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Introduction

A PROBLEM which has been encountered during the
development of bag or trunk-type air cushion landing

gear is trunk flutter. A recent review of experimental data on
this phenomenon obtained from a modified de Havilland
Buffalo known as the XC-8A and a test apparatus is given by
Boghani and Fish.1 It was observed that flutter occurs most
often at the bottom of the trunk, where the air gap is a
minimum, as shown in Fig. 1. From the results of their own
experimental and theoretical work they concluded that flutter
occurs when the negative stiffness associated with the airflow
under the trunk becomes, in an absolute value sense, greater
than the positive stiffness associated primarily with trunk
tension. In other words, they suggested that flutter arises
from a static instability, and that the oscillations occur as a
result of the nonlinear aspects of the problem. However, they
presented an analysis of the dynamics of the phenomenon, in
which the trunk was modeled as a series of discrete masses
connected by springs. The latter simulated the tensile stiffness
of the trunk. The airflow between the trunk and the ground
was considered to be one-dimensional, inviscid, in-
compressible, and quasisteady. Also this flow was assumed to
separate from the trunk downstream of the minimum air gap
at that point for which the trunk is inclined at an angle 6= 12
deg with respect to the ground plane, as shown in Fig. 1. This
angle was obtained from a separate steady-state experiment.

The purpose of this Note is to show that a Kelvin-
Helmholtz type linear stability analysis,2-3 similar to those
used for aeroelastic problems such as panel flutter, predicts a
divergent oscillation at about the conditions for which flutter
was observed. Hence the flutter is not necessarily the result of
a static instability, as is suggested in Ref. 1.

Kelvin-Helmholtz Analysis
The simplified geometry used for the analysis is shown in

Fig. 2. The trunk is modeled locally as a membrane of infinite
extent set parallel to the ground plane. There is no variation in
the mean or steady-state properties with respect to the
streamwise coordinate x; and the ground plane is located at
y = -h directly below the membrane. The airflow beneath the
membrane, and any that is induced above it, is assumed to be
two-dimensional, incompressible, unsteady, and irrotational.
This implies that the flows are governed by Laplace's
equation:

(1)dy2

Let U be the mean flow velocity under the trunk, p the static
pressure, pa the air density, g the gravitational acceleration,
and j] the vertical displacement of the membrane. Using the
superscripts b and t to denote the flow beneath the trunk and
directly above it respectively, one can write the boundary
conditions imposed on the flows by the trunk motion as
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Fig. 1 Trunk geometry.
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Fig. 2 Kelvin-Helmholtz geometry.

follows:
1) Unsteady Bernoulli conditions, atj> = 0,

bottom: d<t>b d<t>b

pa
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2) Kinematic conditions, at y = 0,

drj drj d<t>b

bottom: — ! + (/— = ——

(2)

(3)

(4)

(5)

(6)

where pm is the surface density of the membrane, T is the
membrane tension, and Ks is the local stiffness. At the ground
(y= —h) and at y= +<x>,

dt dx dy

drj d<t><top: — = —
dt dy

The equation governing the trunk motion is

dy (7)

Consider a wave traveling in the positive x direction described
by

„, — „ ai(kx—<jot) so\
'I — 'lo v"/

</>' — <t>oe~ ye x~^ (10)

where a? is the wave angular frequency, k is the wave number,
and ri0, <t>%, and 0{, are wave amplitudes. Substitution of Eqs.
(9) and (10) into Eq. (1) shows that these forms automatically
satisfy Laplace's equation. Substitution also shows that Eq.
(7) is satisfied. The membrane condition yields

(H)

Substitution of this expression into the unsteady Bernoulli
conditions gives, after some manipulation,

- /co0 gcosh [ kh ] + Uik(t> gcosh [ kh ]

Pa
(12)
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Table 1 XC-8A data

Gap
Density ratio
Stiffness
Tension

i = 2.13cm
0 /P m == 0.088m-1

*=4.71-xl05 N/m3

^1.31xl04 N/m

0.07 ft
pa = standard atmospheric density
30001b/ft3

900 Ib/ft
a Rough estimate: Ks = ̂ Psllc(ion /A/;. b Rough estimate: T= bag radius x bag pressure.

The kinematic conditions reduce to

+ Uikri0 = ksinh [kh]<t>% (13)

(14)

Solving Eqs. (13) and (14) for </>g and <£0 in terms of ry0 and
substituting into Eq. (12) yields the following characteristic
equation for the frequency

(15)
where

f^. + -}ktanh[kh]
pa k/

100

Uc = 147 m/sec

kc = 4.6 m-'

105

Mm- 1 )
Fig. 3 Critical flow velocity vs wave number.

B=-2Uk (16)

Pa

Solving the quadratic for co yields the dispersion relationship

2A (17)

If B2 — 4AC is less than zero, a complex conjugate pair of
roots results.

Equation (8) shows that the root with the positive
imaginary part will be unstable. Hence the condition B2 —
4AC = Q represents a stability boundary. It yields the
following equation for critical flow velocity Uc as a function
of wave number k:

(18)

By plotting Uc as a function of k one finds that the curve has a
minimum at some value k = kc. This minimum identifies the
wave number associated with the onset of flutter. The
corresponding flutter frequency is given by

Results and Discussion
A suction pressure occurs at the minimum gap because the

flow does not separate there. In Ref. 1 this suction pressure
was measured to be approximately 1.75 times the cushion
pressure below atmospheric. Thus

(20)
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minimum value of Uc = Ucm = 147 m/s, which is bracketed by
the two values noted above. The frequency fc obtained in Ref.
1 was 28 Hz. The present analysis gives 40 Hz. The negative
stiffness-positive stiffness argument gives

(21)

Two cushion pressures were considered in Ref. 1 for the XC-
8A. For the lower pressure (3.8 kPa) no flutter occurred, and
C/gap according to Eq. (20) was 133 m/s. For the higher
pressure (6.2 kPa), flutter did occur and (7gap according to Eq.
(20) was 169 m/s. The data in Ref. 1 were used here to
estimate the various coefficients in Eq. (18) (see Table 1), and
the plot of Uc vs k given in Fig. 3 was obtained. This gives a

Using the data in Table 1 one obtains Uc = 92 m/s. Note that
Eq. (21) is not the long wavelength approximation obtained
by setting k = 0 in Eq. (18). The latter gives Ucm = oo and co = 0.

By doubling the gap h one obtains the curve shown in Fig.
4, for which Ucm = \S4 m/s and/c = 35 Hz. Similarly, by
halving the stiffness Ks, one obtains the curve shown in Fig. 5,
for which Ucm = 119 m/s and fc = 34 Hz. Finally, by halving
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T=T r e f / 2 -

Fig. 6 Tension effect.

the tension T, one obtains the curve shown in Fig. 6, for which
Ucm = 130 m/s and fc = 30 Hz. Each of these trends is iden-
tical to the corresponding trend observed numerically in Ref.
1.

As mentioned above, the negative stiffness-positive stiff-
ness argument outlined in Ref. 1 implies a static instability or
divergence problem. The analysis presented here highlights
the dynamic nature of the problem. For example, Eq. (15)
shows that when U equals zero the angular frequency co would
be given by

(22)

This implies that, as expected, waves due to a disturbance
initiated at some value of x propagate both to the left and to
the right in Fig. 2. Bu.t as (/increases from zero, the speed of
the left running waves decreases, and when C = 0 they begin to
be swept downstream. For a given k this occurs at a speed
U<UC. Hence, at the onset of instability, information
propagates only downstream.

The major drawback of the present work is that it ignores
end boundary conditions and variations along the trunk. One
would expect this to cause significant error if the wavelength
were of the order of some system characteristic dimension
such as the trunk girth. However, here, even though the
wavelength is typically 1.25 m, which is an appreciable
fraction of the 3.5-m trunk girth, the errors appear to be
small.
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TURBULENT COMBUSTION—v. 58
Edited by Lawrence A. Kennedy, State University of New York at Buffalo

Pract ica l combust ion systems are almost all based on turbulent combustion, as distinct from the more elementary
processes (more academically appealing) of laminar or even stationary combustion. A practical combustor, whether
employed in a power generat ing plant , in an automobile engine, in an aircraft jet engine, or whatever, requires a large and
fast mass flow or t h r o u g h p u t in order to meet useful specifications. The impetus for the study of turbulent combustion is
therefore s t rong.

In spite of t h i s , our unders tanding of tu rbu len t combustion processes, that is, more specifically the interplay of fast
ox ida t ive chemical react ions, s trong transport fluxes of heat and mass, and intense fluid-mechanical turbulence, is still
incomplete. In the last few years, two strong forces have emerged that now compel research scientists to attack the subject
of t u r b u l e n t combustion anew. One is the development of novel ins t rumenta l techniques that permit rather precise
n o n i n t r u s i v e measurement of reactant concentrations, tu rbu len t velocity fluctuations, temperatures, etc., generally by
optical means using laser beams. The other is the compelling demand to solve hi therto bypassed problems such as iden-
t i f y i n g the mechanisms responsible for the production of the minor compounds labeled pollutants and discovering ways tcr
reduce such emissions.

This new c l imate of research in tu rbu len t combustion and the avai labi l i ty of new results led to the Symposium from
which t h i s book is derived. Anyone interested in the modern science of combustion will f ind this book a rewarding source
of i n f o r m a t i o n .
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