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1. PURPOSE. This advisory circular presents information and guidance to
provide one means, but not the only means, of complying with Section 23,629,
Flutter (including flutter, airfoil divergence, and control reversal) of
Part 23 of the Federal Aviation Regulations. Accordingly, this material is
neither mandatory nor regulatory in nature.

2. CANCELLATION. AC 23.629-1, Means of Compliance With FAR 23.629,
Flutter, dated January 8, 1979, is cancelled,

3. BACKGROUND. The complexity of the flutter problem has historically
prompted endeavors to find simplified methods of flutter substantiation.
Although the advent of electronic computers has deemphasized the need to
make drastic assumptions previously necessary to enable mathematical
treatment of the flutter problem, there remains a need to simplify the
flutter problem as much as possible consistent with safety in order to
minimize the cost and effort required to show freedom from flutter., Past
experiences gained by the necessity to judiciously choose meaningful degrees
of freedom, and by the need to make parametric studies to establish
practical boundaries of the effectiveness of the various physical
quantities, has resulted in a generally recognized set of good practices.
These good practices form the basis for this advisory circular.
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CHAPTER 1. Al RPLANE CATEGCRI ES

1. GENERAL. Airplanes in the general category are those with a typica
exterior configuration; i.e., high, md, or lowwng; single fin and single
hori zontal stabilizer aft-nounted on the fusel age; and tractor powerpl ant
install ati ons.

2. SPECI AL DESIGN. The special design category includes airplanes with
certain design features that experience has shown warrant speci al
consideration with regard to flutter. Flutter free operation for these
speci al unconventional configurations may be shown by anal yses whi ch incl ude
an assessnment of the effects of critical paranmeters. Flight flutter tests to
suppl enent those anal yses are recommended. Sone of these special
unconventional configurations are:

a. Any aircraft with a design dive speed of 260 knots (EAS) or nore at
altitudes bel ow 14,000 feet and Mach 0.6 or nobre at altitudes at and above
14, 000 f eet.

b. Any aircraft approved for flight in icing conditions. (The effect
of ice accretions on unprotected surfaces, including those which m ght
occur during system mal functions, should be considered).

C. Pusher powerpl ants.

d. Canard geonetry.

e. T, V, X H or any other unusual tail configuration

f. Any external pods or stores nmounted to wi ng or other najor
aerodynam c surface a

g. Fuel tanks outboard of 50% sem span

h. Tabs which do not neet the irreversibility criteria of chapter 2,
paragraph 3.d., and of reference 1, appendi x 4.

i. Spring tabs.

J - Al -novable tails, i.e., stabilators.

k. Sl ender boom or tw n-boom fusel ages.

1. Miultiple-articulated control surfaces.

m Wng spoilers.

n. Hydraulic control Systens with stability augnmentation.
0. Full span fl aps.

p. Leadi ng edge devices (i.e., slots, etc.).

g. Ceared tabs (servo or anti-servo, etc.).

Chap |
Par 1 1 (and 2)
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CHAPTER 2. METHODS OF SUBSTANTI ATI ON

3. SI MPLI FI ED CRI TERI A

a. Quidelines. Airframe and Equi pnent Engi neering Report No. 45 is
intended to serve as a guide to the small airplane (Vp |l ess than 260 knots
EAS at altitudes bel ow 14,000 ft.) designer in the prevention of flutter,
aileron reversal, and wi ng divergence. The naterial presented relies upon

(1) Astatistical study of the geonetric, inertia, and el astic
properties of those airplanes which had experienced flutter in flight, and
the nethods used to elimnate the flutter

(2) Limted wind-tunnel tests conducted with sem -rigid nodels.
These were solid nodels of high rigidity with notion controlled at the root
by springs to sinulate wing bending and torsion. Springs at the control
surface were used to sinulate rotation

(3) Analytic studies based on the two-di nmensional study of a
representative section of an airfoil

b. Wng and Aileron. Prevention of wing flutter is attenpted through
careful attention to three paraneters; wing torsional flexibility, aileron
bal ance, and ail eron free play.

(1) The aileron balance criteria is obtained fromthe aileron
product of inertia, K about the wi ng fundamental bendi ng node |ine and the
aileron hinge line; and the aileron mass nonent of inertia, |, about its
hinge line. Alimt of the paraneter, K/'I, is set as a function of

(2) Awingtorsional flexibility factor, F, is defined and a limt
established as a function of Vo, In order to apply the criteria, one needs
to know wing twi st distribution per unit applied torque) wing planform and
limt dive speed.

(3) The total free play of each aileron with the other aileron
clanped to the wing nmust not exceed the specified nmaxi num

C. Elevator and Rudder. Dynamc balance criteria for the el evator and
rudder (simlar to the K/I of the aileron) are defined and |inmts set as a
function of limt dive speed. In order to utilize the criteria, the
following information is required:

(1) Geonetry - horizontal tail semchord at the nmi dspan
- sem span of horizontal tail
- distance fromfuselage torsion axis to tip of fin
- semchord of vertical tail neasured at 70% span
position
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(2) Stiffness - Fusel age vertical bending frequency
- Fusel age torsional frequency
- Fusel age | ateral bendi ng frequency

(3) Mass - FElevator static bal ance about hinge |ine
-  Elevator mass nonent of inertia about hinge line
- Elevator product of inertia referred to stabilizer
centerline and el evator hinge Iine
- Rudder static bal ance about hinge line

- Product of inertia of rudder referred to fusel age torsion

axi s and rudder hinge |ine
- Rudder nass nonent of inertia about hinge line

d. Tabs. It is recommended that all reversible tabs be bal anced about
the tab hinge line. The degree of static and dynani c bal ance shoul d be
deternined by rational analyses (reference chapter 4). |In practice, nost

tabs are irreversible, which neans:

(1) For any position of the control surface and tab, no appreciable
defl ection of the tab can be produced by neans of a nonment applied directly
to the tab when the control surface is held in a fixed position.

(2) The total free play at the tab trailing edge should be |ess
than the foll ow ng!

(i) If the tab span does not exceed 35 percent of the span of
the supporting control surface, the total free play shall not exceed two
percent of the distance fromthe tab hinge line to the trailing edge of the
tab perpendicular to the tab hinge |ine.

(ii)!If the tab span equals or exceeds 35 percent of the span of
the supporting control surface, the total free play is not to exceed one
percent of the distance fromthe tab hinge line to the trailing edge of the
tab perpendicular to the tab hinge |ine.

(3) The tab natural frequency should be equal to or should exceed
the cal cul ated val ue and expressed as a function of tab and control surface
geonetry and airplane dive speed. (reference 1).

(4) Spring |oaded tabs are free to rotate and thus are not
irreversible. Cenerally, these tabs will require dynamc as well as static
bal ance. Extensive flutter analysis is always needed to define these
requirements.

4. RATIONAL ANALYSI S

a. Revi ew of Past Analysis. Review of previous flutter anal yses
conducted upon simlar aircraft can provide the engineer with useful

Chap 2
4 Par 3
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information regarding trends, critical nodes, etc. Al though in genera
such a review is not used as a substantiation basis for a newaircraft, it
can provide a useful tool in evaluating the effect of nodifications to

existing certified aircraft. Chapter 3 provides additional comments on
this subject.

b. Two-Di nensional Analysis. The flutter characteristics of straight
wings (or tails) of large aspect ratio can be predicted reasonably well by
considering a "representative section that has two or three degrees of
freedom Translation and pitch are al ways needed and) for control
surfaces, the third freedomwoul d be rotation about the hinge line.
Appendi x 2 presents a nore thorough di scussion of this approach.

c. Three-Di nensional Analysis. Current analysis is based upon
consi deration of total span, rather than “representati ve section” di scussed
in 4.b. above. The behavior is integrated over the whol e structure being
anal yzed. Sone idealization is always necessary; the nost common being the
division of the span into strips. Qher types of nodeling are al so used.
Ceneralized mat hematics are presented in appendi x 2.

For Part 23 airplanes, quite often the wi ng and enpennage anal yses are
conduct ed separately; however, this is not always adequate for
unconventional configurations. Both the symetric and anti symretric notions
require investigation

Cal cul ated mass and stiffness distributions are generally used to cal cul ate
uncoupl ed nodes and frequencies. These values are then used to conduct a
coupl ed vibration analysis; the resulting coupled nodes and frequencies are
then usual ly conpared with neasured natural nobdes.

The cal cul ated stiffness-related inputs are generally adjusted until good
agreenent is obtained with the test data. Once satisfactory agreenent is
achi eved, the coupled vibration analysis is normally used for the flutter
cal cul ati ons.

It is suggested that one performcertain variations in the assumed i nput
conditions to see which paraneters are critical. Control surface bal ance
conditions and system frequencies (especially tab frequencies) are often

i nvestigated paranetrically. The effect of control systemtension val ues at
the I ow and high ends of the tol erance range shoul d be assessed.

It may be advantageous to arbitrarily vary certain main surface frequencies
(stiffness), especially torsional frequencies and engi ne node frequencies,
whi l e | eavi ng other frequenci es constant.
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Sonetinmes it is desirable to evaluate the effect of a slight shift in
spanwi se node | ocation for a very nassive itemwhere the node is | ocated
very close to or within the item (Test data may not be sufficiently
accurate for this assessnent.)

It is normal practice to run a density-altitude check to include near-
sea-|l evel, maxi nrum and any other pertinent altitudes such as the knee of
the airspeed-altitude envel ope where the design dive speed beconmes MACH
l'imted.

It is desirable to investigate conbi ned w ng-enpennage nodes for high
performance (Vp, of 260 KEAS or above) airplanes, as well as for airplanes
w th unconventional configurations.

Flutter Analysis Evaluation: For a given set of input paraneters, the
resulting output generally consists of a nunber of theoretical danping
values (g) with associ ated airspeeds and frequenci es.

Various cross plots of these val ues anong thensel ves and versus varied i nput
paraneters allow a study of trends. Common plots are: danping vs.

equi val ent airspeed (g-V plots), control surface balance vs. flutter speed,
uncoupl ed frequency vs. flutter speed, altitude vs. flutter speed, etc.
Normal |y only the critical items will be extensively conpared.

O particular inportance is an evaluation in the nei ghborhood of the
crossing of a danping velocity (g-V) curve toward the unstabl e danpi ng
region, through zero. The typical critical g-V curve will first becone
increasingly stable and with increasing speed will turn and rise toward or
pass through g=0O then at sone higher speed may again turn toward the stable
region. Typical characteristics are discussed in the foll ow ng exanpl es:

Exanpl es:
UNSTABLE
VELOCITY
0
j ]
=
=
E (4)
(3)
STABLE (1)

(2)
Curves 1 and 2 show dlight trends toward instability, but do not approach actual instability.

Chap 2
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Curve 3 crosses the stability axis but, depending on the inherent structural
danpi ng, may or may not actually becone unstable. Curve 4 is obviously
unstabl e and probably violent, since its slope is steep as it passes through
zero. In actual flight it may only be a mle an hour or so between
conpletely stable and extrenely unstable explosive flutter. Flight tests are
not advi sable when this type plot is observed inside or near the flight

envel ope.

Much can be | earned fromg-V curves. (Absolute values should be viewed with
sone reserve as there is no perfect one-to-one correspondence of the

anal ytical paraneters and flight paraneters.) where the critical curve
crosses the axis (with respect to V~ for the airplane) is inportant. Equally
inmportant is the rate of approach to instability (slope of curve).

The general practice is to use a danping value of g=0 03 at 1.2 V, as the
flutter limt of the g-V plots. However, this value should be used with
caution if the slope of the curve is |arge (danping decreases very rapidly
with an increase in airspeed) between g=O and 0.03. In cases where the
slope is steep, it is suggested that the g=0 airspeed be at least 1.2 W.

If flight flutter testing is conducted to verify danpi ng under the above
ci rcunst ances, extrene caution shoul d be exerci sed.

For danpi ng curves such as (3), which peak out below 1.2 V, the predicted
danpi ng shoul d be no nore unstable than g=Q °2 unless justification is
provi ded by other acceptabl e neans.

5. ANALYSI S PLUS FLI GHT TEST. Al though paragraph (c) of section 23.629
permts certification based upon flight test only, it is recomended that
sone analysis precede a flight flutter test. The results of any of the
anal ysis procedures in paragraph 4 would be useful and could be used to
provi de guidance for forrmulating a flight flutter test plan. In all cases,
as required by paragraph 23.629(a), the natural frequencies of nmain
structural conponents should be determ ned by vibration tests or other
approved nethods prior to conducting any flight testing. A nore thorough
di scussion of flight flutter testing is presented in appendi x 3.

6. GROUND TESTING. Conparison of test data rmay be used in lieu of a
totally new analysis in the case of dynamically simlar aircraft.
Conpari son woul d usual ly be based upon geonetry, nmass and stiffness

di stributions, speed reginme, and nore inportantly, upon a conparison of
t he measured coupl ed vi bration nodes.

a. Test data would normally include:

(1) Ground Vibration Testing

(2) Control Surfaces and Tab Mass Property Determ nation
(3) Stiffness Tests

(4) Free Play Measurenent of Al Tabs

(5) Rotational Frequency for Al Tabs

(6) Tab System Rotational Stiffness

Chap 2
Par 4 7
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b. Appendix 1 presents sone guidelines for recommended tests and
pr ocedur es.

C. The degree of simlarity between aircraft that is required for
justification can vary greatly. Sonme of the factors which should be
considered are the anmount of safety nmargin available, flutter speed
sensitivity to certain paranmeters, and the thoroughness of the origina
anal ysi s.

7. VHRL MODE. Beginning with Arendnent 23-7, paragraph 23.629(e) required
an investigation of the whirl nobde phenonena for multiengine turbopropeller
ai rplanes only. The basis being these airplanes characteristically have

wi ng nmount ed engi nes wherein the stability of a flexibly nounted

engi ne/ propeller on an elastic wing is of major concern. Anendnent 23-31 of
par agraph 23.629(e) now requires an investigation of the whirl node
phenonena for both single and mul ti engi ne turbopropeller airplanes.

Al though airfrane influence may be negligible for fusel age nounted single
engi ne tractor configurations, the potential for propeller whirl flutter
still exists. For pusher configurations, enpennage notion nmay be
significantly affected by engine/propeller forces. Stability of either
installation is dictated, in part, by engine nount stiffness, danping, nass
properties, notion axes, propeller geonetry and propel |l er advance rati o.
Therefore, to assure freedomfromwhirl node flutter, all turbopropeller
installation investigations should include, in addition to the appropriate
ai rframe degrees of freedom

a. Wirl node degree of freedom which takes into account the stability
of the plane of rotation of the propeller and significant elastic, inertial,
and aerodynam ¢ forces.

b. Propeller, engine, engine nount, and airplane structure stiffness and
danpi ng variations appropriate to the particular configuration; e.qg.,
deterioration of engine isolators, large cantil evered engine installations)
etc.

Ceneralized mathematics are presented in appendi x 2. In addition,
references 9, 10 and 11 of appendix 4 contain technical information for an
accept abl e neans of denonstrating whirl node stability.

Chap 2
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CHAPTER 3. MODI FI CATI ONS TO Al RCRAFT ALREADY CERTI FI CATED

8. REEVALUATION. Considerable judgnment is often required to determne the
degree of reevaluation necessary. |If the mass, mass distribution, or the
stiffness distribution are affected sufficiently to result in possible
significant changes in resonant frequencies of major nodes, node shapes, or
mass coupling terns in the flutter equations, then sonme reeval uation, such
as pre-nod and post-nod GVT data conparison, or analysis nmay be required.
Sone exanpl es of significant changes are:

a. Engine (Propeller). A change in nmass or nmass nonent of inertia of
the powerplant or in its nounting system (bushings, etc.) or a c.g. shift
shoul d be investigated. On single-engine airplanes, such changes will nost
li kely affect fusel age and enpennage frequenci es and node shapes. For
engi nes nmounted on the wings, the entire airplane may be affected.

For changes in existing designs which entail significant increases in engine
power and/or airplane speed, special assessnents of the effect on primary
and secondary control systens should be made. |f tabs are exposed to the
propeller slip stream particularly on airplanes with a dive speed greater
than 260 KEAS, it nmay be necessary to inpose the fail-safe criterion

di scussed in chapter 4.

b. Structural Cutouts. Severing or bridging across nmajor structura
menbers, such as fusel age bul kheads and ri bs or stringers of aerodynam c
surfaces, may produce discontinuities in stiffness paranmeters that
significantly alter the vibratory response of the structure.

The significance of a change may be ascertained by its effect on the energy
terns in the flutter nodes bei ng eval uat ed.

Chap 3
Par 8 9 (and 10)
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CHAPTER 4. CONTROL SURFACES AND TABS

9. RESPONSE. The aerodynanic force on an airfoil is very sensitive to
control surface displacenent, which in turn is responsive to both contro
noti ons and aerodynam c forces fromtab displacenent. Control surface

di spl acement may result fromdeflection of the control system deflection of
the control surface attachnent, or structural deflection of the contro
surface itself under forces fromcontrol application, aerodynam c force due
to position or velocity of position change, and inertia force.

10. BALANCE Control surfaces and tabs are bal anced to prevent rotation
about their hinges resulting frominertial response to notion in any flutter
node. Wen the flutter node consists of notion about sonme axis
perpendi cul ar to the control surface hinge axis, a concentrated ballast is
nost efficiently used. Caution should be used to assure that its |ocation
is in a high response area of the vibratory node, which is difficult when
the node is conplex. Caution should also be used to assure that its
attachment is secure. Because the attachnment is subjected to oscillatory

| oads whi ch cause fatigue failures and because a distributed ball ast

achi eves bal ance against all flutter nodes, it is conservative to distribute
the ballast in accordance with the spanwi se wei ght distribution of the
surfaces. |If less than static balance is provided, the effect of variations
in the amount of bal ance shoul d be evaluated. To guard agai nst uni ntended
bal ance changes in service, sealing and proper drain boles should be
provided to mninmze the risk of water, ice, or dirt accunulation in a
control surface or tab. Excessive accumul ation of these substances coul d
alter the static and/or dynam c bal ance of the control sufficiently to
adversely affect flutter characteristics.

11. VIBRATORY MODES. Control surface rotation about its hinge line is
affected by various constraints. Control systemstiffness and the rigidity
of interconnection between control surfaces deternmne the prinmary rotationa
nodes. Both symretric and anti symretric nodes shoul d be consi dered.

Vi bration node changes resulting fromthe nodifications to the contro
system such as the addition of a bob wei ght nust be assessed for their

effect on flutter. Secondary rotations may result fromflexure of the
attaching structure or bending of the control surface. This is a ngjor
consideration for long short-chord tabs and may affect their effective
irreversible characteristics. Wen it is necessary to raise a tab frequency
by redesign, consideration should be given to the contributions of: hinge
bendi ng perpendicular to the surface especially near the horn-actuator
station), horn length, axial stiffness of the push-pull rod or I|ink,
nmounting flexibility and lateral stability at push-rod attachnment of the tab
actuating nechani sm

12. ANALYSES. In nost cases involving control surfaces, the flutter speeds
are largely governed by the nass bal ance values and distributions. It is
wise for the flutter analyst to cover a range of bal ance val ues and
distributions to determne the nost satisfactory ones. It is common to find
t hat a change which i nproves one node degrades another. When conducting a

Chap 4
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nmul ti-degree-of -freedomanalysis, it is advisable to investigate the effect
of control systemfrequency fromzero to about 1-1/2 tinmes the system
frequency neasured in test. Due to friction, etc., it may be difficult to
excite and neasure control system frequency accurately. The stiffness can
be neasured at the surface with the control |locked in the cockpit and, using
the inertia of the end itens, the systemfrequency can be cal cul at ed.

Theoretical values of tab and primary control surface aerodynamc
derivatives have, for some configurations, produced higher flutter speeds
than flutter nodel testing. Analytically derived tab and primary control
surface aerodynam c coefficients based on strip theory have for sone
configurations produced higher flutter speeds than wi nd tunnel tests.
Therefore, flutter speed sensitivity to variations in the theoretical
coefficients should be evaluated in all control surface/tab investigations.

13. FAIL SAFE REQUI REMENTS. Anmendnent 23-23 of paragraph 23.629(f)
requires flutter free operation after failure, malfunction, or disconnect of
any single tab element. This fail-safe requirenent is extended to include a
failure, malfunction, or disconnect of any elenent in the primary flight
control systemor flutter danper on airplanes with a dive speed in excess of
260 KEAS bel ow 14,000 feet, or MACH 0.6 above 14,000 feet.

Potential failures that require investigation include, but are not limted
to, tab or primary control trimactuating system prinmary control actuating
system (both of which includes bellcranks, pulleys, brackets, and their
attachnents), and control cables or push rods. Control surface hinges and
tab hinges, their attachnments, and | ocal portions of structure need not be
i ncluded as part of the control systemin this investigation

Possi bl e means of conpliance to actuating systemfailures (i.e., actuators,
cabl es, rods) may be achi eved by incorporating dual systens,mass bal anci ng
the controls to counter the rotation of a zero stiffness free surface, or by
i ncorporating a conbination of the two. Proper mass bal ancing, particularly
for tabs, requires considerable care and know edge of the flutter nechani sm
to assure adequacy of the design in suppressing flutter. Dual |oad path
desi gns shoul d include an assessnent of residual strength with a single
failure to assure that the remaining path will not fail before the single
failure is detected during appropriate specified inspection intervals.

Chap 4
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CHAPTER 5. DI VERGENCE AND CONTROL REVERSAL

14. CGENERAL. Steady state aeroelastic instabilities in an airfoil are
avoi ded by providing adequate torsional rigidity. Methods to determne the
adequacy of torsional rigidity are outlined in references 2 and 3 of
appendi x 4.

15. AIRFAO L DI VERGENCE D vergence occurs when the aerodynam c torque
exceeds the torque resisting capability of the wing. Because the
aerodynam c torque is a function of speed as well as deflection, whereas the
resisting torque is a function of deflection only, there exists a limting
di vergence speed. Divergence nmay occur w th no warning.

16. CONTROL REVERSAL. Control reversal will often be preceded by pil ot
comments of “heavy” or “sluggish” ailerons. A limting reversal speed is
reached when the change in |ift due to control surface rotation is nullified
by the change in lift due to airfoil twst.

Chap 5
Par 14 13 (and 14)
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Appendix 1

APPENDI X 1. CGROUND TESTI NG

1. [INTRODUCTION The adequacy of the nethods used to show conpliance with
section 23.629, as discussed in the main body of this docunment, is dependent
upon the availability of reliable ground test data to verify the anal ytica
data used and/or to serve as a basis for flutter substantiation per the
sinmplified criteria of reference 1. This appendi x, therefore, presents
guidelines in conducting the nore significant tests required to acconplish
this objective. However, in keeping with the general purpose of this
advisory circular, the information provided is not intended to be mandatory,
nor is it to be considered an exhaustive treatnent of the subject.

2. CONTROL SURFACE AND TAB NMASS PROPERTIES. The experinental nass
properties of control surfaces and tabs (weight, static nonents, nonments of
inertia, and c.g.) are inportant ingredients in flutter substantiation.
These properties forma basis for verification of the analytical data used
in the rational analysis and provide the necessary paraneters for use in
the sinplified criteria. Reference 1 presents a detailed procedure for the
experinmental determ nation of these properties.

3. TAB FREE PLAY. Free play tests provide the necessary data for
determning the effectiveness of a tab in fulfilling the requirenments for
irreversibility as specified in the main body of this docunent. |In addition
to denonstrating the maxi mumfree play avail able, these tests provide the
stiffness of the actuating systemfor use in conputing tab rotationa
frequency.

Free play and stiffness nmay best be neasured by a sinple static test wherein
“upwar d” and “downward” (or “leftward” and "rightward”) point forces are
applied near the trailing edge of the tab at the spanw se attachnent of the
actuator (so as not to twist the tab). The control surface should be

bl ocked to its main surface. Rotational deflection readings are then taken
near the tab trailing edge using an appropriate neasuring device, such as a
di al gauge. Several stepw se | oad and defl ection readings shoul d be taken
using loads first applied in one direction, then in the opposite.
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A plot of these | oad deflections typically appears as foll ows:

LOAD

/ 2
l--FREE PLAY—/—( R

LOAD

=s— DEFL /

Free play is then defined by extending the best straight |ines through zero.
System stiffness may then be obtained fromthe slopes of the curves away
fromthe zero point.

4, | NFLUENCE CCEFFI Cl ENT TESTS. Bending and/or torsion influence
coefficient test results formthe basis for the definition of conponent
stiffness distributions. The extent of the tests depends on the intended
use of the data. A full scale test program wherein the coefficients of
each spanwi se mass strip are defined nmay be desired if experinmental data is
the prinmary source for defining conponent stiffness. In contrast,
cal cul ated influence coefficients, based on analytical bending (ElI) and
torsion (GJ) stiffness distributions, nmay be adjusted reliably with
considerably less test data. A nethod is outlined bel ow for determning
i nfluence coefficients for conventional structure, i.e., aspect ratio
greater than four and unswept el astic axis.

The test article, wing, tailplane, or fin, is generally nounted at its root,
wi thout control surfaces, in arigidtest fixture for these tests. However,
Wi ng stiffness tests, particularly torsion as required for sinplified
criteria, may be successfully conducted with the wing nounted on the

fusel age restrained in a cradle. This type of setup requires duplicate

| oading fixtures for right and left wing to bal ance the aircraft under |oad
and thus mnimze “jig rotation” effects.

The chordwi se |l ocation of the elastic axis is determ ned by applying a
torque | oad at selected stations and plotting the deflection vs. chord shear
center or elastic axis at that station
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Torsional influence coefficients (radians tw st about the elastic axis per
unit torque | oad) are obtai ned by applying a pure torque | oad about the
elastic axis at the tip and nmeasuring the resulting spanwi se twist. The
twi st per unit torque applied at intermedi ate i nboard stations will be the
sane inboard of the load point. Thus, it is necessary to |oad only one
addi tional inboard station, say 75% span, to check for data repeatability
only. To insure that the load applied is a pure torque |oad, the

defl ections of the elastic axis should be nonitored during the | oading
process. Zero deflections should result.

Bendi ng i nfl uence coefficients (deflections per unit shear |oad) are
obt ai ned by applying shear load on the elastic axis at a selected station
and neasuring the resulting deflections at a sufficient nunber of spanw se

| ocations to define the influence line for that |oad point. The procedure
is repeated for each load station. To insure that the shear load is applied
on the elastic axis, no appreciable chordw se variation in the neasured

def | ecti ons shoul d be evident.

The experinental determ nation of fuselage stiffness properties can be

acconpl i shed essentially the same way as for the aerodynam c surfaces. In
this test the fuselage is treated as two beans, forward and aft fusel age,
each cantilevered fromthe wing-root attachment. It is extrenely inportant

that the fixture at this attachnent be very rigid; and, any displacenment of
the test jig during |oading nmust be nonitored, regardl ess of how small

t hroughout the test for inclusion in the data analysis. Snall displacenents
can be quite influential in a rather conplex data reduction procedure, and
if inmproperly done, can |lead to erroneous and troubl esone conclusions. On
this basis it is often the practice to conpute fusel age stiffness properties
for the fusel age, then use ground vibration test results to tune cal cul ated
nodes and, in turn, stiffness as required.

Thi n-ski nned structure may buckle at a very |ow | oad, reducing actua
stiffness in flight considerably fromthat determ ned by the above procedure
and the analyst is cautioned to investigate such conditions.

5. GROUND VI BRATI ON TESTS. G ound vibration testing has as its fundanenta
objective the definition of vibration node frequenci es, node shapes, and
danpi ng characteristics of an aircraft. These data then becone the basis
for the anal ytical devel opnent of a mathematical vibration nodel of the
airplane or serve as a check on such a nodel once it is devel oped. The
results ultimately beconme the basis for rational flutter analyses. |If the
sinplified flutter prevention criteria of reference 1, discussed in the main
body of this advisory circular, is used, then the results fromthese tests
are used directly to establish a predicted flutter speed of the airplane.
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The degree of sophistication required to conduct a resonance test

(techni ques, recording equi pment, suspension system etc.,) depends upon the
conpl exity of the structure being tested. Since it is inpossible to cover
all test situations that may arise, the discussions presented in this
section are fundanmental in nature, dealing specifically with sinusodia

nmet hods of excitations. They are intended as guidelines for those persons
concerned with general type aircraft, who have only the basic test
facilities. Oher procedures enploying randomor inpulse excitations are
bei ng used nore frequently. However, these methods are consi dered beyond
the scope of this AC

a. Test Article and Suspension System The airplane should be
supported in a level attitude such that the rigid body frequencies of the
airplane on its support are |ess than one-half the frequencies of the | owest
elastic wing or fusel age node to be excited.

One of the follow ng nethods of support can generally be used:

(1) Support the airplane on its landing gear with the tires defl ated
sufficiently to achi eve the above result. Fifty percent nornmal tire
pressure usual ly achi eves good results. It nay be necessary to bl ock the
| andi ng gear struts to elimnate danping in the ol eos.

(2) Suspend the airplane on springs.

(3) Support the airplane on its | anding gear resting on spring
pl at f or ns.

(4) Support the airplane fuselage and wings on large air-filled
flotation bags.

The ai rpl ane shoul d be equipped with all itens having appreci able mass such
as engines and tip tanks. The weight and c.g. of the test article should be
determ ned to enable proper correlation with the math nodel. Were fuel is

| ocated in the outboard 50% of the wing sem span, it nmay be desirable to test
a full fuel condition in addition to the enpty condition in order to provide
addi tional data for math nodel correlation

It is generally advantageous to block the control surfaces in their neutra
posi ti on when obtaining airfrane nodes.

b. Equi pnent. Various types of shakers are available, i.e., inertia,
elastic, airjet, electromagnetic, etc. Electromagnetic exciters are
general ly preferred and nost comonly used. This type consists of a coi
that is attached to the structure with a fixed drive rod, as opposed to a
flexi bl e shaft or spring for inertia or elastic type shakers. The coil is
surrounded by a magnetic field and is set in notion by an alternating
current. Electronic oscillators and anplifiers are used to control this type
of system
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Vi bration anplitude nmay be obtained by using either velocity pickups or
accel eroneters so long as transducer nmass is insignificant. The output can
be observed using a cathode ray oscilloscope and digital voltmeter. Phase
rel ati onshi p between two transducers can be noted with sufficient accuracy,
and by exercising extra care, using an oscilloscope equipped with a grid
screen.

Data systens are avail able that provide the coincident, in-phase or rea
term and the quadrature, the inmaginary term responses of the tota
response frequency (the product of the force and reference signal).
Graphical representation of these terns is presented, providing a very
accurate identification technique for resonant frequenci es and phase
rel ationships. Structural danping is also readily avail able fromthese
dat a.

What ever data systemis used, uniformty is recommended. Pieceneal systens,
using velocity pickups and accel eroneters, or filters with different
characteristics, etc., can give erroneous data and shoul d not be used
without careful regard to their calibrations and perfornmance characteristics
and limtations.

c. GCeneral Procedures for Airframe Modes. It is usually sufficient to
apply a harnonic excitation force to the structure provided the force is not
applied in the proximty of a node line. For this reason vibrators are
usual ly attached at an extremity such as the nose and/or rear of the
fusel age or near the tips of the wing or enpennage surfaces where nodes are
not likely to occur

Wth the shaker(s) and a reference pickup nounted at a selected |ocation,
frequency is varied upward through the range usually encountered in aircraft
structures (2 to 100 H,). Wth snmall increments of frequency, the response
of the structure is recorded and the resulting plot of anplitude of response
vs. forcing frequency is used to determ ne the resonant frequencies of the
system A typical sweep is shown bel ow.

AMPLITUDE

FREQUENCY
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Al t hough duplication of peak responses will result, it is advantageous to
obtai n frequency response records with a reference pickup positioned on each
of the main surfaces and fusel age at a specific shaker location. This wll
reduce the chances of overl ooki ng nodes.

There are several criteria for establishing that the excited response
approxi mates a nornmal node of vibration. The nbst comonly accepted
approach requires that all of the criteria bel ow be net:

(1) A rel ative maxi mumresponse per unit input exists.

(2) Accelerations at all points in the structure are either exactly
in phase or 180° out of phase with each other. The accel erations neasured
at all points on the structure during resonance will be either in phase or
out of phase with a reference location but will be at a + 90° phase angl e
with the force, for small val ues of danping.

(3) A decay record exhibits a single-frequency, non-beating,
| ow danped characteristic.

Havi ng established the resonant frequencies, a survey of the aircraft is
conducted with the shakers tuned to each frequency in-turn. A roving
transducer is used to sense anplitude and phase angle relative to the

ref erence pickup at each airplane |ocation. An adequate nunber of points
shoul d be surveyed al ong the span and chord (typically on the spars) of each
surface and al ong the fusel age to define the airplane nodal displacenents,
and the associ ated node lines. To obtain proper phase relationship

addi tional excitation may be necessary.

It may not be necessary to survey identical peak frequency responses

al though they occur at different locations. 1In all probability, the node
will be the sane. This can be determ ned by checking only a few stations or
sinply by visually observing the notion of the aircraft.

Care should be exercised in defining conmponent node |ines for each node.
This is particularly inportant in evaluating the effectivity of bal ance
wei ght | ocati ons.

d. Arcraft Structural Mdes Usually Encountered. The nobdes excited
during ground vibration depend on the type of configuration being tested.
The vi bration nodes of an airplane that carries heavy nass on the w ng, such
as engines, tip tanks, etc., or has the stabilizer |ocated high on the fin
will be highly coupled and generally cannot be described except by di agrans
that show the rel ati ve shape and phase of each part of the airplane.

Ai rpl anes that do not have these design characteristics usually have

rel atively uncoupl ed nodes which can be described by nam ng the type of
notion that is predomnant. |n general, the foll owi ng predom nant nodes
shoul d be obtained insofar as is practicable.
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(1)Wing Group Modes.

(i) For wings without engines, tip tanks, or heavy external or
internal stores:

Wng vertical bending and wi ng torsion, fundanmental and hi gher nodes,
symetric and anti symetri c.

(ii)For wings carrying heavy masses outboard of the fusel age:

W ng bending coupled with wing torsion and flexible store (engines) nodes,
fundanmental and hi gher nodes, symetric and anti symetric.

(2) Fusel age - Enpennage G oup Nodes.

(i) Fuselage Torsion (coupled with stabilizer antisymretric
bendi ng) .

(i1) Fuselage |lateral bending and fin bending, fundanental and
hi gher order consisting of two fundanental nodes in which the fin tip and
aft fuselage are in phase in one node, and out of phase in the other

(iii) Fin bending - symetric and antisymetric for nulti-tai
ai r pl anes.

(iv) Fin torsion (generally highly coupled with stabilizer
yawi ng if stabilizer is |located at the outer span stations of the fin).

(v) Rudder bending and torsion.

(vi) Fusel age vertical bending and stabilizer bending,
fundanmental and hi gher order consisting of two fundamental nodes in which
the aft fuselage and stabilizer tips are in phase in one node, and out of
phase in the other.

(vii) Stabilizer torsion - symretric and antisynmetric.

(viii) Stabilizer yawing for surface | ocated at the outer span
stations of the fin.

(ix) Al novable horizontal tail - rotation coupled with
bendi ng, torsion.

(3)Engi ne or External Store Mbdes. For nultiengine aircraft or

aircraft carrying |arge pylon-nounted stores, the pitch, roll, yaw, and
|ateral and vertical translation nodes shoul d be defined. These nodes
shoul d al so be determned for all turbo propeller engine installations. It
may be necessary to excite the engine fore and aft on the propeller blade to
obtain the nost critical pitch and yaw nodes. If this nethod is used,

consi deration shoul d be given to possible nodal distortion due to propeller
bl ade flexibility. Al so, caution should be exercised and the engi ne

manuf acturer’s instructions foll owed concerning possi bl e damage to beari ngs
when exciting the engine.
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e. GCeneral Procedures for Control System Modes. The experi nmental
determ nation of control surface and tab rotation nodes about their hinge
lines may be difficult due to inherent friction within the systemor the
maski ng of these nodes by structural interaction. On this basis, extra care
is required for proper identification of the system s characteristics.

For conventional aileron or elevator Systens, the rotation nodes nmay be
successful |y neasured by applying a single excitation force to either the
ri ghthand or |efthand surface. However, nultiple shakers are preferred,
particularly if the right and left surfaces are operated from separate
control systens. Likely shaker positions are on the trailing edge at

m dspan or on the horn | eading edge. Tab rotation rmay be determ ned from
the control surface excitation but usually a direct excitation on the tab
surface is required with the control surface (aileron, elevator, or rudder)
bl ocked to its main surface.

A transducer placed on the control being excited is used to nonitor the
response and determ ne peak frequencies by the sane techni que described for
airframe nodes. To define the nodes excited, it is generally necessary to
follow any or all of the follow ng procedures:

(1) Monitor the phase between the right and |l eft surface, the
control colum, or the attaching structure.

(2) Conduct a detailed survey of the surface, spanw se and
chordw se, to define any structural nodes. |If the surface has a very |long
span or wi de chord, these nodes) bending and torsion, are likely to be
dom nant .

(3) Visually nonitor the surface under excitation.

(4) Sinple rationalization to distinguish the excited nodes from
previously defined airfranme nodes.

In the performance of these tests, the shakers and/or transducers may
contribute sufficient weight to the surface being tested to significantly
affect the frequency of the surface. This is particularly true for tabs
with very small mass and rotational inertias. Dunkerly's equation
presented in reference 8, provides an acceptable nethod for correcting the
nmeasured frequency to the true surface frequency.

A check on experinentally determ ned nodes may be facilitated by cal cul ating
rotational frequencies fromnmeasured inertias and system stiffness
properties obtained fromstatic tests.

For extrenely |ight weight structures, another nmethod that nay be used to
elimnate the shaker influence is to use an air shaker or other device which
does not directly attach to the control surface or tab
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f. Control Surface Rotation. Symmetric aileron rotation, the norna
opposed operational node, wth control stick fixed or free, is defined as
t he peak frequency at which both ailerons are rotating in phase.
Antisynmmretric rotation, the nornmal operation node, generally has zero or
very low stiffness.

Rudder rotation in the normal operation node with pedals free occurs when
t he rudder and pedal s are out of phase.

El evator and all novable tail plane rotation nodes should be determned with
the pilot's controls fixed and free. Elevator rotation with the stick fixed
is defined as the peak frequency at which both elevators are in phase for
synmetric rotation, and out of phase for antisymmetric rotation. For al
noving tail planes or elevators with stability augmentation systens (contro
col umm bob wei ghts and down springs), normal opposed operation with stick
free will occur when the control stick and el evator are respondi ng out of
phase.

The effect of variations in control cable tension should be investigated.

g. Tab Rotation. Rotational nodes for irreversible trimand servo tabs
are determ ned experinentally to supplement the cal cul ated frequency
obt ai ned from nmeasured stiffness in the free play tests. Tab rotation
frequency will usually vary with angul ar deflection and is determ ned at
maxi numtrailing edge up;neutral, and maximumtrailing edge down positions
to determne the range of tab frequencies. For geared tabs, the rotation
frequency is usually determined with the control surface at maxi num
defl ections and at neutral .

Large tabs, either wide chord or very long with a single actuator, often
tend to be difficult to neasure in a resonance test. Wde chord tabs often
becone significantly involved with "plate nodes" of their carrying surfaces,
while long narrow tabs may have their |owest frequency in a torsional node
rather than rotation. On this basis, it my be necessary to survey each
response frequency rather extensively to properly define each node.

Test requirenents for spring tabs are dependent upon the tab control system
design. In general, the follow ng tests should be conducted to provide the
required data for a mathematical representation of a spring tab system
(These tests are simlar to those discussed in the previous paragraph for
all noving tail plane systens.)
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(1) For a preloading spring, tests should be perforned for severa
anpl i tudes including conplete renoval of the preload, if practical

(2) Frequency of the control surface, with tab | ocked to surface and
pilot's control colum bl ocked, against the elastic restraint of the contro
system A stick fixed node.

(3) Frequency of the control colum) with the control surface | ocked
to its main surface, against the elastic restraint of the control system A
stick free node.

(4) Frequency of the tab, with the control system cables
di sconnected and the control surface blocked to its supporting structure,
against the elastic restraint of the springs in the tab system

Spring | oaded tabs are non-linear systens which are usually quite sensitive
to smal |l paranmeter changes maki ng the design of these Systens to preclude
flutter most difficult. It is advisable to avoid their use unless extensive
flutter anal yses, including detail paraneter eval uations, are conducted.

h. Structural Danpi ng Measurenents. Structural danpi ng of each

signi ficant node surveyed shoul d be neasured. The nost commonly used
procedure is based on the nmeasurenent of the rate of decay of oscillation
This is best expressed in terns of |ogarithm c decrenent, the natura
logarithmof the ratio of two successive anplitudes. Records of the
response of a reference transducer, while driving the structure at a
speci fic frequency and obtained i medi ately before and after power to the
shaker is cut off, provide the anplitude rel ationships required.
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The log decrement, & , is then equal to ln (X;/Xy); or as 0.693
where n=no. of cycles to 1/2 amplitude; i.e.: X;/Xp = 2. n

For small values of damping, the damping factor, y or C/C,, can be
estimated as &/2w and the structural damping g= d/ir (References 2 and 8).

i. Balance Weight Attachment. For control surfaces with balance
weights mounted at one end of a cantilevered moment arm, the resonant
frequency of the balance weight attachment arm should be at least 50%
greater than the highest frequency of the fixed surface with which the
control surface may couple. The control surface should be mounted in a jig
and the vibrator attached to the balance weight. The input frequency is
varied upward and the response of a reference transducer mounted on the
balance weight is monitored to define the peak response.

All balance weight supporting structure should be designed for a limit
static load of 24g normal to a plane containing the hinge and the weight,
and 12g within that plane parallel with the hinge. The balance weight loads
should be able to be carried by the control surface and by the fittings and
their attachments on both sides of the hinge. Proof of these criteria can
be accomplished by relatively simple static tests of the control surface
mounted in a jig.

11 (and 12)
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APPENDI X 2. FLUTTER ANALYSTS

1. INTRODUCTION. The objective of this appendix is to provide those persons
responsi ble for predicting the flutter characteristics of Part 23 airplanes
with some general guidelines for conducting a rational analysis. Two-Degree-
of - Freedom Thr ee- Degr ee- of - Freedom and Ml ti - Degr ee- of - Fr eedom Systens and
Whirl Mdde Analysis are considered briefly. The schene of anal yses outlined
here makes use of un-coupled bending and torsion nodes. This information
herein shoul d assist the analyst in determ ning the type of analysis suited
to a given situation but is not sufficient to permt an analysis w thout a

t horough study of the references.

Conpressibility effects on the flutter speed should be considered at and
above Mach 0. 6.

2. TWD DEGREES- OF- FREEDON. The flutter characteristics of straight w ngs
(or tails) of large aspect ratio can be predicted fairly well by considering
a "Representative Airfoil" that has two-degrees-of-freedom translation and
pitch. This representative airfoil is usually given the geonetric and
inertial properties of the station three-quarters of the way fromthe
centerline to the tip.

Information regarding this approach is contained in reference 3, and is

out | i ned bel ow
/_Undeflected airfoil centerline
z
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Where:

m= Mass of section

Sa

1q

mbx

a

10/23/85

= Static Unbalance about Elastic Axis

Inertia about Elastic Axis

The equations of motion are:
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Using the aerodynamic expressions of Air Force Technical Report 4798, the
expressions for L and My become :
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-Where Ly, Lg, My, and Mg are functions of V/bw and obtainable from
reference 4.

In this approach, the translation motions, h, are usually assumed to
originate from the fundamental bending mode and the pitch motions, a: from
the fundamental torsion mode. Higher modes or control surface rotations are
not considered.

The value of velocity and damping obtained by solving the equations at each
value of V/bw are usually plotted to obtain the velocity at which the
damping goes to zero,

3. THREE-DEGREE-QF-FREEDOM. Flutter mechanisms involving control surface
rotation are many times more critical than those involving just
bending-torsion. At least three degrees of freedom are required to analyze
this phenomenon.

The procedure most commonly used is presented in references 2 and 4. The
problem is first considered two-dimensional and then extended to the
three~dimensional case.

a. Two-Dimensional Flutter Theory.

Midchord Aileron Hinge
Wing Bending Wing Torsion Spring:
g T /—at Rotation Point A’Ej

Spring
/"* eb

C_|F

Aileron Torsion Spring -K b,
at Alleron Hinge a \kjjss
g

The motion of the system can be represented as above, where:
b semichord
cb = distance between midchord and aileron hinge, positive if
aft of midchord .
eb = distance between midchord and aileron leading edge,
positive aft of midchord
ab = distance between rotation point (elastic axis) and

midchord

h = bending deflection of rotation point (elastic axis),
positive downward

@ = agngular deflection about rotation point (elastic axis),
positive for leading edge up

B = angular deflection of aileron about aileron hinge relative

to wing chord, positive for aileron leading edge up
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Assuning linearized harnmonic notion, the equations of notion becone:

XE+-§G +Eﬁ=0
b

-~ h - _

D p T Ea +Fp =0

_h —_ —_
GE+H0 + I8 =0

Where the coefficients are given in references 2 and 4. For each val ue of
VIb? , the determ nant of the coefficients matrix is set equal to zero and
the resulting value of artificial danmping plotted versus airspeed.

The limtations of a two-dinensional flutter theory are delineated in
reference 4.

Ad) Al spanwi se elenents are considered identical with respect to
all their flutter paraneters.

(2) The vibration anplitudes in each node do not vary with the
spanwi se | ocation of the el ement under consideration.

(3) The effective aspect ratio approaches infinity.

(4) Aerodynanmic flow over the oscillating airfoil is not disrupted
by interferences.

In general, these limtations are prohibitive and sonme form of three-
di mensi onal analysis is required.

b. Three-Di nensional Flutter Theory. The typical three-dinmensiona
anal ysis accounts for spanw se variations in nmass, geonetry and node shape,
but does not account for aspect ratio and aerodynam c interference effects.
The mathematics is presented in Scanl an and Rosenbaum (ref.2). To use this
approach one needs the spanwi se distribution of the foll owi ng paraneters:

mlx) = Mass per unit span of wing and aileron
Ig (x) = Mass moment of inertia per unit span of wing and aileron,
referred to elastic axis

Sa (x) = Static unbalance per unit span of wing and aileron,
referred to elastic axis

Ig (x) = Aileron mass moment of inertia per unit span, referred
to aileron hinge line

Sg (x) = Aileron static unbalance per unit span, referred to
hinge line

b = Semichord length

(c~a)b = Distance between the elastic axis and aileron hinge line
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The notion at flutter is assuned to be a superposition of the wing first
uncoupl ed bendi ng node, the wing first uncoupl ed torsion node and the
aileron rotation node. |In Scanlan and Rosenbaumthe node shapes are treated
as continuous functions of span and integration perforned over the span of
the wing. The vibratory notion at flutter is considered unchanged by the
aer odynam c forces.

In practice, the integration is performed nunerically, rather than
continuously. The wing is divided into a nunber of spanw se panels and
approached from a | unped paraneter concept.

4. MULTI - DEGREE- OF- FREEDOM THREE DI MENSI ONAL FLUTTER THECRY. It is not
the intent of this section to present a detail ed explanation, but rather
to outline the general procedure for setting up the mathematics invol ved
ina nulti-degree-of-freedomflutter analysis. Famliarity with three-
degree-of -freedom flutter analysis and matrix algebra is assunmed. The
system shown in the sketch is for each nmass panel:
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First, the general flutter equation wth uncoupled nodes is solved with the
aer odynam c forces set to zero.
[H]{ﬁ}+ (1+ig)fﬁl{ﬁ}= [Fa]l = zero

(M] = [ ©,]TM] lo,l Generalized mass (non diagonal)

il

[w2,] Mg Generalized stiffness (diagonal)

[K]

n

Where: [o,l] Uncoupled assumed wmodal matrix

g

diagonal elements of [M]

"

fw?,] = uncoupled frequency matrix

Mass Matrix

it

(1]
{a}

i

Vector of generalized coordinates

The modal solution to this equation results in the coupled modes and the
coupled frequencies which can now be used to solve the equation with
airforces.

{43+ (1+ig) [ w2][M] {a}= [F4l

(] = [@]T[M][®] = Generalized mass matrix (diagonal)

Where: [fg] = Generalized aerodynamic forces
(o]
Fw?]

Coupled modal matrix

Coupled frequency matrix {(diagonal)
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The equation of .motion including the aerodynamic forces { i;'q} is solved for selected

values of By 1o predict the damping in the same manner as previously discussed.

The |M | matrix is a mass matrix, usually referred to the local elastic axis, and includes
the necessary transformation terms for a control surface or tab. For each mass panel, i, the

[M matrix is: —
W Sy Sp 7,)
Sor Ly Fo Pos
Sg PoR Ig PR
56 Po§  PBS Iij

Where:
W=y
W + Wc + Wt

s = WX W ) W (g, + g, + XD
Sy = W, % + W, (e, + ;ct)

Sy = W, ’-‘: |
o=, (z% + “....2) + W [(gc + :':c)z+ kcz]

+ W [@c +2, + :'ct)2 + kzt]
PGB -V g, a':c-i-wt(gt + ;‘tkc + w‘:(:‘:c2 + kcz)
+ W, E,o,t + ;ct)z + ktz]
Bo =W U+ e X, + W, (:'Etz + ktz)
1, = nac(:':c2 + kcz) +u, [, + :‘:t)z + ktz]
=W, 2, X+ W, (itz + ktz)

P

Bd t
- 2 2

And: I, W':(xt + kt )

wH

W, We, Wy = Wts of primary surface, control surface, and tab,respectively,
X = Distance from surface CG to EA — Positive aft

Yc = Distance from control hinge to control CG

X, = Distance from tab hinge to tab CG

£, = Distance from EA to control hinge
2y = Distance from control hinge to tab hinge
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kw: Koo k¢ = Radii of gyration of primary surface about its CG, control
surface aboutits CG and tab about its CG respectively.

The | K matrix is a matrix of stiffness influence coefficients. When referred to the
j matrix for one mass panel becomes:

elastic axis, the
h8 Kha
P g B b
K =

[ ] gBh (Ba BB LBS
LI . R 1

R— —

Many times it is easier to actually measure flexibility influence coefficients, [CJ , and

then obtain [k [K] - [CJ B

The | g | matrix is a mode shape matrix, the eigenvectors from sclving the equation of
motion without aerodynamics. For each mass panel

hl hz h3 l..i.'-..hn

az 03 LR N Y. )

o
1
] - j
31 52 B3 R XL ET TR |

n

6 6 6 Jll..ll..b
1
2 73 n |

Where n is the number of modes.
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The { F A} matrix represents the generalized aeradynamic forces, obtained from:

- 2
{FA} = w F(p) [¢]T [AIQ) (2] { q ]

Where AICl represents the matrix of aerodynamic influence coefficients. There are
several in use, but in general they will contain the following (as presented in Reference 5):

— —_
bk e Ly Ly
[ ] Ho'h Meo' MuB Hcré
AIC! =
T
gh Tge  Tgg  Tgg
_?gh Qéa QéB 066

These are referenced to the wing quarter chord, the control surface hinge line, and the tab
hinge line. A transformation is required to relate these to the elastic axis.

Using the above explanations and assuming harmonic motion, the generalized equation of
maotion may be written for each coupled frequency as:

{wz [+ avin [R)b) - & v [1] (3]

Where: q = Ee‘ wt
w * Harmonic frequency
Flp} = A scalar function of density

BEROHTCITE

Rearranging the flutter equation, we may write
Lole v oliPG <[1@- (o)

Where the eigenvalue ) is defined by

A= %ilﬂ = Re A +41 Im)
w (Real Part) (Imaginary Part)
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Hence the flutter frequency becomes

WeT W L

Re )

And the damping g

= .2 _Im )
8§ =uw Im =¢d A

And the flutter spead Is defined by:

v. = we by
4

T

Where the equations have been non-dimensionalized and b, equals a reference
length and k, equals a reference value of reduced frequency, _WUb.

v

5. VWH RL MODE.

It is the intent of this section to outline the general procedure for
setting up the mathematics involved in a whirl node analysis. Famliarity
with whirl node analysis is assunmed. This analysis includes only engi ne
cantil evered nodes. Coupling of these nodes with a flexible airplane's nodes

may be acconplished by the superposition of nodes using the nethod outlined in
par agr aph 4.

10
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The whirl mode stability equation for cantilevered power package is:

p2 [FMJ + p[FD + FG + FQ2] + E?K.+ FQl] = 0
where FM = [&M(M)J y generalized masses (1lb. sec.2/in.)

FK = (2w)2 [(FREQ(M))zj EM(M)J,
generalized stiffnesses (1lb./in.)

FD = (.02) (29r) E“REQ(M)JEGM(M)] ,
generalized damping (1lb. sec./in.)
(.02 is the assumed structural damping)

T
FG = [PHI(I,M)] [G] [PHI(I,M)]
FQ, = RAD*V* [PHI(I,M)] [Q2J [PHI(I,M)]
T
FQ, = RAD-VZs EPHI(I,M)] [Ql]E’HI(I,M)]

M = Number of modes
FREQ(M) = Frequency (Hz)
PHI(I,M) = Prop displacement matrix

RAD = Relative Density Ratio, @/Q,

NOTE: A special purpose computer program may be required for each power
package to determine its vibration mode shapes and frequencies and the

generalized masses for each mode.

11
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The equation for gyroscopic forces is shown bel ow

GYROSCOPIC MATRIX - G

4 B - r h
F, B .
P P
F L
8 I S
P - . P
< .= P < o
F -
YP YP
F L
Yo I 4L Ve
L J — J \ o
FZ = Prop. vertical force
P bkl
Fe = Prop. pitching moment
P .
F = Prop. side force
YP
F = Prop. yawing moment
q}P
ZP = Prop. vertical displacement
9P = Prop. pitch angle
YP = Prop. lateral displacement
WP = Prop. yaw angle
L2 = Rotational velocity (radians/sec.)
IP = Prop. polar mass moment of inertia (1b. sec.2 in.)

12
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The prop aerodynam c force equation for each set of prop coefficients are shown

PROP AERODYNAMIC MATRIX - Q2

fF A ™
Z i S N r >
P - S
R=Cz6% - %Chu 3 2p
F 2 A
& Sd sd Sd
;7 "R Cee 2" 8% T |~ & Cev %
)
F S S Y r
Yp e - RCyo 2 E’ocynp 2 Yp
Fy - 0,Cy, 22 Coy2 Cyy S '
P fe Cve 2 o T T o Ve

er ) [ s s- e
P “RCze T CCzy 3 P
F - 5d d
®p ov? P Co6 7 " Cors %
e ]
F -p.Cun o S Y
Yo Co“ve 2 “GCyy 3 P
F Sd s
i % uT N Ta Ve
L) A J{ )

where S = propeller disk area (sq. in.)
d = propeller diameter (in.)
€. = air density at sea level (1b. sec.2/in.4)
e,’ea = relative air density
V = true air speed (in./sec.)
bel ow.

13
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In terns of the basic propeller aerodynam c derivative defined in reference 13:

Vertical force derivative due to pitch angle

C = CZTH

z6 “Cyy T

Pitching moment derivative due to pitch rate

CMQ

H

Co. = Ces = Cyy

Pitching moment derivative due to vaw angle

me = CB‘P = -CWQ = CMPSI

Pitching moment derivative due to pitch ancle

Cme = C_,_._}l8 = wa = ' CMTH

Vertical force derivative due to vaw angle

Czw = CYe = CZPSI

The propeller coefficients must be furnished in a comparable form to
those found in reference 13. For each true air speed, the coefficients
are found as a function of prop blade angle determined from the advance
ratio (forward velocity divided by prop tip velocity).

The solution to the whirl mode stability equation is found as

shown below.

(1) Summing the matrix coefficientslets the equation read:
o :
P A+ pB+C = 0

(2) Inverting matrix A and premultiplying the equation by a~?t

yields:

p? - p [m] - [H2] = o
where [ﬁl]

[12]

-A“IB

-a~3c
14
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If we let an arbitrary vector, Xy postmultiply each

term

2

P x; - P [Hl] X, - [H2] Xy = 0.
.NOW' let

[Bé] X, = P X, .
Then, by substitution,

2 X, = Eﬂl x, - x = 0

P 1 P 1 P 2 = .

Dividing by p, the above equation becomes
pxl—[Hl] Xy = X, = 0.

Rearranging terms in (6) and combining with equation (4)

in a single equation of twice the order, we obtain

Hl | I x ) xl

H2 x x

The above equation is solved, using the Laguerre methed
described in Refererice 14, for its eigenvalues, p, which
come in complex conjugate pairs. The frequency of the

whirl mode is determined by

1
f = 37 Pmmg
hence, the roots with negative imaginary values are dis-
carded. The damping required to produce instability is

determined by
»5
— 2 2 -
€ = 2Pppar/(Prear * Poac) ;

where positive values are unstable.

15
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{10)

(11)

(12}

(13)

(14)

16

The eigenvector is found by substituting the ecigenvalue
solution in (1) and combining terms and postmultiplying

by v to obtain

Dy = O
Then, by rearranging the first row
-1
y(l) = [@(1,1{] [}D(l,J) y(J)]
J = 2,N
where N = the number of modes.

And by rearranging the remaining rows

bl {v)} = {pea}ya

where I and J go from 2 to N.

If we let y(1) = (1.0,0), recalling that it is complex,

{y(l)} = -E)(I.J):I -{D(J,l)}

where I and J go from 2 to N.

then

The mode shape is then determined by

PHIWM(L) = ZZ (PHI(L,I)) « y(I).
I=1,N
This complex vector is normalized so that the largest
translation (L=1 or 3) has an amplitude of unity with

the phase relationship preserved.
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APPENDI X 3.  FLI GHT FLUTTER TESTI NG

1. INTRODUCTION. This appendi x presents a general discussion of acceptable
procedures for conducting flight flutter tests intended as final proof of
flutter free operation for new or nodified airplanes. The nmethods descri bed
herein do not represent a conprehensive survey of existing techniques, but
rat her represent nethods which have been proven to be particul arly adaptable
to general aviation aircraft.

Par agraph 23.629(c) permts the use of flight tests as the only neans of
showi ng freedomfromflutter. However, it is recommended that these tests
be conducted only after appropriate anal yses, defining the critical
conditions and severity of flutter onset, have been perfornmed. Both the

ri sk and scope of testing required to substantiate the total airplane is
significantly increased without the benefit of reference anal yses.

In-flight excitation of only the critical node(s) is, generally, all that is
necessary for final denonstration of flutter free operation if preceded by
rational flutter analyses. However, w thout these studies, all nodes of the
airplane, or those nodes affected by the nodification of an altered
airplane, nust be excited in flight. Al test airplanes, whether the
objective is to support analyses or to serve as the singular neans of
flutter substantiation, should include proper instrunentation for recording
ai rpl ane response.

2. DETERM NATI ON OF VI BRATI ON CHARACTERI STI CS.  Par agraph 23. 629(a)
requires a determnation of the natural frequencies of main structural
conponents by vibration tests or other approved nethods. This nmust be done
regardl ess of the flutter substantiation nethod selected; i.e., (a) rationa
analysis, (b) flight flutter tests, (c) sinplified criteria, or (d)

conbi nati ons of these. This determ nation nust be made for all new
airplanes and for existing airplanes, before and after any najor

nodi fication to assess the effects of these structural changes. Engineering
j udgenent shoul d be exercised in determ ning whether the effects of the
nodi ficati on on aerodynam cs, stiffness, or nmass are sufficient to warrant
flutter reinvestigation. The effects of variations in fuel |oading,

ai rpl ane weight, and center of gravity should al so be assessed. It is
recommended that node shapes, as well as frequency, be determ ned by either
ground vibration tests or anal ytical nethods, if adequately supported by
test.

For nodified airplanes with no avail abl e anal yses, the degree of frequency
change requiring flight investigation is dependent upon, in part, the nature
of the nodification, the relative change of bending-torsion frequency
ratios, and the relationship of the structural nodes to control surface
nodes. Shifts in node lines may al so dictate flight checks.

3. Al RCRAFT EXC TATI ON METHODS. The airframe nodes and frequenci es can be
excited in flight by any nunber of techniques. The inportant criteria for
techni que selection is that the nodes and frequenci es of interest nust be
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adequately excited to allow for proper nodal response. To illustrate, nost
general aviation aircraft use cable or push rod control systenms which have
high | evel s of coul onb danping. The coul onb danping gill cause a non-Ilinear

control response. At |low anplitudes the danping will be high and the system
stabl e; whereas, at higher anplitudes, the coul onb danping will be reduced
and the control systemcould be unstable. A proper |evel of noda

excitation will, therefore, produce |ower system danping and an earlier

i ndication of a developing flutter nmechanism Consequently, w thout proper
excitation) the test engineer may have very little warning of devel oping
flutter.

Consi derati on should al so be given to the possible influence of the
excitation systemon the flutter characteristics of the airplane.

Excitati on nethods presently being used for general aviation airplanes are
di scussed briefly in the follow ng paragraphs.

a. PILOT | NDUCED CONTROL SURFACE | MPULSES. Pulsing the controls nay be
used to excite nodes, generally, below 10 Hz, but is not recommended above
10 Hz. The effectiveness of the nethod is usually Iimted by either the
ability of the pilot to inpart a pulse of proper duration or the ability of
the control to transmt the pulse to the primary surface. Three degrees of
control rotation are normally sufficient if the duration is short enough to
enconpass all harnonics of interest.

b. SINUSO DAL EXC TATI ON USI NG ROTATI ON MASSES. Thi s techni que has
been used successfully for exciting airplane nodes between 10 and 50 Hz.
Rotating eccentric mass shakers mounted in the wing tips and/or the tail
section of the fuselage will usually produce wi ng and enpennage nodes of
concern. Al though shakers in each wing tip and both vertical and | atera
nmount ed fusel age shakers may be required to excite both symetric and anti -
symetri c nodes) single shakers have been used successfully for both
symmetries where adequate frequency separation exists. The eccentric mass
shoul d be | arge enough to excite the 10 Hz nodes and the shaker supporting
structure strong enough to withstand the shaker force at 50 Hz. Shaker
forces of up to 300 pounds at 50 Hz have been used and produced very good
results. In general, the larger the exciting forces the safer the test
since the non-linearities will be mnimzed. The shaker force should be
adequate to assure that nodal response is easily distinguishable fromrandom
or buffet excitation

A simple inertial shaker system can be constructed using off-the-shelf shop
conponents. The system consists of a container of conpressed nitrogen

pressure regulator, line gate valve, air hose and shop drill nmotor. The RPM
of the drill notor is controlled by varying the line pressure and can be
nonitored by a tach generator attached to the drill nmotor shaft. The only

parts requiring design and fabrication are the eccentric mass and
appropriate nounti ag brackets.
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c. EXC TATI ON USI NG AUTCPI LOT AND OTHER METHODS. Sinusoi dal excitation
using the autopilot will produce nodal responses simlar to the inertia
system but has the advantage of supplying a stronger input to the
fundamental nodes. A restrictionis its ability to transmt energy into the
control surfaces at the higher frequencies due to control system
flexibility.

O her met hods such as flutter vanes and rocket inpulse units nmay be used.
Regardl ess of the nmethod used, the sanme principles of frequency response and
node identification apply; i.e., adequate response of the nodes and
frequencies will produce the desired indication of any devel oping flutter
mechani sm

4. Al RCRAFT I NSTRUMENTATION The aircraft instrunmentation required to
adequately nonitor vibration characteristics wll vary greatly dependi ng on
the extent of the test (nunber of nodes being investigated) and the specia
design characteristics. As a mninum transducers that neasure accel eration
or velocity should be installed on the tips of the aerodynam c surfaces of
concern; i.e., for wing and horizontal stabilizers, front and rear spars on
one side for bending and torsion response and on one spar of the opposite
side as an indicator of symetry. The frequency response characteristics of
the installed transducer should be checked to assure adequate sensitivity

t hr oughout the test frequency range. Strain gages or accel eroneters should
also be installed on each control surface. Care should be taken to assure
control balance is not disturbed by the instrunentation.

Unl ess wor kl oad makes it prohibitive, it is preferred that the in-flight
data recorder and exciters be operable by the pilot to elimnate any need
for additional personnel on board the airplane during the test. This is
particularly desirable if testing is perfornmed w thout supporting analysis.

Al t hough various telenmetry systens exist for recording and transmtting data
to the ground, an on-board oscillograph or nmagnetic tape recorder are nore
commonly used. A magnetic tape recorder is advantageous over an
oscillograph if filtering, sensitivity change, and speed variations are
avai l abl e on playback to aid in determ ning frequency and danping. An
osci |l | oscope, or other nmeans to nonitor input frequency in real tine, should
al so be available to the crew

The conpl ete excitation and data recordi ng system shoul d be thoroughly
checked and calibrated, on the ground and as nmounted in the airplane, to
assure excitation of the desired nodes and in turn to establish baseline
anpl i tude and dampi ng data. The response to engi ne noi se and aerodynam c
buffeting can seriously distort the data and, as a general rule, the signal-
to-noise ratio should be at least 4 to 1. The unwanted signals can be
filtered or mnimzed by increasing the exciter force. However, the maxi mum
| evel of excitation should be |imted to prevent structural danmage from
dynam c overl oad.
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5. TEST CONDITIONS. Flight flutter tests should be conducted with the
airplane configured to provide maxi numsafety to the crew. In preparing
the airplane, a checklist of configuration requirenents should be closely
adhered to. The list should include such itens as.

a. The airspeed indicating systemshoul d be cali brated.

b. Al equipnent itens in the cabin should be secured adequately to
meet emergency | anding |oad requirements of section 23.561

c. When certification is by FAR 23.629(c) al one, control surfaces
shoul d be bal anced to the nost under bal anced (tail heavy)
condition and trimtab tree play set at the maxi numallowed. |If
certification is by analysis and testing, the analysis should
dictate the appropriate settings.

d. Control system danping should be mnimzed to sinulate wear.
e. The crew should be provided with parachutes.
f. Each of the crew nenbers should have easy access to an escape exit.

g. Each energency exit door should be equipped with a quick rel ease
mechani smal l ow ng the door to separate fromthe airplane. The
doors shoul d be checked at various airplane yaw angles to nmake sure
that the pressure distribution over the door will allowit to be
drawn away from the airplane.

h. For airplanes with | arge cabins, a knotted rope should be installed
the I ength of the cabin.

The airpl ane configuration(s) to be tested (i.e., fuel loading, c.g.,

wei ght) obvi ously depends upon the purpose of the test, upon whether the
airplane is a new type design or a nodified type design, upon the nature
of the nodification if the airplane is a nodified type design, etc.
Cenerally, a mnimumof two wing fuel |oading conditions, representing
maxi mum and m ni num shoul d be checked if this paraneter effects a

signi ficant change in conponent nodes. Acceptable tolerances fromthe
selected condition, to account for fuel usage, nust be established and
mai nt ai ned t hroughout the tests. The need to explore airplane weight and
e.g. variations nust be based on the effect of these paraneters on the
ai r pl ane conponent (s) of concern.

At least two altitudes should be checked, if appropriate to the design.
One representative of high dynam c pressure (approximately 9,000 feet wll
provi de emergency egress protection) and one at approximately 75% servi ce
ceiling or the altitude at the Vo/ Ny knee, if a design limting condition

10/23/85
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6. FLIGHT TEST PROCEDURES. Due to the potential dangers involved in
conducting flight flutter tests, there is always the desire of the crewto
get the tests over with and a general tendency to want to skip speed

poi nts and short cut the test. For this reason, a flight plan should be
establ i shed prior to beginning the test and foll owed as cl osely as
possi bl e.

A chase pl ane should be used for all tests.

Testing should begin at a | ow airspeed point to establish a data base; i.e.
frequency correlation with zero velocity nmodes. Followon increnents should
be based on the flight history of the airplane. |If the airplane has

previously flown to sone Iimt speed, then enough test points should be
checked to that pre-achieved speed to develop a data trend. For unexpl ored
speeds, the increnents should be smaller and no nore than two speed data

poi nts checked at any one altitude during a flight unless data trends show
continuously increasing, or very high, damping with no indications of
ensuing shifts in this trend. Mre data points may be checked per flight if
telenetry and real tine data analysis systens are avail able. Between V. and
Vb, the nunber of airspeed increnments shoul d be increased.

At mospheri c turbul ence shoul d be avoi ded as nmuch as possi bl e during these
tests to elimnate superposition of unwanted random signals on the data
records and to preclude possible structural overload at speeds near V.

If inertia shakers, aero vanes, or other sinusoidal exciters are used,
frequency sweeps shoul d be conducted at each speed point. It is also
recommended that shaker dwells be performed at sel ected airspeeds as a check
on the dampi ng characteristics established fromsweeps. These are conducted
by tuning the shaker(s) to each peak frequency, allowing tinme for the
airplane to stabilize, then cutting the shaker power and recording the
response of each transducer. |If pilot induced control inpulses are used,
each axis should be pulsed at |east twice in each direction wherein the
airplane is allowed to stabilize, with bands off controls, prior to the next
i mpul se or speed point.

7. DATA REDUCTI ON AND | NTERPRETATI ON. The met hods used for anal yzi ng
flight flutter data will depend on (1) the type of excitation used, (2) the
availability of electronic analysis equipnent, (3) the degree of accuracy
required, and (4) the tinme allowed for data reduction. GCenerally, absolute
danpi ng val ues are not necessary to achi eve the objective of the flight
tests wherein nonitoring of danping versus airspeed trends is the primary
concern. The approxi mati on nmethods addressed briefly in this section wll
al | ow devel opnent of reliable trends provided consistent procedures are
followed in reducing the response traces throughout the test.
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When i mpul se excitation is used, the danping can be obtained by neasuring
the decay rate directly fromthe response traces. For cases where severa
frequencies are being excited by the inpulse, it nmay be necessary to reverse
the transient and play it into a tuned filter. The frequency of the tuned
filter can then be varied to yield discrete nodal responses (reference 7).

When continuously forced oscillation techniques are used to excite the
structure, either the anplitude response nethod or the vectorial analysis
nmet hod as devel oped by Kennedy and Pancu (reference 6) can be used to reduce
the data. The anplitude response nmethod i s advantageous for general

avi ation applications since it provides a good approxi mate danpi ng | evel,
requires a mnimum of el ectronic equi prment, and the data can be quickly
reduced. For this nmethod it is assuned that the relative danping ratio is
approxi mately inversely proportional to the maxi numresonant anplitude of
the respective nodes. Therefore, if the anplitude for a given node is

i ncreasing as the airspeeds increase, a reduction in stability will be

i ndicated. The approximation nethod is briefly outlined as foll ows:

a, The product of response amplitude times damping will be constant
for a given exciter force; i.e., (Ag) (gg) = ¢

b. 1If the exciter force relative to frequency remains consistent, then
at a given airspeed, the net structural damping will be

then:
gy = (Ag)(gg)/Av
where:
Ag = peak amplitude on ground
Ay = peak amplitude in air at test velocity
g8g = damping measured on ground at zero velocity
8y = net structural damping at test velocity

c. The net damping (gy) can be defined as the actual structural
damping mgasured on the ground (g,) minus the analytical
aerodynamic damping (g) determineg from the flutter analysis with

zero structural damping; i.e., gy = Bg — 8, where g is negative
when stable,

d. To permit use of this method, the shaker force and sweep rate must
remain consistent from run to run,

A gradual increase in peak response (A/) by a factor of 3 or a rapid
increase in A, by a factor of 2 will normally require stopping the test
to inspect the airplane, instrunentation, etc. It is also possible to
experience a very sharp rise in danping foll owed by a sharp decrease

|l eading to violent flutter, thus making it difficult to predict trends
wi thout the aid of reliable analyses.
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It is advisable to check the effects of variation in sweep frequency on the
peak response danpi ng using techniques included in reference 2. It is also
advant ageous to suppl ement continuously forced danpi ng measurenents with
danpi ng obtai ned fromdecay records. Flutter nmargin predictions per the

t echni ques of Zi mrerman and Wi ssenburger (Journal of Aircraft, 1964, Vol une
1, Nunber 4) may in turn be a beneficial data presentation approach to

suppl ement the characteristic velocity versus danping plots.

7 (and 8)
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