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Engineering Approximation of Beam Flutter

L.E. Ericsson
Lockheed Missiles & Space Company, Inc., Sunny vale, California

A technique is presented for rapid construction of approximate flutter boundaries for a beam without access
to detailed structural information. The method is a useful preliminary design tool which permits easy evaluation
of the effects of design changes thereby facilitating finding the means to eliminate aeroelastic instability, should
it occur. An example is presented from a recent analysis of the dynamic aeroelastic stability of Space Shuttle
protuberances.
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Subscripts
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B
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M

Nomenclature
= total cross-sectional area
- fraction of A made of metal
= span
= beam width
= force

= beam height
= sectional lift, coefficient cl = l / ( p V 2 / 2 ) c
= Mach number
= generalized mass
= sectional pitching moment, coefficient
cm=mp/(PV2/2)c2

- sectional normal force, coefficient

- generalized force
= normalized coordinate
= radius of torsional inertia
= torsional moment
= time
= cross flow velocity
-reduced velocity, V— V/fh
= spanwise coordinate
= vertical coordinate (Fig. 1)
= increment
= structural damping, fraction of critical
= aerodynamic damping, fraction of critical
= dimensionless y coordinate, Eq. (10)
= perturbation in pitch and torsion (Fig. 1)
= dimensionless radius of torsional inertia,

K = r//(c/2)
= air density
= effective density of beam
= density of metal used to construct the beam
box

= density of thermo-protection cover on beam
= normalized modal deflection
= angular frequency, co = 2?r/

= attached flow
= bending
= beam
= estimate
= metal
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= separated flow
= thermo-protection cover
= torsion or time
= cross flow component "
= Shuttle reference conditions

= separation-induced, e.g., A'CN = separation-
induced normal force

Derivative Symbols

3dot

d2q

d(cq/V)

=

' md(c6/V) ' mi d ( z / V )

Introduction

AEROELASTIC stability analysis of elastic vehicle
dynamics involves the comparison of structural and

aerodynamic damping components of roughly equal size.
Quite often the design is in a state of flux and the aeroelastic
analysis has to be repeated continually to reflect the effects of
changing structural characteristics. In case of indicated
aeroelastic instability, the structural dynamicist needs
guidance in determining the needed design changes. The
present paper describes a technique that provides the flutter
boundaries for one-degree-of-freedom oscillations in bending
or torsion in terms of structural characteristics without the
need for repeated computations of the effects of structural
changes. The technique is accurate enough for preliminary
design and facilitates the quick assessment of the effect of
design changes on the aeroelastic stability. Due to its sim-
plicity, the technique also helps the designer determine what
changes will be needed to avoid beam flutter. The example
chosen to illustrate the use of the technique is a recently
performed analysis of the aeroelastic stability of the cable
trays on the Space Shuttle external tank.1>2

Analysis
The dynamics of the beam are analyzed for oscillations in

bending and torsion. The critical mechanisms for single-
degree-of-freedom flutter in either bending or torsion are
described in detail, providing the information needed for a
multi-degree-of-freedom analysis.
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The equations of motion can be written in the following
form using standard notations

m[q(t) = P ( t ) (1)

The generalized force P(t) is given by the virtual work
done by the aerodynamic forces and moments (if W is the
work done, P=dW/dq).

For the bending degrees of freedom P ( t ) is

dF
(2)

where dF/dy is the normal force per unit span and <t>b (y) the
normalized bending mode. For the torsional degrees-of-
freedomP(0 becomes

dT
<t>t(y)dy (3)

where dT/dy is the torsional pitching moment per unit span
and </>, (y) the normalized mode.

There are three different types of generalized force

P(t)=Ps(t)+Pa(t)+Pf(t) (4)

While Pa(t) and P f ( t ) often can be defined by established
methods, Ps(t) can usually not be defined without a special
analysis tailored to the problem at hand.

Figure 1 shows the beam in crossflow of velocity V. For
small perturbations f=z/c and 6 the sectional aerodynamic
force and moment induced by separated flow can be ex-
presssed in derivative form as follows.t

dy

The corresponding expression for the attached flow derivative
is

_ _
°~

dT
(6)

Equations (5) and (6) illustrate the aerodynamic coupling
between bending and torsional degrees-of-freedom. The
structural coupling between those degrees-of-freedom can be
expressed as follows:

<l>b(y)qb(t)+<l>t
b(y)qt(t)

*? 004k (')+*, 00 ?,(*) (7)

As the aerodynamic stiffness is negligible compared to the
structural stiffness only the dot-terms (z/ Kand cQ/ V) in Eqs.
(5) and (6) need to be retained.

In order to obtain an assessment of the danger-potential of
various aeroelastic mechanisms the beam is first analyzed for
one-degree-of-freedom oscillations in either bending or
torsion. For pure bending oscillations Eqs. (1-7) give the
folio wing results.

|The aerodynamic acceleration derivatives are assumed negligible
compared to the structural counterparts. All aerodynamic ground-
interference type terms, cn ( z ) , associated with the height z are also
assumed to be negligible.

qb (t) +2ub ( f0 + ffl + fc ) qb (t) + u2
bqb(t) = [Pf(t) ] mb (8)

In a region of constant cross flow $a -f f"5 is defined as follows.

Assuming that the constant cross flow extends between two
beam supports, separated by the distance &, Eq. (9) can be
rewritten as

where rj= (y-yn)/ (yn+J -yn) with yn+1-yn=b. For a
beam with constant cross section, cxh, the generalized mass
is simply

C /
mb=pBhcb\ <

J o (11)

where pB is an effective average density. For a uniform beam
the mode shapes are well approximated by the following
sinusoidal.

(12)

Combining Eqs. (11) and (12) gives

2<f>0(l-<J>0)
[(-1)"-!]}

(13a)
hcb C 2

For the case of pinned modes, <t>0 = 0, Eq. (13a) becomes

pB=2mb/hcb (13b)

Equations (10) and (11) give the following definition of the
aerodynamic damping.

(14)
pB

where V= V/fh.
Through the use of Eqs. (13a) and (14) an estimate of the

aerodynamic damping can be made without access to detailed
structural characteristics. The oscillation frequency is the only
structural parameter needed. This is of great benefit, as the
structural characteristics have a tendency to change with time,
either through updated analysis or new design.

For torsional oscillations the aerodynamic moment
derivatives cm^ and A'cw^ take the place of the force
derivatives cnQ and A'c ; the area c2 takes the place of the
reference length c [see Eq. (5)]; and the following definition
of the generalized mass is obtained.

!
i

«?o

Representing 0, the same way as 06, Eq. (12), the integral
in Eq. (15) becomes equal to the expression within brackets in
Eq. (13a). pB is the effective average density of the beam
defined by Eq. (13a) and rf is the cross-sectional radius of
torsional inertia.

rj = ̂ Imt/mb (16)

Approximate Analysis
Instead of determining pB from Eq. (13), an estimate can be

obtained as follows.
M , i n7x=PM-+PTPCI--- (17)
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Fig. 1 Definition of coordinates.
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Fig. 2 Structural beam in cross flow.
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Fig. 3 Stability boundary for bending oscillations of the LO2 cable
tray.

COMPUTED

For a complete spectrum of probable metals, including steel,
bronze, and brass, the density pM varies very little.

6000 <pM/p(0)< 7000 (18)

where p(0) is the air density at sea level.
AM is the cross-sectional area of the metal and A is the total

cross-sectional (reference) area, A - ch. The torsional radius
of inertia iis also easily determined for a simple metal box
cross section.

Flutter Boundary
The flutter boundary is determined by

ro + fa + fc = 0 (19)

Combining Eqs. (14) and (20) gives the following flutter
boundary for bending oscillations.

fofl* 1 P In7T~ T~ \cn6
8lT pB

The corresponding result for torsional oscillations is

fa/»_ l ' ft ,_ , AI- ,
2-KK2 pB

(20)

(21)

Application to Space Shuttle Cable Tray
In the flutter boundaries defined by Eqs. (20) and (21) the

right-hand side is in the approximate formulation in-
dependent of structual characteristics. The stability boundary
for bending oscillations of the LO2 cable tray1'2- is shown in
Fig. 3. The flutter boundary obtained using the approximate
method, Eq. (17), is in good agreement with that computed
using the structural information, Eq. (13). The same is true
for the stability boundary for torsional oscillations (Fig. 4).

Figures 3 and 4 are very instructive. They show that if the
structure were stiffened, so the frequency increased by a
factor of a certain magnitude, the damping can be decreased
by the same factor and still give the same aeroelastic safety
margin. This is fortunate, since when the structure is stif-
fened, it usually means that the contribution to the structural
damping from sliding or deforming joints is lessened.
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Fig. 4 Computed and approximated stability boundaries for tor-
sional oscillations of the LO2 cable tray.

Conclusions
A simple analysis has been presented showing how the

flutter boundaries for beams can be determined with suf-
ficient accuracy for preliminary design knowing only the
beam natural frequency and structural damping. Through a
chosen example from the analyses of the aeroelastic stability
of Space Shuttle proturberances it has been illustrated how
this simplified analysis technique can be used to quickly assess
the effects of structural design changes, thereby facilitating
the search for means whereby any eventual flutter problem
may be eliminated.
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