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Symbol

(€]
[C']
C (k)

Lo

EI

NOTATION

Definition
Nondimensional distance from mid:chord to elastic axis,
measured perpendicular to elastic axis, positive aft
as fraction of semichord b
Nondimensional distance from midchord to local aero-
dynamic center (for cteady flow) measured perpendicular
to elastic axis, positive aft as a fraction of
serzichord b
Semichord measured perpendicular to elastic axis
Damping matrix of strut
Effective dawping matrix of the strut-fluid system

Complex Theodorsen circulation function

Local 1if: slope for a strip perpendicular to elastic
axis in steady flow

Rending stiffness
Hydrodynamic force
Torsioral stiffness

Structural damping coefficient; also, gravitational
acceleration

Amplitude of bending displacement h
Linear displacement of strut at elastic axis

Total mass moment of inertia of strut and tip attachments
about elastic axis

Added moment of inertia of pod about elastic axis of

strut, approximated by the added moment of inertia of a
prolate spheroid

V-1
Stiffness matrix of strut
Effective stiffness matrix of the strut-fluid system

Strut length along elastic axis




Symbol

ea

Definition

Pistance from free surface to tip of strut along
elastic axis

Oscillatory moment about elastic axis per unit span of
strut, positive in direction of positive €

Mass matrix of strut

Added mass matrix of strut

Effective mass matrix of the strut-fluid system
Mass per unit span along elastic axis

Oscillatory lift per unit span of strut zlong elastic
axis, positive in direction of positive h

Spanwise modification factor for noncirculatory loading

Nondimensional radius of gyratiom

Complex eigenvalue
Time
Flos speed

Downwash; vertical component of flow velority on foil,
positive in direction of negative h

Nondimensional distance from elastic axis to center of
gravity, measured perpendicular to elastic axis,
positive aft as fraction of semichord b

Spanwise coordinate along elastic axis of strut

Damping ratlo, giving damping as a fraction of critica
damping

Amplitude of torsional displacement 8
Torsional displacement of strut about elastic axis,
positive when leading edge moves in direction of

positive h

Sweep parameter; (2b tan Aea)/L

Elastic-axis sweep angle, positive for sweepback
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Symbol
Ybending

1
“generalized

“torsion

SUB3CRIFTS

m

SUPERSCRIPT

o)

efinition
Approximation to generalized mass ratic for bending
motion

Seneralized mass ratio

Approximation tc generalized mass ratio for torsional
metion

Fluid density

Local bending slope of elastic axis gh/ay

Local vatz of change of twist along elastic axis 08/3y
Circuiar frequency of oscillation

Circular frequency of first tors:ional vibration mode
in air

Subscript to indicate that the parameter Is associated
with ith strip statior on strut

Subscript to indicate that the parameter is perpendicular
to elastic axis

Dot over a quantity indicates differentiation with
respect to time
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ABSTRACT

A iarge body of experimental and theoretical flutter
resilts for hydrofoil struts were analyzed to determine signi-
ficant characteristics. Flutter was found to occur in two
different structural mode shapes, corresponding to a predom-
inantly bending mode and a predominantly torsional mode,
respectively. The flutter mode chape was related to the
vibration mode shapes and the generalized mass ratio ¢f the
strut at zero speed. The behavior of the hydroelastic modes
of typical struts as a function of speed was investigated by
using a strip theory with three-dimensional loading modifi-
cations. Flutter predictions for struts which underwent
flutter in tne torsional mode were usually conservative and
predicted the correct mede shape. However, flutter predic-
tions for struts which underwent flutter in the bending mode
were unreliable in predicting the mcue of flutter because of
an extreme sensitivity to the loading modification used.
Strut-foil systems of the inverted-T configuration typical
of full-scale hydrofeil craft appear te undergo either bending
flutter or torsional flutter, depending on pod and foil
characteristics.

ADMINISTRATIVE INFORMATION

This work was authorized and funded under the Hydrofoil Development
Program of the Naval Ship Svstems Command, Subproject 54606, Task 1793.
This report is 2 verbatim reproducticn of a paper precented at the Ninth

Symnosium on Naval Hydrodynamics, 20-25 Auvgust 1972, Paris, France.
INTRODUCTION

The high spesds associated with manyv unconventional ships will
require a better understanding of flutter and other hydroelastic phenomena
than has been available for aesign of existing ships. Prominent among
unconventional ships are hydrofoil craft and surface effect ships. Flutter
is a recognized problem for the strut-foil systems of hydrofsil craft. The
rudéers contemplated for surface effect ships may be similarly vuinerable.

Much research has been done on the flutter of strut models analogous

to the above systems. The initial demonstration of strut flutter was made




by Hilibornel in 1958. Further experimental work has <ften been accompanied
by difficulties, irncluding models that wouldn't flutcer, models that were
destroyed by flutter or divergence, and facility limitaticns. Numerous
theoretiral analyses have beern produced, but none has been successful in
predicting all experimental results conservatively.

Gut of these cffcorts have come many clues to the nature of strut
flutter. By combining previous results with some rerent experimental and
theoretical work, we have produced & concepi of flutter involving two
different flutter regions. This paper will discuss existing flutter data
from the standpoint of two flutter regions and will present calculations
which indicate the origin of the two regions. The expected accuracy of
flutter speed predictions within each region will be described.

Existing data deal with a large number of simple struts and a small
number of struts with tip pods, some with foils forming an inverted-T con-
figuration. A sar .le configuration is shown in Figure 1. All tested
config. rations have been small-scale mouels. Most discussion will be
devoted to simple struts and struts with pods. One strut with foils has
been included.

All struts were cantilever supported from an effectively rigid
foundation, so that the structural characteristics of the system were those
of a cantilever beam in which both bending and twisting could occur. Be-
cause of the relatively high aspect ratio and thin profile ¢of the struts,
bending consisted of displzcements perpeindicular to the plane of the strut,
while twisting occurred abeut a spanwise elastic axis. Vibration modes of
the struts consisted of a series of modes which could usually be identified
as vredominrantly bending or preduminantly *wisting or torsion.

The mode shapes of the struts at flutter inception could also be

characterized as predominantly bending or torsion. In most cases, struts

l4il1borne, D. V., "The Hydroelastic Stability of Struts," Admiralty
Res. Lab Report No. ARL/R1/G/HY/5/3 (1958). A complete listing of
references is given on pages 53 and 54.




displayed either bending or tersional oscillations at flutter. This was
the basis for dividing flutter phenomena into two regions. Flutter in one
region occurred in a predominantly bending mode shape and will be veferred
to as bending flutter. Flutter in the other region occurred in a predom-
inantly torsional mode shape and will be referred to as torsional flutter.

1t appears that all hydrofoil struts, including those with pods and
foils attached, undergo either bending flutter or torsional flutter. The
type of flutter characteristic of a given strut can be determined by
examining its vibration modes, except in a transition region where strong
coupling of structural modes occurs. Most available data can be readily
placed into the appropriate flutter regions.

Experimental results from each flutter region were examined separately.
The two flutter regions corresponded to two ranges of generalized mass ratio.
In the bending flutter region, struts had low values of generalized mass
ratio, while struts in the torsional flutter region had high values of
zeneralized mass ratio. Flutter speed varied differently in each region
as a function of mass ratio or strut submergence, a related parameter.

Calculated flutter characteristics show substantial qualitative
agreement with observed characteristics. Flutter was found to cccur in a
different hydroelastic mode in each flutter region. Predicted flutter
inception speeds for torsional flutter were conservative for most struts,
with many predictions being overconservative. Unfortunately, flutter speed
predictions for bending flutter were not usable because two flutter modes
were often predicted to be unstable in the bending flutter region, with
the wrong mode predicted to be the least stable. This discrepancy was
related to an extreme sensitivity of the flutter calculation tc hydrodynamic

loading modification in the bending flutter region.
EXPERIMENTAL FLUTTER CHARACTER1STICS
BENDING-TYPE AND TORS1ON-TYPE STRUTS

The flutter mode of a strut is strongly correlated with the nature
of the vibration modes of the strut in air or in water. It is therefore
convenient to define a method for classifying struts according to important

differences in vibration medes. Strut mode shapes are those of a cantilever




beam, with bending displacements perpendicular to the plane of the strut
and torsional rctacions about a spanwise elastic axis. Mode shapes are
designated by their similarity to the uncoupled mode shapes of a cantilever
beam. Some uncoupled mode shapes are shown in Figure 2, numbered in order
0% increasing frequency.

All struts exhibit a fundamental (lowest frequency) vibration mcde
shape resembling first bending. Struts show a marked difference in their
second modes, however, permitting . _uts to be divided into twc groups.
The second mode of any strut will consist of a second bending mode coupled
with a first torsion mode, with one usually predominating. Predominance
is determined by the relative linear displacements produced by bending and
torsion, which provide an indication of nodal line characteristics. If the
second vibration mode is predominantly second bending, the strut is a
bending-type strut. If the second vibration mode is predominantly first
torsion, the strut is a torsion-type strut.

Struts having little or no tip weighting are usuailv bending-type
struts. Struts having relatively heavy pods are usually torsion-type
struts. A transition region exists in which the second vibration mode of
a strut is equally due to a second bending mode shape and a first torsion
mode shape, with neither predominating. Struts in this transition region
have moderately weighted pods or medium to large foils. The effect of foils
in coupling second bending and first torsion is very pronounced when the
foils are submerged due to the large rotary inertia effect at the tip of
the strut. When such strong coupling occurs, it is impossible to classify
the strut as bending type or torsion type.

In most cases the third vibration modes of bending-type struts are
first torsion, while torsion-type struts have a third vibration mode
resembling second bending. This observation indicates that a change in
strut type usually involves a reversal in the order of the second and
third mode shapes.

Most struts have the same mode order in air and in water. If there
is a difference, the mode order in water should be used for classifying a
strut. Either measurement or calculation can be used to determine the

required mode shapes.
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FLUTTER MODE SHAPES

The flutter mode shapes of bending-type struts are radically differ-
ent from those of torsion-type struts. Bending-type struts undergo flutter
in a predominantly first bending mode shape, while torsion-type struts
undergo flutter in a predominantly first torsion mode shape. In accordance
with the flutter mode shapes, flutter of bending-type hydrofoils will be
referred to as bending flutter, and flutter of torsion-type hydrofoils will
be referred to as torsional flutter.

The two types of flutter mode shapes have not been quantitatively
measured, but were discovered because the very striking differences in
mode shape were visually cbserved. Differences in flutter mode shapes
were reported by Huang2 as a result of flutter testing a strut with and
without a heavy pod. The bending amplitude of the strut alone was reported
to be considerably larger than the torsional amplitude which was clso
present. When the pod was added, the torsional amplitude became larger
than bending.

A similar result was obtained in an experiment performed at the
Naval Ship Research and Development Center (NSRDC) in which a bending-type
strut and a torsion-type strut were flutter tested. Both struts had been
previously tested but mode shapes were not reported. Motions of the struts
were visually observed and recorded on video tape. The bending-type strut,
Model A of Reference 3, underwent large first benling oscillations with
little evident twisting. In contrast, the torsion-type strut, Model 2T of

Reference 4, displayed first torsion oscillations with no visible bending.

2Huang, T. T., "Experimental Study of a Low Modulus Flutter Model for
Strut-Foil-Pod Configurations,” Hydronautics, Inc. Technical Report 459-2
(Jul 1967).

SSquires, C. E., Jr., "Hydrofoil Flutter, Small Sweep Angle Investiga-
tion - Final Report,'" Grumman Aircraft Engineering Corporation Report
DA Nonr-3989.3 (Nov 1963).

4Baird, E. F. et al., "Investigation of Hydrofoil Flutter - Final
Report,” Grumman Aircraft Engineering Corporation Report DA 10-480-3
{Feb 1962).
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in addition to a chenge in ncde shape, a change in frequency would
be expected when the flutter mode changes. Several pod configivations for
Model 2T were flutter tested,4 ard a significant change in flutter frequency
occurred when the strut changed irom bending-type to torsion-type. Flutter
data for this strut are plotted in Figure 3. As the pod mass was increased
and the pod center of gravity vas moved aft, an abrupt increase in freguency
occurred between pod configurations A and B. Vibration modes calculated in
water identify pod configuration A as a bending-type model, while pod con-
figuration B gives strongly :oupled second bending and first torsion modes
for both its second and third modes and therefore falls in the transition
region between bending-type and torsion-type struts. Pod configuration C
was a torsion-type strut.

Although mode shapes have been observed in only a small number of
c~ses, other aspects of flutter data exhibit a dual nature corresponding
to differences in mode shape. The effects of generalized mass ratio and
of strut submergence vary according to the flutter region. These effects

will be discussed below.
GENERALIZED MASS RATIC

Gereralized mess ratio is 2 parameter which indicates the relative
importance of structural and fluid inertia in determining the motion of a
strut. Both structural and fluid inertia are related to the vibration mnde
shape (and therefore to the elastic properties) of the strut. This rela-
tionship is incluied in the most general form of the parameter, which can

be expressed in cerms of matrix elements as

H| T H,

0 M e

' B i

generalized Hi T Hi
*

0. M1 e,

2 | = |

This expression reduces to the mass ratio traditionally used in flutter
analysis when pure bending motion of uniform amplitude is assumed. A similar

simplification occurs when pure torsional motion is assumed. These assumed

" I, Y

—a
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motions provide suitable approximations to the mode shapes of bending and

torsional flutter. Exact flutter mode shapes are of course not available.

Tnerefore simplified expressions for mass ratio were used in analyzing

experimental flutter results.

It was found that bending flutter occurs at low values of mass

ratio and that torsional flutter occurs at high values of mass ratio. Other

than this generalizatior, comparisons involving mass ratio will not be made

between struts having different flutter modes. Such comparisons would

require extensive calculations involving exact flutter mode shapes, which

are not available. Calculations presented later indicate that bending

flutter and torsional flutter involve entirely different vibration modes

and do not represent different mass ratio ranges of the same mode. Mass

ratio will be used as a parameter for comparing flutter results of similar
mode. Each flutter region will be discussed separately.

Bending Flutter Region

In the bending flutter region, generalized mass ratio can be

approximated by dividing total strut mass by the mass of a cylinder of

water circumscribing the strut. The cylinder of water should have a

diametsr equal to the strut chord and a length equal to the submerged span

of the strut. This cylinder of water approximates the added mass of the

strut for the first bending mode shape associat~d with bending flutter.

Bending mass ratio may be written symbolically as

U =_mL_
bending wpb22

Flutter speeds obtained from bending-type struts are plotted as a
function of bending mass ratio in Figure 4.

Values of bending mass ratio
range from 0.1 to 0.66. The flutter speeds fall into two groups. The
higher flutter speeds correspond to strut models which are geometrically
larger by a factor of approximately 4 than strut models represented in the

lower group. Within each group, the flutter speeds are sensitive to mass
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The sweep parameters’o
and unswept aspect ratio into a single parameter.

ratio and a sweep parameter k. combines sweep angle

Numeric~1l values of «

are given for the data points in fFigure 4. For similar size models, the

data can be fairly consistently divided into families based on similar

values of k as shown. An increase in sweep angle therefore increases the

flutter speed, while an increase in aspect ratio decreases the flutter

speed. Lines of constant x value approach zero as mass ratio decreases in

a manner which could be approximated by a square root dependence on mass

ratio, a relation which has previously been observed3 for low mass ratio

struts. Similar trends have been predicted in the lower mass ratio region

when sweep angle was included in the analysis.6’7’8 Groups of different

sized models can b¢ correlated by dimensional analysis. It has been shown9

that the flutter speeds are related according to the square root of lending
or torsional stiffness.

Torsional Flutter Region

Generzlized mass ratio for torsional motion can be represented by

the ratio of the total momeat of inertia of a strut and the added moment

Jordan, P. F., "On the Flutter of Swept Wings,' Journal of the Aero-
nautical Sciences, Vol. 24, No. 3, pp. 203-210 (1957).

6Caporali, R. L. and E. J. Brunelle, "Hydrofoil Instability at Low Mass

Density Ratios," Princeton University Aerospace and Mechanical Sciences
Report No. 670 (Mar 1964).

7Herr, R. W., "A Study of Flutter at Low Mass Ratio with Possible Appli-
cation to Hydrofoils,'" NASA TN-D-831 (May 1961).

8Squires, C. E., Jr. and E. F. Baird, "The Flutter Characteristics of
a Hydrofoil Strut," Proceedings of the Fourth Symposium on Naval Hydro-
dynamics, pp. 739-759 (1962).

9Ho, H. W., "The Development and Testing of Low Modulus Flutter Models

of a Base-Vented Strut," Hydronautics, Inc. Technical Report No. 459-1
(May 1965).




of inertia of the submerged portion of the strut. In the present work,
rotation was assumed to occur about the elastic axis of the strut. The

resulting torsional mass ratio may be written

I
a
ﬂpb4(l/8 + az)l + 1;

Heorsion -

pod

Available flutter speeds for torsion-type struts are plotted as a
2,4,10,11

function of torsional mass ratic in Figure 5. A substantial amount
of data is shown which was obtained at NSRDC and has not been previously
published. All strut models in this group had pods and were similar in
size to the struts described in Reference 4. A complete description of
these data will be published in the near future.

As shown in Figure 5, torsional flutter has been obtained at values
of torsional mass ratio between 0.6%L and 6.2. Flutter speeds generaliy
decrease as mass ratio increases. The wide variation in flutter sgpeed
results at least in part from wide variation in strut characteristics. In
an attempt to adjust flutter speeds for differences in geometric size and
torsional frequency, the data have been replotted in Figure 6 after
normalization by the factor bwa. This normalization was successful for
values of mass ratio between 2.0 and 6.2, but large variations still exist
at values below 2.0. Parameters that differ among the lower mass ratio
models include the elastic axis location, profile, sweep angie, and sub-
mergence of the struts, and the size and inertial characteristics of pods
attached to the struts. The effects of strut profile have rtecently been
investigated at NSRDC, and results for three different profiles are indi-
cated in Figure 6. At speeds high enough to produce ventilation over the

entire chord of the strut, a ventilated cavity originating from a blunt

10apramson, H. N. and G. E. Pansleben, Jr., "An Experimental Investiga-
tion of Flutter of a Fully Submerged Subcavitating Hydrofoil," Journal of
Aircraft, Vol. 2, No. 5, pp. 439-442 (1965).

11Besch, P. K. and Y. N. Liu, "Flutter and Divergence Characteristics
of Four Low Mass Ratio Hydrofoils," Naval Ship Research and Development
Center Report 3410 (Oct 1970).
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leading edge on a strut substantially destabilizes the system. The effects
of strut submergence will be discussed later.

The reduced flutter speeds for torsional flutter exhibit the charac-

teristics found in classical hydrofoil flutter. The flutter speed parameter

gradually decreases to a minimum value as mass ratio decreases, and then
increases rapidly for related series of strut models at lower values of
mass ratio. Minimum values occur approximately between mass ratios of
2.6 to 3.0. The effect of mass ratio on torsicnal flutter speeds is
similar tc that predicted by classical two-dimensional flutter theory and
also to that predicted in the higher mass ratio region in finite sweep

angle analyses.6’7’8

STRUT SUBMERGENCE

The effects of strut submergence on flutter speed are closely
related to the effects of generalized mass ratio. When the simplified
forms of mass ratio are used, the two parameters are inversely proportional
to one another. The close relationship is evident in experimental flutter
results in which submergence has been varied without changing other strut
characteristics. These results, shown in Figure 7, constitute a replotting
of data contained in Figures 4 through 6 but are given to illustrate the
effects of submergence directly.

Flutter speeds for bending-type struts decrease as strut submergence
increases, with minimum flutter speeds occurring at full submergence. The
increase in submerged length produces a decrease in mass ratio and therefore
a decrease in flutter speed. Torsion-type struts show a locezl minimum in
flutter speed at approximately 50-percent submergence. This local minimum
would be expected to occur if the strut configuration passed through
intermediate values of mass ratio, and will not necessarily correspond to
50-percent submergence. An increase in flutter speed will of course occur
as the submergence becomes very small regardless of the mass ratio. The
effect of submergence on the strut model with pod and foils is similar to
that observed for struts without foils in the bending flutter region and
at high values of mass ratio in the torsional flutter region.

Strut submergence also affects the vibration mode shapes of struts

and has a particularly large effect on the second bending mode. As a
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result, a strut could change from a bending-type strut to a torsion-type
strut during changes in subuwergence. Because of the occurrence of minimum
flutter speeds at different depths for different modes and the possibility
of different flutter modes occurring at different depths, it is conceivable
that a strut could undergo bending flutter at one depth and torsional

flutter at another depth.
THEORETICAL FLUTTER CHARACTERISTICS

The dual nature of experimental flutter results also appears in
theoretical results. Bending flutter and torsional flutter correspond to
instabilities in different hydroelastic modes. Tramsition from bending
flutter to torsional flutter occurs when the torsional flutter mode becomes
less stable than the bending flutter mode.

The frequency and mode shape characteristics of the hydroelastic
modes involved in flutter are predicted accurately in the flutter analysis.
However, damping characteristics and, consequently, flutter speeds are not
predicted accurately. In the bending flutter region, flutter speed pre-
dictions are not usable because a second mode is also predicted to be
uns:able which does not correspond to experimental resuits. Flutter speed
predictions in the torsional flutter region correctly indicate the unstable
mode but are generally overconservative. Calculated hydroelastic modes
of a strut with attached foils indicate that the strut underwent torsional

flutter at a speed which was overconservatively predicted.
FLUTTER THEORY

Understanding the differences between bending flutter and torsional
. . . 2
flutter requires consideration of the behavior of the hydroelastic modes,1
or resonances, of the strut systems over a wide range of speeds, and not

merely a calculation of each strut's speed of neutral stability. This

12Bisplinghoff, R. L. and H. Ashley, "Principles of Aeroelasticity,"
John Wiley and Sons, lnc., New York (1962), p. 235.
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approach was in fact used in a papcr8 presented at thc Fourth Symposium on
Naval Hydrodynamics. This earlier paper described the hydroelastic modes
of bending-type struts only. The present paper extends the earlier results
to include a description of the hydroelastic modes of torsion-type struts
as well.

Hydroelastic modes are the vibration modes of the strut-fluid
system and correspond to eigenvalues and eigenvectors of the velocity-
dependent equations ot motion. The equations of motion were generated by
assuming a lumped parameter representation for the strut, with elastic and
inertial properties lumped at discrete points along a straight elastic
axis. This procedure is well established as an accurate means of predicting
vibration mode shapes and frequencies of elongated structures in air. The
hydrodynamic forces on the strut were alsc lumped at stations along the
axis. Values of structural parameters and hydrodynamic forces at spanwise
stations were assigned by dividing the strut into strips normal to the
elastic axis. A numerically converged solution was obtained when 1G strips
were used.

Displacements were assumed to occur in bending normal to the plane
of the strut and in torsion about the strut elastic axis. The equations

of motion for the entire system written in matrix form are

i

) + [c] c (e g (K] s (R

i i i

The hydrodynamic force F was expressed in terms of the physical displace-
ments and their time derivatives, permitting the structural and hydrodynamic
expressions to be combined. Further simplication is achieved by represent-
ing strut motion as a series of standing waves in the form

h. = H, et and 8 = @ eF

1 1 1 1

The resulting system of linear equaticns for the hvdroelastic system is

1
('] ¢ s[C'] + [K'D) {gtp = 10}
1
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Solutions to the above equations are the complex eigenvalues ¢f 5, which
may be written

s=~ZujV¥l- Cz w

in terms of the dampirg ratio  and the undamped natural frequency

I
-

Each eigenvalue of s corresponds to a mode of oscillation of the strut-

fluid system. Flutter occurs at the lowest speed for which the real part

of one of the eigenvalues becomes zero.

Eigenvalues for selected speeds were obtained by a digital computer

calculation based on Muller's quadratic method.13 Flutter speeds were

determined by interpolation among damping values across the zero damping

axis. Eigenvectors were also obtained, giving the vibration mode shapes

in standing-wave form.

The most general form of strut motion is composed of traveling waves

as well as standing waves. Further calculations were therefore made tc

determine whether traveling-wave oscillations were occurring. Traveling
waves were found in connection with bending motion and will be described
later.

HYDRODYNAMIC LOADING

Hydrodynamic loading on discrete sections of the strut was calcu-

lated with a strip theory. The theory was formulated to allow spanwise

variation of the loading so that the effects of three-dimensional flow
could be investigated.

The lift and moment expressions used were
-P. = p.Trpb.2 fh. - V8., + Vo, tanA _ + b.a. (8, + V. 1. tan A__)]
i i i ni n i ea il i ni ea

- CR .pvnbi Ck) Wy
a,i

13Wilkinson, J. H., "The Algebraic Eigenvalue Problem,'" Oxford University
Press, New York (196S5).
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. Cﬁa i .
= - - ' LY - ¢ 8 T
W, =<h, + V8. -Vo tanf_ +b; \ — a1y (8, + V 1y tan A )

In this formulation; spanwisc losding variations were intrcduced
separately for circulatory and noncirculatory loading. The loading due to
circulatory flow was varied by inserting steady values of 1lift slope Ciu
obtained by a sepavate talculation. This approach

.. 4 . . .
was originated by Yates. The noncirculstery term:z were varied by inclu-

and aergdynamic ihnuer 2

(o}

[

sion of a multinlicative factor p. The factor permitted reducing the

magnitude of the roncirculatory loading beiow that associated with two-

dimensional flow. This modification was intrcduced by the authors,ls

16

in accordance with a suggestion by Yates. Spanwise distributicns for p

will be discussed iater.

14Yates, E. C.. Jr., "Calculation of Flutter Characteristics for Finite-
Span Swept or Unswept Wings 2t tubsonic and Supersonic Speeds by a Modified
Strip Analysis,'" NACA RM L37LIG (1958).
15Liu, Y. N. and P. K. Besch, "Hydrofoil Flutter Analysis, Using a
Modified Strip Theory," Naval Ship Research and Development Center keport
3624 (Jui 1971).

16Yates, E. C., Jr., "Flutter Prediction at Low Mass-Density Ratios

with Application to the Finite-Span Noncavitating Hydrofoil," AJAA Third
Marine Systems and ASW Meeting (Apr-May 1368).
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The given expressions correspond to two-dimensional hydrodynamic
loading when a lift siope of 27, an aerodynamic center iocation at quarter
ckord, and a noncirculatory modification factor of unity are used. Three-
dimensional loading requires that appropriate sparwise distributicns of
these guantities te used. In a number of flu.ter calcuiations presented
later, the effects of three-dimensional flcw were studied by varying the
above quantities but keeping all spanwise values equal.

Spanwise distributions of 1lift slope and aerodynamic center were
obtaired from lifting surface theory.l7 The distributions were calculated
by wusing a uniform angle of attack along the span of the strut and an
antisymmetric loading bourdary conditicn at the {ree surface.

Two different distributions of noncirculatory modification factor
were used, one for low frequercies and one for high frequencies.15 At
low frequencies, the factor consisted of the threc-dimensional added wmars
of the strut, exprezsed as a fraction of the two-dimensional sdded meass,
outvoard of the spanwise posit.on being considered. The free surfacec was
treated as a reflectiag plane. At high frequencies, the spanwise distri-
bution of added mass on a surface-piercing strut decreases to zern at the
free surface. This condition was appreximated by assuming the midspan of
the submerged por..on cof the strut to be a reflecting plane and using the
low frequeuncy distribution on either side.

Values of the ncndimensional frequency, lwz/g, were used to distin-
guish between leow frequency and high frequency conditions, indicating that
the generation of gravity wavec was involved in the boundary condition.
The iow frequency condition exists for values of lwz/g of 1 or less,

while high frequency loading corresponds to values of sz/g of 10 or
greater.

BENDING FLUTTER

The hydroelastic modes of several bending-type struts were calculated.

In general, two unstable modes were predicted for each strut. One of the

17As'".ley, H. et al., "New Directions in Lifting Surface Theery,” AIAA
Journal, Vol. 3, No. 1, pp. 3-16 (1965).

15




unstable modes showed fair correlation with experimental flutter occurrences,
while *he s2cond unstable mode did not correlate well with experimental
results. Tt therefore appears that one unstable mode corresponded to the
erxperimentally observed instabilities for all of the struts, while the

other unstable mode was incorrectly predicted to be unstable. Tihe incorrect
prediction wes, in fact, found to occur only fov limited ranges of spanwise
loacing inputs, suggesting that the prediction was caused by & slightly
inaccurate loading formulation in a highly sensitive calculation.

The mode 1n which bending flutter occurred had a first bending
mode shape and had the lowest irequency among the existing modes at the
experimental flutter speed. At speeds below flutter, the mede was highly
damped. Its damping decreased rapidly in a short speed interval prior to
flutter. Values of damping were predicted monconservatively.

These results will be illustrated by presenting detailed character-
istics of the hydrcelastic modes of a typical bending-type strut, Modei 2
of Reference 4. The structural characteristic. and three-dimensional load-
ing parameters for Model 2 are given in the Appendix. Several hydrcelastic
modes calculated for Meodel Z are shown as functions of speed in Figures 8
and 9. The damping ratio [ was plotted without structural damping because
no experimental values were available. Predominant mode shapes are indi-
cated on the frequency curves. Predicted instabilities must be compared
with an 2xperimerital flutter speed of 81 knots and a frequency of 4.1 Mz
at that speed. The mocde shape at flutter was observed to be predvaminantly
first bending in a motion picture or the experiment.

Flutter is predicted to occur at 83 knots in the preseice of :wo-
dimensional Joading, as shown in Figure 8. The instability occurs in a
mode which first appears, fully damped, at a speed of 30 knots and decreases
in stability as speed increases until neutral stability is reiched at 83
knots. Aithough the unstable mode appears at a speed near that at whick
mode 1 damps out, the two modes coexist over a cmall speed range. There-
fore the vnstable mode is cu.izidered to be a new mode rather than mode 1.
The frequency and mode shape of the new mode show good agreement with
experiment. Mode 3 is stable and incresases in frequency as speed increases.

The predicted 1ustiabilities are much differcnt, and less accurate,

when three-dimensional loading modifications are included. Despite the
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theoretically improved loading expression, the flutter speed predicted

for the new mode is a highly nonconservative 147 knots. Mode 3 is unstable
over the entire speed range, except at low speeds where inclusion of struc-
turzl damping would produce a positive damping ratio. Roth unstable modes
have & first bending mcde shape in the vicinity of the experimental flutter
speed. The freguency of mode 3 now decreases rapidly with speed, but
nevertheless does not decrease sufficiently to agree with experiment at

81 knots. On the other hand, the freguency of the rew mode shows fairly
good agreezment with experiment &t 81 krots. In this case and in generzl,
frequencies of hydroelastic moces zre predicted more accurately than damping
characteristics, and are less sensitive (o variation in hydrodynamic locading.
It is concluded that flutter occurred experimentally in the new mode, and
that mode 3 is not unstable belew 81 xnots.

Each of the loading modification parameters was varied independently
to determine its effect on predicted flutter instabilities. Equal loading
was used at zll spanwise positions. The resulting flutter speeds for the
rnewx 2ode and mode 3 are shown in Figure 10. Mode 3 becomes unstable when
any of the three modificiticn perameters is changed sufficiently from two-
dizensicnal values. A three-dimensional vaiue of 1ift slope produces
greater instability in meode 3 than three-dimensional values of the other
parazeters. Interactions areng paraceters and veriations in strut con-
figuration also affect ti.e stability of mode 3. The behavior of hydro-

elastic rodes 1 and 2 was rot significantly affected by the variation of

applied loading.
The nature of the oscillaticns experienced by Model 2 at flutter was

further investigated In order to determine vhether the oscillations consisted

- . . - . . 18
cf standing or travelirng waves. Calculations by Dugundji et al.”~ and

: B o g asae c .- . .
Praszd et al.1 had indicated a bending flutter condition occurring in the

orz of traveling waves for low zass ratio wings. The present complex

18 s o A 2 o . ~ .. .
Dugundii, J. and . Ghareeb, "Pure Bending Flutter of a Swept hing in

a Bigh-Density, Low-Speed Flow,” AIAA Journal, Vel. 3, No. 6, pp. 1126-1133
(1563).
18, s g v - 27 v and - Iaa e £ o o :
Praszé¢, S. N. et al., "Bending-Torsionzl Flutter of a Swept Wing in
2 High-Density, Low-Speed Flow,” AIAA Journal, Vol. 5, No. 2, pp. 316-3I1
1'106"'\
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eigenvalue calculation restricted oscillations to a series of standing
waves in which nodal lines remained staticmary and all displacements in
each mode mcintained their relative distributions at all times. Travelirg
waves are characterized by nedal lines which traverse the entire surface
of the strut during a cycle cf oscillation.

A direct solution to the equations of motion was attempted by using
a finite difference technique in the time domain.20 The rzthod of solution
yields a time history of the transient motion foilowing an initial excita-
tion of finite duration. Flutter inception occurs when oscilliations change

from decreasing to increasing amplitude. Neutrai stability should occur at

the same speed using either methed of solution. Calculations were Derfcrmed

by a digital computer program waich required that hydrodynamic force
expressions be real. Because of this restriction, the imagir-ry part of
the Theodorsen circulation functicn was omitted from the loading used.

Unsatisfactory results were obtained from the direct method of
solution. The predicted flutter speed did not agree with that predicted
by the eigenvalue calculation. Furthermore, values of negative damping
above flutter inception were so large that no oscillation occurred. As a
result, the presence of traveling waves could not be detected. The dis-
crepancies between the two methods of solution may have resulted from the
difference in hydrodyramic loading used. It is evident that further
investigaticn of this method of calculation is required.

The hydroelastic mode characteristics of MoGel 2 are typical of
three other bending-type struts that were analy:zed. Flutter predictions
using two-dimensional loading were often fairly accurate. The mode 3
instability appeared in two of the three additional calculations using
three-dimensional loading. The flutter inception speeds for the new mode
were again nonconservative, and less accurate than those obtained using
two-dimensional loading. Frequencies predicted for the new mode agreed

well with frequencies observed at flutter, while those for mode 3 did not

2OPeterson, L., "Theoretical Basis for SADSAM Computer Program,' MacNeal-
Schwendler Corporation Project Report (Dec 15970).
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agree well. Frequency predi-tions were equally accurate for both types of
loading. Fredicted mode shapes for the new mode were predominantly first
bending. This agrees with mode shapes observea for bending flutter.

The damping behavior of the new mode as a function of speed shows
qualitative agreement with experimental rasults. 1n an experiment performed
at NSRDC, damping was found to be extremeiy high for a bending-type strut
at all speeds below flutter inception. At fiutter inception, damping
decreased sufficiently to permit flow-excited oscillations of large ampli-
tude. This behavior would be expected of an instability occurring in the
new mode, which decreases in damping from a highly damped conditicn at
intermediate speeds.

In view nf the more accurate frequency correlations of the new mode
and its high damping characteristics at intermediate speeds, it is concluded
that bending flutter occurs in the mode designated as the new mode. Measure-
ments of damping of strut modes at various speeds are needed tc confirm this
conclusion. The appearance of a calculated instability in mode 3 Is prob-
ably caused by extreme sensitivity of the calculaced damping to load varia-
tion. The present flutter calculation can be used to indicate a possible
occurrence of bending flutter, but cannot be used for estimating flutter
speeds. Design calculations shouid be performed with both two-dimensional
and three-dimensional loading so that all potential instabilities will be

discovered.
TORSIONAL FLUTTL

The calculated hydroelastic modes of torsion-type struts exhibit
more simple behavior than those of bending-type struts. Only one mode is
unstable. It is the mode with the second-lowest frequency, and therefore
with a predominartly first torsion mcde shape, at zero speed. Low damping
is predicted in this mode at all speeds below flutter, in contrast to the
high damping predicted in the bending flutter mode. Observed characteris-
tics of torsional flutter correlate well with the characteristics of this
hydroelastic mode. A mode analogous to the new mode previously described
appears for some torsion-type struts, but it is stable throughout the speed

range of interest. Three-dimensional loading modifications have very iittle




effect on the qualitative characteristics of the hydroelastic modes of
torsion-type struts, but do change the predicted flutter speeds.

Predicted torsional flutter speeds ranged from 59 percent conserva-
tive to 36 percent nenconservative when three-dimensiona! loading was used.
The predicted flutter speeds were nonconservative for struts with extremely
heavy pods, and became increasingly conservative as the struts decreased
in mass ratio and approached the bending flutter region.

As an example of hydroelastic modes for torsion-type struts, the
modes for Model 2T of Reference 4 arc shown in Figure 11. The structural
characteristics of Model 2T are id-ntical to those of Model 2 except for
the addition of a long, slender pod to the strut tip. The pod is described
in the Appendix. The damping ratio includes the value of structural damping
measured at zero speed. One value cof damping ratio and frequency was
reported in Reference 4, and the others were measured at NSRDC by deflecting
the strut with an attached iine and cutting it during the test runs. A
flutter speed of 18.1 knots was obtained at NSRDC, and a frequency of 6.4
Hz was observed at that speed. The vibration mode shape prior to and at
flutter was predominantly first torsiom.

Flutter is predicted to occur in mode 2 at 14.1 knots when two-
dimensional loading is used. This prediction is conservative by 22 percent.
The calculated damping values are lower than the experimental values, but
show a similar variation with speed. Frequencies of the hydroelastic modes
remain relatively constant as a function of speed, and agree well with
available data. The mode shape of the unstable mod2, mode 2, changes from
first torsicn to first bending prior to the predicted flutter inception,
so that flutter is incorrectly predicted to occur with a first bending mode
shape.

Slight changes occur in the hydroelastic modes when three-dimensional
loading moditications are included. The three-dimensional loading used for
Model 2 was also used {or Model 2T. The damping of mode 2 increases,
remaining beluow the experimental values for part of the speed range below
flutter inception but yielding a flutter speed of 18.8 knots, which is very
close to the experimental value but is slightly nonconservative. The flutter
mode shape is predicted to be predominantly first torsion, which is the mode

shape that was observed.
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The good agreement between experimental and theoretical characteris-
tics of mode 2 clearly establishes that the instability has been correctly
predicted. Identification of the unstable mode is easier than for Model 2
because sufficient data are available and the modes are unambiguous in
predicting instability.

The effects of independent variation of the loading modification
parameters on predicted flutter speeds for Model 2T are shown in Figure 12.
Equal values of loading were used at all spanwise stations. The calculation
is censervative and reasonably accurate using two-dimensional loading, and
is unaffected by loading modifications except when 1ift slope is reduced
below 70 percent of the two-dimensional value. While the calculation is
sensitive only to 1ift slope for the conditions shown, strong interactions
occur among the modifying parameters when they are varied simultaneously.
This interaction is demonstrated by the 18.8 knot flutter speed prediction
obtained when three-dimensional values are used for all modifying parameters.

No mode corresponding to the new mode described for Model 2 appears
in the speed range shown for Model 2T. Such a mode does appear at higher
speeds, however, but remains stable at all sreeds for which calculations
were made.

An indication of traveling wave motion was found in the flutter
mode of Model 2T. However, a discrepancy in calculated flutter speed
similar to that found for Model 2 prevents full confidence in the results.
The direct method of calculation yielded increasing and decreasing oszcilla-
tions above and below a different flutter speed from that obtained by
eigenvalue calculation. Calculated mode shapes in bending and torsion at
flutter are shown in Figure 13 as functions of time. The bending oscilla-
tions are traveling waves, while the torsional oscillations are standing
waves. Strut deflections due to torsion were approximately twice as larg:
as those due to bending. Therefore the flutter oscillations were predomi-
nantly standing waves, although traveling waves were not insignificant.

Flutter characteristics calculated for several other torsion-type
struts using three-dimensional loading were similar to those of Model 2T.
Flutter invariably occurred in mode 2. Calculated flutter speeds, which
are compared with experimental values in Figure 14, ranged from 59 percent

conservative for very light pods to 36 percent nonconservative for very
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heavy pods. Frequency predictions showed good agreement with measured

values at the experimental flutter speeds. Flutter mode shapes were

predicted to be first torsion, with occasionally significant amounts of

first bending or szcond bending. These mode shape predictions agree with
visually observed mode shapes.
Examples of predicted flutter characteristics of both bending-type

. . s . l
and torsion-type struts, as well as a strut in the transition region (pod

configuration B), are shown in Figure 3. The increasingly conservative

torsional flutter speed predictions are evident as pod inertia decreases,

until beading flutter occurs with pod configuration A. In view of the

good correlation between theoretical and experimental frequency and mode

shape in the torsional flutter region, it is concluded that torsional

flutter is an instability of hydroelastic mode 2 for torsion-type struts.
A new mode similar to that of Model 2 and Model 2T alsc appears

in the hydroelastic modes of other torsion-type struts.

This mode appears

at lower speeds for struts with lighter pods. The stability of the new
mode decreases as strut pods become lighter and strut configurations shift

from torsion type to bending type. Bending flutter appears to originate

when the new mode becomes unstable at a lower speed than the mode which is

unstable in torsional riutter. A shift in the mode shapes of the second

and third modes occurs as part of this transition. It is perhaps not

coincidenial that the mode which is unstable in the torsional region and
the mode which 1s incorrectly predicted to be unstable in the bending

region both originate as first torsion modes,

Calculations made for struts with large pods included an approximate

correction for hydrodynamic forces acting on the pod.

The correction,
added to the tip of the strut, consisted of the linearized 1ift and moment

due to the unsteady motion of a pod-sized slender body, and is described

on page 417 of Reference 12. This correction produced much lower flutter

speeds than using ped virtual mass alone, particularly for heavy pods.
STRUTS WITH FOILS

Successful flutter analysis of strut-foil systems is of considerable

practical importance because struts will generally be used in combination

with load-bearing foils. Only inverted-T strut-foil configurations have
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been considered in the present work, in view of the interest of the U. S,
Navy in such configurations. It is clear that for such systems foils have
a sizable effect on flutter characteristics. Flutter speeds obtained
experimentzlly by Huang2 showed an increase of as much as 146 percen: when
a pod was replaced by a pod and foil combination of equal mass. The param-
eters gnverning the effccts of foils on flutter characteristics have enly
begun to be investigated. An early discovery has veen that foil angle of
attack is an impecrtant flutter parameter.2

While experimental results are relatively scarce, much can be deduced
about the flutter characteristics of struts with foils by considering the
structural effects of adding foils. A strut with no tip attachment will
usually be a bending-type strut, and a heavily tip-weighted strut will be
a torsion-type strut. Therefore struts with foils will vary from bending
type to torsion type, with many configurations being in the transition
region, according to the size and weight of the foils. Other parameters
will be important to the extent that tiiey produce bending-type or torsion-
type characteristics. The rotational inertia of the foils will affect the
coupling between the second and third vibration modes, so that large or
high aspect ratio foils will produce struts in the transition region.

Large or heavy pods tend to prcduce torsion-type struts. These effects
are related to the generalized mass ratio of the strut.

Flutter cuaracteristics calculated for a strut with foils were con-
sistent with these deductions. The strut had a large pod and full-sized
foils. The calculated instability occurred in hydroelastic mode 2, tue
unstable mode in torsional flutter. The flutter speed prediction was over-
conservative. The second and third vibration modes at zero speeds were
composed equally of second bending and first tcrsion mode shapes, indicating
that the strut was in the transition region.

The flutter analysi - ~formed on the strut-foil model® will be
described in detail to pen :omparison with previous results. Structural
characteristics of the model are given in the Appendix. Several approxima-
t1ons were made in obtaining a theoretical representation for the pod and
foils. Structural properties of the pod and the foils were represented by

adding equivalent masses and moments of inertia to the tip cf the strut.
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Hydrodynamic loading on the pod and foils was represented only by adding
their added mass and moment of inertia to the structural components.

The effects of the pod and foils on the vibration mode shapes of
the submerged strut are shown in Figure 15. It was necessary to use 67
percent of the published values for bending and torsional stiffness to
achieve agreement with neasured in-air frequencies. These stiffness values
were used for in-water frequency calculations and hydroelastic mode calcu-
lations as well. The strut alone is a bending-type strut, and the strut
with pod is a torsion-type strut. The second and third modes of the strut
with pod and foils each exhibit both first torsion and second bending
osciliations. Strong couplings due to the foils has also produced similar
frequencies for these modes. The strut-foil model must be classified in
the transition region. The effect of the foils is particularly striking

because the pod-foil combination has the same mass as the pod used on the
strut-pod model.

Flutter was found experimentaily to depend on the angle of attack
of the fcil. Two flutter conditions were obtained: at 16.6 knots with an
angle of attack of -4 deg, and at 18.1 knots with an angle of attack of
-2 deg. Testing was halted prior to flutter at higher angles of attack
because divergent deflections of the strut btegan to occur. Flutter mode
shapes were described as equally large bending and torsional deflections.
The bending deflections were seen to change from second bending to first
bending, while the torsional deflections were consistently first torsion.
Structural damping was not determined experimentally. J

Calculated hydrcelastic modes for the strut-foil model are shown in
Figures 16 and 17. Both two-dimeusional and three-dimensional loading

yield a flutter instability in mode 2. The predicted flutter speed is

overconservative at anproximately 6 knots in both cases. An additional
unstable mode is found which is different for the two types of loading.
Two-dimensional loading yields an instability in the new mode, while
three-dimensional loading yields an instability in mode 3. The frequencies
predicted by using three-dimensional loading for mode 2 at the observed
flutter specds agree well with the experimental frequencies, while those
predicted for mode 3 do not agree well. On the basis of the usually

reliable frequency calculation of three-dimensional loading, it is concluded
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that flutter cccurred experimentally in mode 2. Additional damping data
for individual modes are needed to confirm this conclusion.

Predicted mode shapes do not agree with observations. Mode 2 con-

sisted of both second bending and first torsion oscillations at low speeds,

but showed almost exclusively first bending oscillations at the experimental
flutter speed.

Experimental2 and theoretical results were also obtained by the

strut with a pod lighter than, and equal to, the weight of the pod with

foils. Torsional flutter occurred in both cases, at 20.1 knots with the

smaller pod weight and at 9.5 knots with the larger pod weight. The large

decrease in flutter speed when weight was added to the pod would be
expected gt low values of torsional mass ratio, as may be seen in Figure 5.

Converting part ¢f the pod mass into foils has raised the flutter speed, and

has had a similar effect to reducing the pod mass. The fcils have reduced

the generalized mass ratio of the strut. Calculations of generalized mass

ratio are required in order to correiate experimental results with values
of this parameter.

It is apparent that additional experimental and theoretical research

is needed to adequately understand flutter of struts with foils. Experi-

mental results can provide a reliakle indication of the effects of foil-
related parameters and cai lead to accurate simulation of full-scale

systems with reduced-scale models. Theoretical research is needed to

improve the accuracy of flutter speed predictions.
DISCUSSION

The primary deficiency of the present flutter analysis is its

prediction of damping. This deficiency results in inaccurate predictions

of flutter speed for most struts. In the torsional flutter region, the

inaccuracy is strongly correlated with the value of torsional mass ratio

of the strut. The relationship between experimental and theoretical

flutter speeds has been illustrated in Figure 14. Predictions follow a

fairly well-defined curve which is overconservative at low mass ratio,
quite nonconservative at high mass ratio, and which crosses over experi-

mental values at a mass ratio of slightly less than 2. Ic should be noted

that the single very nonconservative prediction was strongly influenced by
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the presence of a large pod, and is therefore not strictly representative
of flutter cha:acteristics of simple struts.

The conservative predictions obtained at low values of torsional
mass ratio are highly significant. Many previous studies of hydrofoil
and airfoil flutter have shown a tendency for predicted flutter speeds to
become nonconservative at low values of mass ratio, leading to a loss of
confidence in flutter predictions in this region. These studies bave used
two-dimensional loading without accounting for sweep angle. The present
analysis, and a similar analysis4 made previously, showed no tendency for
predictions to become nonconservative at low mass ratio for torsional
flutter. It appears that the most significant difference in the two types
of calculations is the inclusion of sweep angle as a parameter which
couples structural and hydrodynamic effects. The present calculation should
reliably indicate the presence of a flutter instability throughout the
mass ratio range shown in Figure 14. Additional comparisons with existing
flutter data can help to determine the accuracy of flutter speed prediction
to be expected as a function of mass ratio.

Improvement in the accuracy of flutter speed prediction will require
improvement in the hydrodynamic loading formulation. The sensitivity of
calculated damping to small change: in loading, particularly for bending-
type struts, suggests that hydrodynamic loading must be very accurately
described in order to obtain accurate flutter speed predictions. Possible
sources of inaccuracy in the loading formulation are the presence of cavita-
tion, real fluid effects involving the boundary layer and wake, and inexact
modification of the two-dimensional loading for three-dimensional flow.
Rowe21 has shown that large changes in calculated flutter speed result when
the loading applied to struts is modified to simulate cavitation. Available

observations are insufficiently detailed to confirm the existence of the

21ROWe, ¥. S. and T. G. B, Marvin, "A Program of Theoretical Research
on Hydroelastic Stability," The Boeing Company, Contract NJ0014-67-C-0248
(Nov 1968).
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assumed distributions of cavitation. It has been shown22 that altering
boundary layer characteristics with disturbance wires affects agreement
between theoretical and experimental loading in two-dimensional flow. How-
ever, the results of such modification on flutter characteristics have rot
been investigated. Reliable measurements of three-dimensional strut loading
which could be used to assess the accuracy of the strip theory 2mpioyed in
the present flutter analysis are not available.

The existence of two different unstable hydroelastic modes implies
that future flutter experiments and calculations must be carried out in
sufficient detail to distinguish between the modes. This will require
measurement or calculation of hydroelastic mode characteristics as a func-
tion of speed. Measurements of demping characteristics at zero speed are
important, particularly for struts which undergo torsional flutter, so
that calculated damping can be adjusted to include structural damping.

Flutter research will be incomplete until hydroelastic mode
characteristics of full-scale strut systems are measured. These measure-
ments will provide comparisons with model data and calculations as well

as indicate the stability of the actual struts.
DESICN PROCEDURES

Design of inverted-T strut-foil systems to operate in subcavitating

flow can be based on the flutter-free performance of the existing U. S.
Navy hydrofoil craft. In order to estimatc the effect of variations in
configuration, it would be helpful to calculate the hydroelastic mode
characteristics and the generalized mass ratio of existing struts for
comparison with parametric trends obtained from models. Further model
testing may be required to establish stability criteria in areas where
theory and present data are inadequate, such as in the presence of

cavitating flow.

22Greidanus, J. H. et al., "Experimental Determinaticn cf the Aero-
dynamic Coefficients of an Oscillating Wing in Incompressible Two-Dimensional
Flow, Part I, Wing with Fixed Axis of Rotation," Report F101, National
Aeronautical and Astronautical Research Institute, Amsterdam (1952).

b
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Additional information about hydroelastic stabiliiy can be obtain.d
by flutter testing a reduced-scale model of a proposed design. The model
shoutd be dyvnamically and geometrically scaled. except for sweep angle. Tt
has been found to be virtually impossible to obtain flutter in a low density
strut medel at sma:l sweep angles prior to structural failure due to approach-
ing divergence. Instead of testing th~ model at the small sweep angle
usually found on full-scale struts, the mode! should be tested at severcl
larzor sweep angles, decreasing che angle until static deflections indi-
cate proximity to divergence. [lutter sptueds rust then be extrapelated to
the required value of swecp angle.

Damping znd frequency measurements for individual hydroelastic modes
of torsion-type struts have been readily obtained at NSRDBC by impulsive
excitation, This technique involves inducing oscillation of the strut at
the desired frcauency, and determining damping and frequency from the
resulting decaying oscillations. Excitation was obtained from a vibration
generatcr rapidiy swept cver a narrow frequency interval incliuding the
desired resonance. The technique can be applied at small speed increments
to permit a close approach to the flutter inception speed to be made safely.
It has been found, hcwever, that at speeds above flutter inception struts
often exhibit amplitude-limited flutter over a varying speed range before
large negative damping leads to large amplitude oscillations. Because of
the differences in damping characteristics, amplitude-limitec benaing
flutter occurs over a nairow speed range while amplitude-limited torsional
flutter can occur over 2 wide speed range. This phenomenon probably
resulted in the failure of Model 2T, pod configuration D, shown in Figure 3
at a speed far above flutter inception.

Development of flutter testing techniques for full-scalz craft
would permit verification of the stability of a given design. Such tech-
niques should be evalnated in models and on existing ciraft. Future designs
could provide for the flutter testing system to be instailed in all craft
during construction to make underway flutter testing rcutine for hydrofoil

vessels.,
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CONCLUSIONS

Strut flutter occurs in two different hydroelastic modes. At low
values nf generalized mass ratio, flutter occurs in a predomincntly first
bending mode shape wvith the quaiitative characteristics of the 'new mode”
nreviously described. At higher values of generalized mass ratio, flutter
occurs in a4 predominantly first torsion mode shape with the qualitative
characteristics of "mode 2" described in the text. The flutter mode of a
strut can be determined oy ~xamining the mouie shape of the second vibration
mode of a strut in water, except in a trarsition region where strong
coupling interferes with this identification.

Flutter speed predictions using the present anulysis are generally
iraccurate. In the bending flutter region, flutter 1is oftan rredicted o
occur in the wrong mode so that flutter speed predi:ti~ns cannot be used.
In the torsional flutter region, the accuracy of flutter s:eed predictions
is dependent on the value of torsional macs ratio. Predicted mode shapes
and frequencies are nearly always accurate when three-dimensional hydro-
dynamic loading is used.

Foils attached to a strut in an inverted-T configurztion have a
strong effect on the flutter characteristics of the strut, Further

investigation of foil effects is nesded.
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APPENDIX
DESCRIPTION CF STRUT MODELS
MODEL 2

4 .
Model 2 was a blunt-based strut’ constructed nf solid steel. Its
dimensions are shown in Figure 18, and its structural characteristics ars
summarized in Table 1. Spanwise distributions of lift slope, aerodynamic

center, and noacirculatory modification factor are shown in Figure 19.

TABLE 1 - STRUCTURAL CHAFACTERISTICS OF MODEL 2

Mndei Parameter Yalue

L in in. 49.64%3

Aea in deg 15

b in in. 5.79%

min 1b»sec2/in.2 0.00273

a 0.38

X - 0.214

4

.. 7 .

Ia in 1b-sec”-in. 1.488

EL in 1b-in.2 1,293 x 100
| 2 6

L GJ in 1b-in. 2.070 x 10

MODEL 2T

Model 2T was constructed to the same specifications as Model 2,
except that a 2-in. diameter pod was welaea t2 its tlp.4 Pod dimensions
arve shown in Figure 20. Weights were placed in the boly of the pod to

produce different inertial configurations.

Preceding page blank




STRUT-FOIL MODEL

The strut2 consisted of a solid bhar of copper alloy covered with
flexible silicone rubber. The leading edge of the strut was ccated with
a thin layer of plastic which was slit to reduce its stiffening effect.
The strut profile closely resembled that of Models 2 and 2T, except for a
rounded leading edge. Strut dimensions are shown in Figure 2I. Structural
characteristics are given in Table 2. The three-dimensional loading curves
for this strut were essentially the same as those for Model 2, differing

anly in sweep angle.

TABLE 2 - STRUCTURAL CHARACTERISTICS OF STRUT OF REFERENCE 2

Model Parameter Value

L in in. 12
Aea in deg 15
b in in. 1.449

. 2 . 2 s L] -4
m in 1b-sec™/in. 1.0363 x 10
Strut weight in 1b n.4¢e
Pod and foils weight in 1t 0.7:
a 0.38
X, - 3.214

e Ea 20 . - -4

Ia {strut) in 1b-sec”-in. 3.525 x 10
EI* in 1b-in.? 363
6J* in 1b-in.° 614

*Note: 0,67 of Reference 2 value

The pod and foils were machined from solid aluminum and were attached
to the strut with bolts. Dimensions for these components are given ia

Figure 22.
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