken as 0=< » =[). Further, p is the pressure and ¢ is
the time.

Solving the linearized Euler equation of motion with the
continuity equation, then the plate can be represented by a sheet of
doublets of strength A( £ )exp(i wt) , with their axes perpendicular to
the plate. The doublet strength is directly proportional to the

pressure jump across the plate.  That is,

PP

A(&)exp(iot) = U D

where p, and p; denote the pressures on the upper and lower surfaces
of the plate.
The upwash velocity on the plate (x, y) induced by the doublet

(£, 7) and its images is then given

v, (x,m&,m) = %QeXp(iwf)[(So +8) +5,)

+{1+sgn(x—§)}exp{—%(x—§)}S3 o

Where
wb L 3 . n
k:—’ b:—_ =—|X — N ——
= S a=gkd p=,
S —ls (x—¢)sinh L
° 4gn qcoshq—l
1

~ cosh q—cos2p,

dk 1 coshg—cos2p,

S, =i 0
b A 8 coshg —1

1%
E = S (x—§)v—iﬁ
& p
- {sgn(x -+ zﬁ—} x exp(—vg)sin” vp,
v
: h a(z -2
S, = ma cothﬁa—u ; a=ﬁ
sinh 7za 7

Here, S, gives the quasi-steady component and S; describes the
contribution of the shed wake vortex conveyed downstream by the
primary flow.

Integrating Eq.(2) over the plate gives the velocity induced on
y= 7 by the whole doublets of the plate.
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L
vlen)= v, (e :EmHE, x=0~1 3)
0

Assuming that the plate is oscillating with the displacement

f(x)exp (i a)t), the boundary condition is given as

v(x, ) = (g +U ?%J{ 1 (x)expliar)} (©)

From Eqs.(2)~ (4) the doublet distribution A( &) can be
obtained for a given mode of oscillation. In calculations, the
doublet distribution function A( £) is expressed by the Glauart series,
which satisfies the singularity at the leading edge and the Kuita
condition at the trailing edge of the plate. Calculations are carried
out for a finite number (N) of control points, and the first NV
coefficients of the Glauert series are obtained.

For a given mode of oscillation, the instability is predicted

from the energy input integrated over the plate,

E =f:% LL [4(&)explian)] {% i (f)exp(iat)}} d&di )

where the suffix R denotes the real part of complex function. E is
the aerodynamic work done to keep a given oscillation of the plate,
so E >0 gives positive aerodynamic damping to suppress the

oscillation and E <0 gives negative damping to cause flutter.

3.2 Numerical Results

As in the experiment, the plate is assumed to consist of two
parts, fore hard one (L,) and aft soft one (L), or, L= L, + Ly, being
allocated on channel axis (7 =D/2) , as shown in Fig.10.

Here will be considered the case of a soft plate oscillating with
the first cantilever mode but with a phase lag travelling downstream.
Then,

S(x)expliar)

f(x)expliot)=C

0, x=0~1,
cosh fx —cos X Q)
cosh AL, +cos AL,

- 'smhﬂi—s%nﬂ;? exp iw(r—iJl? x=L,~L
sinh AL, +sin L, V I

where ; is the distance from the fixed end of the soft plate, |4

the travelling-wave velocity, and FL,=0. 60~ , which satisfies cos
BL.=-1/coshf L, The phase lag at the free end is given by ¢ =
@ LyV. The local amplitude is normalized by the free-end
amplitude. Figure 11 gives a travelling wave given by Eq.(6) for

the phase lag ¢ =2.0, which agrees well with the real ones (Fig.3).

Vol. XXVII, 2002

Fig.11 Travelling-Wave Oscillation of a soft plate

Calculations show that the standing-wave oscillation ( ¢ =0
or U/V=0 ) is always stable, but the travelling-wave oscillation
becomes unstable by the negative energy input or negative damping
below a critical reduced frequency, leading to the onset of flutter.
In the following, the phase lag is taken as ¢ =2.0
referring to the experimental results.

In the case with no mechanical damping, the flutter reduced
frequency (wlLl,/U)s is given for E being zero. Figures 12 and
13 show the effects of the channel height D in the case with no hard
plate (L,=0) and the hard plate L, in the case where the channel
height is one-half of the soft plate length (D/Ls=0.5) , respectively.
It is seen that the channel walls act to raise the flutter reduced
frequency, whereas the hard plate acts to reduce the flutter reduced
frequency, although both of these effects are rather slight so as to be
neglected. The plots in Fig.12 are the experimental results of the
flutter reduced frequency obtained by Huang for a thin plastic
sheet® .

3r

2t oo o (0 LJ/U),

o (V/U),

0 1 2 3 4 5
D/Ls

Fig.12 Effect of Channel Height
Ly=0.0; O:Huang

He also estimated the travelling-wave velocity to be nearly equal to
the flow velocity. His results agree well with those of the present
calculation. This agreement would be attributed to the use of a thin
plastic sheet by Huang, which may have small mechanical damping,
as described below.

Comparing Figs.12 and 13 with Figs.6 and 7, the calculated

results for the case of no mechanical damping agree with the
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Lh/Ls

Fig.13 Effect of Hard Plate
D/Ls=0.5

experimental ones qualitatively. That is, both experimental and
calculated results show that the channel height as well as the hard
plate do not give any significant effects on the flutter start velocity.
Comparing Figs.12 and 13 with Fig.9, however, the calculated flutter
reduced frequency is three to four times as much as the experimental
one for the rubber plate. Huang also showed that the flutter
frequency of a natural rubber plate was nearly one-third of that of a
plastic thin plate (given in Fig.12). Hence, this remarkable
discrepancy between the calculated and experimental ones may be
attributed to the effect of material mechanical damping, which is
large in rubber plate but not in plastic plate(cf.Fig.8).

From the consideration on a simple mass-spring system, the
energy dissipation for one cycle of the oscillation of unit amplitude

is approximately estimated as

ez
2 -
apl* \U

where m and £ are the mass and characteristic length of the

oscillating body.
Applying this damping effect to the present calculation, the
flutter will occur when E+W <0 holds. For the case of the

natural-rubber plate (e.g. 100 mm long and Imm thick), the mass

ratio (m/ 7 p ﬂi) is of the order around 5 and the logarithmic

damping coefficient ¢ is about 0.5 (see Table 1). Assume

W o= 5([0[: U )2 , and the flutter reduced frequency (wéS/U)f

for g = 2.0 is estimated as around 0.9. This suggests that
mechanical damping gives a predominant effect on flutter of the soft
plate, and also that the theoretical approach could be applied to the
prediction of flutter of soft plate, if the mechanical damping is

estimated properly.

4. Conclusion

Experimental and theoretical studies on flutter of a soft plate
in channel flow are carried out, and the results obtained are
summarized as follows.

Experimental results:

(1)Beyond a critical flow velocity, flutter of a soft plate occursin a
traveling-wave oscillation mode with large amplitude so as to hit
the channel walls.

(2)Once flutter occurs, it does not stop until the flow velocity is
reduced much below the flutter velocity, that is, there exists a
remarkable hysterisis between flutter start and stop.

(3)There are no significant effects of the channel walls and the hard
plate attached fore to the soft plate on both flutter start and stop.

Calculated results:

(4)As (3) in experiments, there are no significant effects of the
channel wall and the hard plate, although the flutter reduced
frequency slightly increases for smaller channel height and hard
plate length.

(5)The flutter reduced frequency obtained for the case of no
mechanical damping is three to four times as much as the
experimental one for rubber plate.

Concluding Remarks:

The present analysis treats the two-dimensional flow with
small perturbations, so it would be well applied to the occurrence of
flutter of a soft plate with no mechanical damping, as shown in
Fig.12. For predicting the flutter velocity precisely, however, it
would be indispensable to estimate the mechanical damping of the
plate materials beforehand.

The results obtained shows that, for given conditions, the
flutter reduced frequency is given rather definitely. So, in order to
suppress flutter of soft plate or increase flutter velocity, it would be
effective to increase the natural frequency of the soft plate or to
stiffen the soft plate, that may easily applied to suppress the palatal
flutter or snoring.

The hysteresis between flutter start and stop is also very
interesting but remained to be elucidated. Besides, real hard and
soft plates are thick and three-dimensional, so simulation model

should be considered in both experiments and calculation.
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