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VIBRATION RESPONSE OF AIRPLANE STRUCTURES

By T. TEEODOBSEN and A. G. GELALLES

SUMMARY

5?hi8 report l)TtXt?7d8 test W8U88 of experiment% on
the tibration-resyowe characteristic oj airplane &ue-

tures on the ground and in j?ight. It ako gioe8 detai%

regarding ihe construction and ~pemiion of tibration

kMvments dereloped by the ATatbna.1 zldoisory Cmn-
miitee for Aeronautic.

In the ground testi a 8tudy uxn mude of the vibraiion

response of the jmelage, wing8, and tail by applying

&inu80idal forces and coup.k8 at di@ere& parts oj the

{u8eluge8 of two a&plame8. The amplituda of vibration

along the fuselage and wing8 at zariou8 frequencies were

measured and plotted, and the importad natural mode8

of tibrdion were determined.

In the jlighi te8i% rnbraiion reeds were taken in the

cockpits and the tail-s of two airplanes. The bibrogram8

obtairwd in jlighi tests were analyzed and the amplitudes

of tlw fundamental frequencies and the most important

harmonica were plotted.

INTRODUCTION

Important contributions to knowledge on the subject
of vibration in aircraft have been made by Constant
(references 1 and 2). k his papers an exposition is
given of the physiological effect of the vibration as de-
pendent on amplitude and. frequency, and considera-
tion is given to the importance of the various sources of
vibration and their effects on the aircraft structure. Of
interest is his establishment of a curve of amplitude
against frequency that defines the limits beyond which
rm unpleasant sensation is experienced. The amplitude
limit varies from about 0.003 inch at a frequency of
5,000 per minute to about 0.006 inch at a frequency of
1,000 per minute, with permissible amplitude increasing
sharply toward the lower range.

The sources of vibration in an airplane are the engine,
the propeller, and the aerodynamic effects. Vibra-
tions originating in either the engine or the propeller
have frequencies that are related to the engine speed.
The frequencies of vibrations of aerodynamic origin, in
general, bear no relation to the engine speed.

Vibrations having their origin in the engine may be
due to unbalance of rotating and reciprocating parts or
to fluctuation in the torque. In the conventional

aviation engines, inertia and torque resultants higher
than the second order of the engine speed are usually of
small maatitude, as far as causing vibration in the
fuselage and wing structure, and are therefore of no
consequence. No inertia unbalance of the second order
or lower should be present in multicylinder ena@ey
except in 4-cylinder in-line and in radial engines.
Computations by a method given by Tanaka (reference
3) show the secondary unbalance of some American
single-bank radial engines as varying from about 200
pounds in a 5-cylinder engine to 800 pounds or more in
a fl-cylinder radial engine at rated speeds. Torque
resultants lower than the second order are present
chiefly because of the unequal contribution in mean
torque by each cylinder. In some instance9 torquo
resultants of the 1/2 and the first orders may vary
from a few hundred to sevenil thousand pound-inches.

Vibrations in the aircraft attributed to the propeller
are usually of the first and second orders of the engine
speed. Large unbalanced gyroscopic and aerodynamic
couples (that may cause large amplitude of vibration
of the structure) may be induced by rapid changing of
the direction of flight-as in turning or looping—
especially in airplanes with 2-bladed propellers.

The aerodynamic disturbance, flutter and those re-
sulting from tail buffeting, are sources of dangerous
vibration. Flutter may be described as an unstable
flight condition. Wings, tail planes, and propellers are
susceptible to flutter. The speed at which flutter oc-
curs is dependent on a large number of factors, includ-
ing the frequencies of the responding parts in the vari-
ous degrees of freedom. Buffeting of the airplane tail
is often considered to be the result of vortices origi-
nating at the wings and impinging on the horizontal tail
surfaces. Buffeting is more prevalent in low-wing
monoplane than in high-wing monoplanes or in bi-
planes. Treatments of aerodynamic disturbances will
be found in referencw 4, 5, 6, and elsewhere.

In dealing with the vibration problem, tho aircraft
designer is required (1) to eliminate as far as prac-
ticable the sources of vibration; (2) to reduce the
transmissibility to the structure by isolating the
sources; and (3) to avoid resonant response of the
structure.
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The und&able effects on the structure of unbal-
anced forcw or couples in the engines or propellers are
well recobged by de+pers. Their elimination is car-
ried out as far as possible or practicable, however, re-
course must often be had to the other two alternatives.
It is possible that the isolation of the engine-propeller
unit from the aircraft structure in many case9 is very
helpful; but good results would be obtained only if the
problem were sui%ciently well understood.

The purpose of this report is to present the vibration-
response characteristics of fuselages, wings, and tails of
airplanes so as to convey some idea of what frequencies
might be expected in the general case or, at least, in
related designs. Obviously a great deal is to be gained
by avoiding resonant responses of the fuselage-tail unit
or the wing structure. If the engine is running at
1,800 revolutions per minute, it is evidently not desir-
able to have the main response of the fuselage at 900
vibrations per minute or to have a critical response of
the wing tips at 1,800 vibrations per minute. A sum-
mary of the teds conducted, i.e., airplanes tested,
type of tests, and response measured, are given in table
I. The tests conducted herein were made at Langley
Field, VrL., during 1932 and 1933.

N.A.C.A. VIBRATION INSTRUMENTS

At the begg g of this study the necessity mose
for developing instruments capable of conveniently
and accurately recording the large number of vibration
characteristics desired. Three instruments, using the
seismograph principle of operation, were developed.
One of these instruments, the vibrograph, records
flexural vibrations in any given direction; another, the
torsiograph, records torsional vibrations about any
given asis; the third instrument, the vibration indica-
tor, indicates effective amplitudes of vibration in any
given direction and is used for a rapid survey of magni-
tudes of vibration. In order to permit recording of
vibrations in all parts of the aircraft in flight, the addi-
tional fedure of remote operation was incorporated in
all three instruments.

VrBlZOGE4PH

A sectional view of the vibrograph is shown in iigure
1. This instrument consists chiefly of a short piece of
shafting A attached to the vibrating body, and a casing
B with a film drum C mounted on the shaft through a
helical spring. Floating bearings permit a sliding
motion between the shaft and the casing. The casing
with film drum and accessories constitutes the sus-
pended weight.

An optical method is used for recording the vibration
and for timing. A mirror D, held between the shaft
and the casing by a spring E, is rocked along the shaft
axis m the shaft vibrates. A light beam directed onto
the mirror through a lens and then reflected back to
rLfilm drum records the rocking motion of the mirror;
only vibrations parallel to the shaft are recorded.

Similarly, a light beam, from a lamp not shown, is
directed onto a mirror F, which is mounted on a high-
frequency vibrat@ reed and records the timing along
the lower edge of the flm. The frequency of vibration
of the reed is controlled by an independent timer which
makes and breaks the circuit of the magnetic coil G at
deiinite intervals.

Damping is obtained by means of the dashpot H.
Liquids of varying viscosities are used in the dashpotj
depencbg on the temperature at which the teds are
conducted. A small shaft 1, with a roller properly
fitted in a slot in the casing, limits the circumferential
and the mtium axial motion of the suspended casing.
A locking device (not shown), which is simply a spring-
loaded latch, locks the casing rigidly to the shaft when
the instrument is not in use.

A...A—

u B

A shoff
B, casing
C, film drum
D, rock(nq mirror
E, refomq spring
F, iiminq mtrror
G, mognefic coil
l-i, doshpot
I, tronsve=e shoff
S, sup,oeri%g spring
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FIQUBX l.—Dhgr@.mmtIoaketohofN.A.O.A.vibramnph.

The vibrograph, like all instrumeniw of its type, has
a definite frequency range of applicabihty. Tho lower

limit of its reliability depends upon the natural fre-
quency of the suspended weight and on the amount and
type of damping. The upper limit is determined only
by the restoring force of the spring E, which holds the
mirror in place. The calibration curve for the vibro-
graph k given in iigure 2. Amplitudw of vibration at
frequencies below about 600 vibrations per minute need
a correction. Frequencies as low as 350 vibrations per
minute are, however, obtained with accuracy. The in-
strument was calibrated and found to be accurate at
frequenciw up to 4,000 per minute. Computations
indicate that the range extmds to frequencies up to
15,000 per minute.
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The sensitivity of the vibrograph depends mainly
on the distance between the knife-edge pivots of
mirror D. For the tests presented in this report 2
mirrors having 2 different widths between knife-edges
were used. The sensitivity with the smriller mirror
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was of the order of 0.60-inch amplitude recorded for
O.01-inch actual amplitude. With the larger mirror
the ratio was 0.27 to 0.01. ” This sensitivity was con-
stant over the whole range of amplitudes. -

TORSIO(3RAPH

Sectional views of the torsiograph are
figure 3. With this instrument torsional

shown in
vibrations
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sionril relative motion is possible between the weight
and the casing. A stylus D at the lower end of the
suspended weight rocks a mirror mounted on pivots.
A spiral spring E retains the mirror in continuous
contict with the stylus. The recording of the tor-
sional motion and timing is accomplished optically in
the same manner as that of the vibrograph. The
motion recorded on the moving film F is proportional
to the angular twist of the casing with respect to the
stationary flywheel. Liquid damping is obtained by
means of the dashpot G. A spring-loaded latch H
holds the suspended weight rigidly to the casing when
the instrument is not in use and limits the angular
motion when it is operating.

FIGUEE s.-DkgmmmntloSkttdlOfN.A.O.A. kmiqraph.

in any given plane may be recorded. Like the vibro-
graph, it consists primarily of a suspended weight A
and a casing B, which in this case is attached to the
vibrating body. The weight A is suspended as a
perfectly balanced flywheel and is held in its zero
setting by the spiral spring C. For the useful range of
torsional-vibration frequencies the casing vibrrdw with
the body, while the suspended weight or flywheel
remains stationary in its center position. Only tor-

‘frequency, vibmfions per minufe

FI13UEII4-Cdibmtfm auv’13OfN.A.OJL. tOl’SiC@@.

The lower limit of reliability of the torsio-
graph, as for the vibrograph, depends largely
on the natural frequency in torsion of the
suspended weight, or flywheel, and on the
type and amount of damping. The upper
limit of this instrument is reached when the
restoring acceleration of the mirror spring E is
exceeded by that of the stylus D, i.e., when
the mirror spring is no lo~~er able to retain the
mirror in continuous contact with the stylus.

A calibration curve of the tasiograph is
shown in figure 4. From this curve it is seen
that for frequencies below about 600 vibra-
tions per minute corrections must be applied
to the amplitude recorded by the torsiograph.
Frequencies as low as 400 per minute may
be recorded if proper corrections are applied
to the amplitudes. No vibration tests were
conducted to detemnine the upper limit of
reliabiJi@ of the torsiograph, as the calibra-
tion table in use was not suitable for very
high frequencies. The natural frequency of
the mirror-stafl unit, which is the limiting

factor for the upper range of the instrument, was
determined by teats to be about 9,000 per minute.

The sensitivity of the torsiograph depends on the
distance at which the stylus D acts from the pivot
axis of the mirror staff. This distance can be varied.
The sensitivity is constant for the whole amplitude
r~ge of tie fi~ent for my given setting Of thiS

distance. Magnifications of 40, 55, and 70 were used
for the tests of this investigation,



322 REPORT NATIONAL ADVISORY COMMZI’TEE FOR AERONAUTICS

VIBRA’HONHICATOR

A photograph of the vibration indicator is given i
figure 5, and figure 6 is a sketch of the “feeler” mi
of the indicator rtnd a dirtgram of the wir@. Wh$
this instrument a quick survey of the effective ampl
tude of vibration in any part of the structure may b
made. In common with the other two instrument
the underlying principle of its operation is the seismc
graph; but the hotaire principle is utilized for recori
ing the vibration.

I
FIGURE 6.—N.A.C.A. vibration indicator.

The vibmtion indicator consists of two separat
units-the feeler unit, which may be held with a sligh
pressure or clamped to any part of the aircraft; an{
the recording unit, in which the observer may read th
effective maatitude of vibration. As shown in figur
6 (a), the feeler unit consists of a weight A snspende(
on a spring B, a piston C connected riggdly to th
weight, a nozzlo D, and two hot-wire elements E art~
F of the same electrical resistance. In the record@
unit are housed electrical resistances, flashlight -bat
teries, a voltmeter, rtnd a milliwnmeter.

The method of operation is indicated in figure 6 (b).
The ho&wire element E and a similar element F con-
stitute 2 arms of a Whetstone bridge, and a fixed re-
sistance G and a variable resistance H constitute tho
other 2 arms of the bridge. The variable resistance
I controls the voltage across the bridge; the voltage
is held constant for any desired calibration. When
the feeler unit is held onto the vibrating body, its cas-
ing vibrates with the body. The weight A and tho
piston C, by virtue of their inertia, remain pmcticrdly
stationary for the ramge of frequencies for which tho
instrument is designed. As a result of this relative
motion an air blast hits the element E, or air is drawn
in through the nozzle D. This cooling effect changes
the resistance of the element, the balance of the Whets-
tone bridge is disturbed, and the effect is indicated
by the milliammeter.

The principal problem in the early development of
this instrument was to make the indicated amplitudes
independent of the frequency and to obtain a calibra-
tion curve of satisfactory form. These diiliculties
were overcome by a systematic study of the function-
ing of all elements, and a iinal design was evolved,
The development proceeded along a line similar to
that of the development of n microphone of corm-
spending characta-istics. The error in determining
the effective amplitudes with this instrument at any
frequency in the range does not exceed + 3 percent,
In figure 7 are shown the calibration curves of the in-
strument used in the tests of this report.

In the calibration of this instrument, frequencies
as high as 10,000 vibrations per minute were used and
the independence of amplitude and frequency was
found to hold true. The lower frequency limit of the
reliability of this instrument also depends largely on
the natural frequency of the suspended weight, I?rom
the amplitude-frequency curve of fi=we 7 it is seen that
the range of this particular instrument extends down
to about 600 per minute; at this point the curve drops
off sharply. The range of usefulness can easily be ex-
tended to lower frequencies by using a lrwger sus-
pended weight or a more fle.sible spring.

The sensitivity of the instrument depends also on
the dimensions of the various pints of the feeler unit
and, in particular, on the resistances employed. The
sensitivity in the lower range of the indicated ampli-
tudes in this invwtigation rtmounta to about 1 rnillirtm-
pere per 0.01 inch amplitude, the actual ratio of tho
travel of the pointer to the vibration amplitude being
of the order of 200:1. For larger amplitudes the sen-
sitivity is gradually reduced. This latter property is
very useful and was obtained only after considerable
work. The absence of a response peak, common to
all other vibration instruments nt the rmtuml fro-
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qufmcy of the suspended mass, is a very desirable nttri-
bute. The instrument e.shibits Q very sharp cut-off in
the fashion of a high-pass filter-a property that is
inherent in the method.

A B G ,D
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engine block the forces applied, varying as the square
of the frequency, were 28 pounds at a frequency of
000 per minute nnd 770 pounds at 3,200 vibrations
per minute. Them vrdues are” comparable with the

Q1:

“Feeler” unif
(a)

I 1

A, suspenokd weig5t
0, sbqpenm”on sprirg
C, pis+an
D,nozzle
E, hot-wire elemenr
F, M--
G.f i%d resisfancw
H,vam”able resistance
1, - -

‘d
FICUEE 6.—DJagrammatl0 detafkd sketch of N. A.O.A. vfbratfon fndlcatm.

VIBRATION TESTS ON THE RESPONSE OF AIRPLANE
STRUCTURES

METHODSAND EQUIPMENT

The vibmtion response of the fuselage and wings of
an airplane were determined by mounting the airplane
on springs to obtain a floating suspension that would
upprosirnate conditions obtaining in flight. Forced
vibrations of magnitude and frequencies comparable
to those e.sisting in aircraft were applied at diflerent
parts of the fuselage and the response was recorded
with either the vibration indicator or the vibrograph.
Tests were conducted on the Boeing PW-9, an Army
pursuit airplane, and on the N2Y–1, a Navy training
airphme.

I?igure 8 is a photograph of the PW–9 mounted for
the vibration-response tests. The weight of this air-
plane ia approximately 3,IOO pounds. Automobile
springs were substituted for the landing wheels and
the tail skid, as shown. The frequency of free vibra-
tions of the airplane on the springs in the vertical di-
rection was about 100 vibrations per minute.

A vibrator externally driven through a cog-belt by
fi motor on a separate stand was mounted succes-
sively at the top of the engine block, at the center of
gravity of the airplane, and at the fuselage near the
tail. With this vibrator sinusoidal forces and couples
of vmyi.ng magnitude nnd frequency could be im-
pressed on the fuselage. With the vibrator on the

secondary unbalanced inertia forces existing in presenfi
day radinl engines. Because of the much larger
response with the vibrator mounted at the center of
gravity and at the tail, smaller forces had to be used
there.
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For nearly all the vibration-response tests the ho~
wire indicator ma used in connection with rm “auto-
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matic observer” to take simultaneous pictures of the
redingg of the vibration indicator and of a tachom-
eter indicating the frequency of the imposed vibra-
tions. This automatic observer consists of a light-
tight box with the tachometer and vibration indicator
mounted on one side and a motor-driven motion-
picture camera mounted on the oppositi side. Elec-
tric lamps within the camera box are timed to switch
on and off at regular intervals and provide the illumi-
nation necessary for taking record9 of the instrument
redi.ngs. Rendings of the amplitude ‘ of vibration
were taken along the length of the fuselage and wing

COMMITTEE FOR AERONAUTICS

tests did not deviate horn the drawn curves more than
about 0.0003 inch, the amplitude response at any one
position was observed to vary aa much as 10 percent
for duplicate test conditions. The form of the elastic
curve, however, was identical under all duplicate test
conditions.

Previous to the tests on the PW–9, a series of teats
were conducted of the vibration-response chmmter-
istics of the fuselage of the Consolidated N2Y-1, n
5-cylinder Navy training airplane weighing about
1,500 pounds. This airplane was also mounted on
leaf springs. The vibration indicator not having been

p___ --- - ._—. .—-

FIGURE &—FImible mormrhg of PW-9 rdrplnne for vibration.rwpoma [MU

every 6 to 12 inches, and a complete record of the
vibration in any one position ma obtained for the
frequency range of 500 to 3,200 vibrations per minute
in about 15 to 20 minutes. Check tests were made to
verify the positions of the nodal points.

Because of the multiplicity of test points and the
number of curves plotted together, the points have
been omitted fi-om the experimental curves for the
convenience of easier reading. Although the ampli-
tude of vibration as determined from these particular

1An@tnde tbmwhotrt tbk IMW refers to thn aiwle anq)litndej fro., the Wtfmm

from tie mean pcuitlmr ta the extreme-

developed at the time, the vibrogmph was used in
recording the vibration. The vibrator was mounted
on the top cylinder in the place of the removed
cylinder head.

In the flight tests two Navy bipkmea were used—
an N2Y-1, similar to that used in the response tests,
and an NY-2. The N2Y–1 is powered with a 6-
cylinder Einner radial engine, and the NY-2 with a
9-cylinder Wright J–5 radial engine. The framework
of each of the airplanes tested ma of welded tubular
steel. The engines of these two airplanes and thnt of
the PW-9 used in the vibrator tests were either
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rigidly mounted, or very nearly so, with only a thin
layer of cushioning material between the clamps and
the fuselage, chiefly used to prevent abrasion of the
structural members. All three types -of engines were
equipped with 2-bladed direct-driven propellem.

When vibration records were taken at the front or
rear cockpits, the vibrogmph was mounted on the
upper longeron of the fuselage on, or close to, the
bulkheads. The tmsiogrnph was mounted along the
thrust axis of the airplane. ‘Particular care bad to be
taken to mount the instruments rigidly and in such a
manner that no local vibrations of the mounting
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lasted from one-third to one-half second. This timing
was foimd satisfactory for the tests in the coch~it, as
the vibrations there were found to be exact multiples
of the engine speed. An independent cbronometric
timer is more convenient, however, when vibrationa of
frequencies other than multiples of engine speed are
recorded, especially when records are tnken during
maneuvem and when the engine speed is continually
changing.

l?ourier’s analysis was applied to sepmate the
harmonic components of the vibrograph and torsio-
graph flight records. By the use of Runge’s method
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interfered with the actual vibration at the point. In
the tests at the tail of the airplane the instruments
were mounted on the upper longerons, slightly back
of the tail skid. Electric connections and a wire
cable for operating and for locking and unlocking the
instruments permitted remote operation from the
cockpit.

Timing was obtained directly from the engine. A
unit consisting of a commutator and a brush was
attached to the camshaft connection of the tachom-
eter drive. By means of this device, together with a
magnetic coil and a high-frequency reed, four timing
marks were made on the recording ii.lm for each revo-
lution of the camshaft simultaneously with the record-
ing of the vibration. The pilot observed the engine
speed dnriug the interval the record was taken, which

of tabulation on prepared printed standard forms, an
analysis could be made in less than 3 hours per record.

TE.9TRP.S~H AND DISCUSSION

Vibration response of PW–9 fuselage.-Figures 9
and 10 show the response of the fuselage of the PW–9
to a vertical sinusoidal force applied on the engine block
with the airplane mounted” on springs as shown in
figure 8. In figure 9 the amplitude in the vertical
direction as measured at points a to s along the lower
longeron is plotted against the frequency of vibration,
and in figure 10 the amplitude is plotted against posi-
tion along the fuselage or distance from the plane of
rotation of the propeller. These curves show peaks
at approximate frequencies of 600, 1,400 1,680, 2,250,
and 3,100 per minute, the largest response occurring



326 REPORT NATIONAIJ ADVISORY COMMJTTEE FOR AERONAUTICS

at the frequencies of 600 and 3,100 vibrations per
minute.

I?rom subsequent experimental obsemations, the dis-
turbance at the frequency of 1,400 vibrations per min-
ute was traced to a resommt vibration of the trading
edge of the lower wing, that at 1,670 to one of the wing
spans, and that at 2,2oO to the bench supporting the
rear spring. The disturbance due to the supporting
bench was eliminated in all subsequent tests. The
two main disturbanc~, that at 600 and that at 3,100
per minute, were identified as the resonant vibrations
of the fuselage.

Because limitations of the vibrator unit did not
permit a lengthy running at higher speeds, no record

the center of gravity of the airplane, with the wings
and stabilizer replaced by equivalent weights locatod
at their respective centem of gravity. Because of
the very large response of the fuselage at the frequency
of 2,500 vibrations per minute when the unbalanced
weights used at the engine block were applied at this
position, weights of less than one-third the magnitude
were used in these tests. The results are given in
figure 11 and 12. No vibration was observed at
frequencies below about 1,800 and only small response
immediately above 3,OOOper minute. A pronounced
maximum response was obtained at 2,500 per minute.

Only by using the larger weights was it powible to
obtain even a small response at 600 per minute of the
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rendings were taken with the automatic observer at the
frequencies above 3,200 per minute. The elastic curves
of the fuselage at any one frequency, however, could
be determined approximately by observing ampli-
tudes at tierent positiom. The elastic curve at
4,OOO per minute is sho”%cnin figure 10. No other
amplitude peaks, small or lnrge, were observed at the
range of frequencies between 3,200 and 4,500 per
minute.

Vibration response of the fuselage with the wings
removed, and with the vibrator mounted at the center
of gravity of the airplane.-The vibration teats on the
PW–9 fuselage were continued with the vibrator
mounted on the upper longerons immediately above

form given in iigure 10, because the forces were applied
immediately above the nodal point of the elastic
curve at this frequency.

The unmistakable response at a frequency of 2,600
vibrations per minute was similar to that expected
from a comparatively clean undamped structure.
The form of the elastic curve at this critical frequency
corresponds to that of a frequency of 3,100 vibrations
per minute in the vibration results with the wings on.
(See &g. 10.) The lowering in frequency of this mode
of vibration from 3,100 with the wings on to- 2,500
vibrations per minute without the wings may be at-
tributed to the loss of the stiffening effect of the wing
bracing. A smaller response at the frequency of obout
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2,100 per minute, localized at the span of the upper lon-
gerons on which the vibrator was mounted, was also
observed. This response was found to be a resonant
vibration of this span brought within the range of
reccrding due to the added weight of the vibrator.
The effect of this locxd disturbance is noticeable in the
shape of the curves of &we 12. No other resonant
vibrations were observed up to 4,OOO vibrations per
minute. The amplitude of vibration along the fuse-
lage remained below about 0.0025 inch at these higher
speeds, even though the force applied increased as the
square of the speed.

Additional tests for the determination of the funda-
mental mode of the PW–9 fuselage.-The results of
figures 9 to 12 have shown two critical frequencies of
the fuselage, one at 600 vibrations per minute and the
other M 3,100 with the wings attached, or at 2,500
with the wings replaced by an equivalent w~~ht.
Theoretical wmsiderations show that the airplane
being flexibly mounted, the fuselage may be con-
sidered as a &e-end beam of nonuniform elasticity
and weight distribution. The elastic curve of a free,
uniform beam gives for the mode of lowest frequency
very nearly three-fourths of a full wave c.mre9ponding
to 3iT/2 radians, the second mode 5iT/2, the third
7z/2, etc. The frequencies of these 2-, 3-, 4-node,
etc., vibrations bear the relation to each other of 1,
(5/3)’, (7/3)’, etc., or 1, 2.77, 5.44, etc. Beams
having sties-s and weight distributions comparable
to those of an airplane fuselage are expected to give
larger frequency ratios between the fundamental and
the higher principal modes of vibration. The ratio
of the lower to the higher critical fkequency for the
fuselage of the PW–9 (figs. 9 to 12) was found to be
5.1 with the wings on and 4.1 without the wiugs.
Further teds on other airplanw supplementing these
results are considered desirable.

In order to obtain an unquestionable evidence
whether the disturbance at 600 vibrations per minute
was the fundamental mode of vibration of the fuselage,
tests were conducted with a wooden-beam model of
proportional elasticity and weight distribution. In
figure 13 the forms of vibration obtained at diilerent
conditions are given. Weights were mounted on the
forward part to represent the power-plant unit and
wings, and a small weight on the other extreme end to
repre9ent the tail unit. With the amount and location
of iixed weights, given in the iigure, a fundamental
mode of vibration of two nodes was obtained at the
frequency of 460 per minute, and a second mode of
three nodes at 1,550 per minute. These values give
the ratio of the second mode to the fundamental as
3.4. One of the nodes of the fundamental frequency

. was located near the center of gravity of the forward
weights, and the other one about two-thirds the &-
tance toward the tail. As the ratio of the weights of
the forward part to those at the tail was increased,

COMMITTEE FOR AERONAUTICS

however, the node nearer the tail of the fundamental
mode moved forward and approached the second.
Simultaneously, the amplitude of vibration under the
larger weights diminished considerably. This form of
vibration duplicated approximately the form that was
obtained with the fuselage of the PW-9 at 600 per
minuta

Supplementary static tests were made by supporting
the fuselage under the center of gravi~ and applying
weights at both ends and at only the tail end of the
PW–9 fumlage. Computations made from the ob-
served deflections gave the frequency of the funda-
mental mode as being within 50 cycles of 600 vibra-
tions per minute.

-f-’-

(c,~--_._l

FIGURE13.-Tmtredts with a medol boom.
a. FuManmnte,l male of vibmtIObTVI-~ wnn@ W’Y+.6 PcUnti

FTequenoy-%o Vrblatlom p mlnnta.
b. and @d@ mcde-WI=7C POUIICU,WIMM W*.

Frqnen0g=l@3 tihmtiona w mlnuto.
c. llmdamentd mode-TVi-lW pmncU, WY. ] ~md.

liWqnenoy=W3 vihmtionn w mlnuto.

The model and static tests proved beyond doubt that
the 2-nodod fundamental mode of vibration of this
particular fuselage is at 600 per minute. The elastic
curves of &ure 10 indicate that the 3-noded second
principal m~de of vibration must lie in the range of
frequencies between 2,500 and 4,500 per minute.
Since no critical frequencies other than that at 3,100
per minute with the wings and 2,500 without the

W&F were observed up to frequencies of 4,5oo per
minute, it is logical to conclude that these iiequencies
are the second principtd modes of vibration of the
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fuselage, although some doubt still exists as to the
location of their nodes.

Vibration response with the vibrator mounted near
the tail of the PW-9 airplane.-The studies of the
fuselage vibration were further pursued by mounting
the vibrator on the fuselage immediately forward of the
tin. Both forces and moments were applied. Di.&r-
ent methods of suspension were employed to eliminate
any possible effects of the supports and in particular to

.-- r-.. -- —-— I I

Wo / /’~ /
c

i
..

$.025 /, /,u____
~

/
--Transverse

a
/

frequenzy
.& i550 per minufe

I ,

0 4 8 12 16 20 24
Dis fmce from propeller plone of rofofion, feei
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t.9U of afrplane.

insure full freedom in torsion. The principal results
were:

1. A resonant vibration of the fuselage in flexure in
the vertical direction was found to exist at a frequency
of about 600 per minute.

2. A resonant vibration of the fuselage in flexure in
the transverse direction ma found to exist at about
660 per minute.

3. A resonant tibration of the fuselage in torsion
was found to exist at a frequency &lightly under 500
per minute.

4. A resonant vibration of the stabilizer in torsion
about an axis transverse to the fore-and-aft axis at
about 1,900 per minute.

5. A resonant torsional vibration of the fuselage
alone with the fin and rudder and without the stabilizer
at the frequency of about 1,700 per minute. Because
of the play in the controlling gear between the stabilizer
and the fuselage, the fuselage executed a torsional
vibration of its own as though the stabilizer did not
exist. The vibration, although damped by the huge
inertia of the stabilizer, was relatively noticeable. It
was definitely identied only after the tests were con-
ducted with the stabilizer removed.
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The resonant vibrations of the fuselage in flexure
and in torsion at the frequencies of 600, 550, and 1,700
per minute are shown in figures 14 and 15. The
elastic curve in torsion at 500 per minute was simik
to that at 1,700 per minute shown in &re 15. The
mode of vibration having a frequency of 600 cycles
per minute is undoubtedly the fundamental mode of
the fuselage in flexure in the vertical direction that
was determined in the previous tests; that at 55o is a
flexure in the transveme direction; and that at 500 a
torsion. It was practically impossible to disthguish
the nodes of vibration forward of about 9 feet horn
the propeller axis, the vibration amplitudes being
very small and within the limits of experimental
error. The large inertia of the engine block, acces-
sories, and wings damped any normal response of the
fuselage structure.
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Vibration response of N2Y–1 fusilage.-hother
set of curves of flexural vibration of the lower longeron
in the vertical direction, which were obtained with the
vibrograph in its early stages of development, is
shown in @ure 16. The N2Y–1, a Naval trsiniryg
airplane weighing approximately 1,600 pounds, was
used in these tests, and was mounted in a manner
similar to the PW-9. Owing to the high magnifica-
tion and the relatively high error in the instrument at
the time, some dii3iculty was experienced in recording
the response curves at the critical frequencies and in
debrmining the exact mode of vibration of the struc-
ture. In general, however, the modes of vibration

second principal mode of vibration of the fuselago in
the vertical direction, and corresponds to thnt nt
3,1oo per minute for the PW–9 fuselage.

Tlbration response of upper and lower wings of the
PW–9.—In figures 17 to 20, the vibration responses of
the upper and lower wings of the PW–9 airplane in the
vertical direction are shown. A vertical force was “
applied at the engine block, as for the teats on tho
fuselage. The amplitudes were measured along tho
front spar of the right wings. Check tests on the left
half of the wings indicatid that there ma no appreci-
able d.iilerence in the deflections at corresponding

-etical positions. Particular attention was given
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are identicd with those obtained with the PW-9.
I&em these instrumental and also from visual observa-
tions, principal modes of vibration were noted at the
approximate frequencies of 750, 1,100, 1,900, and
2,900 vibrations per minute. The mode at 750,
judging from the results obtained with the PW–9
tests, is the fundamental mode of vibration of the
fuselage in flexure in the vertical direction. The
disturbances at 1,100 and 1,900 per minute were
found to be resommt vibrations of the upper wing
tips and what appeared to be a response of the inner
bay spaM of both wings, respectively. The resonant
vibration at 2,900 per minute is undoubtedly the

to the location of nodal points. With the exception
of frequencies above about 2,500 vibrations per
minute, it was quite ditlicult to determine the exact
location of the nodal points because of superimposed
disturbances. At the nodal points shown in figure
18, the amplitudes actually did not fall below the
V8h.l@9Of 0.0005 to 0.0015 inch.

The principal amplitude peaks indicating resonant
vibrations in the upper wing (fig. 17) are at the approx-
imate frequencies of 800, 1,650, 2,350, and 2,860
vibrations per minute. In addition, there are smaller
peaks at 1,050, 1,400, and 2,100 per minute. The
principal amplitude peaks in the lower wing (figs,
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19 and 20) exist at the approximate frequencies of
1,650 and 2,350 per minute. In addition, there are
small peaks at the frequencies of 1,400 and 2,800 per
minute. It is difEcult to attribute definitely any
one of these resonant vibrations to any one of the
wings, for they appear in both upper and lower wings.
Close examination of the figure and visual observation,
however, indicate a resonant vibration of the upper
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observed amplitudes at the trailing edge at the fre-
quency of 1,400 per minute exceeded the range of the
available instruments. From figures 19 and 20 it is
seen that the vibration of the entire lower wing
appears to be largely influenced by vibrations in the
upper wing and the fuselage. The tips of both wings
are in a state of continual disturbance throughout
almost the whole range of speeds.

FIGURE 17.—vfbrati0n WIMe along the front p of the upper Wfngof the P-W-9 afrplanm

wing tip at a frequency of about 800-per minute, a
resonance in the inner bay span at 2,360 per minute,
and a resonance mode in mid-span at 2,800 per minute.
In the lower wing the indications are that there is a
resonant vibration of the wing tip at a frequency of
1)650 per minute and one in the trailing edge at 1,400
pm minute. Although the effect of the vibration of
the trailing edge of the lower wing is not marked by
excessively high amplitudes at the leading edge, the

General discussion of the vibrator tests.-A sum-
mary of the principil response of the PW–9 structure
is given in table II It may be ccncluded that the
fuselage of an airplane usually has the fundamental
modes of vibration in flexure and in torsion within
the range of possible buffeting frequencies and pos-
sibly within the range of the 112 harmonic of the engine
speed. Flight teats showed bufleting frequencies to
vary from a few- hundred to 1,200 vibrations per
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minute (reference 5). In order to avoid resonance,
the fuselage, eapeciilly back of the cockpit, may have
to be stiffened in order that its fundamerital mode of
vibration falls above these fiequaucies. If the operat-
ing range of the engine is between 1,500 and 1,900
revolutions per minute, the logical range of the
fundamental mode of vibration of the fuselage is

o
Frequency, vibrnf[ons per mjhufe

FIGURE 19.—WbmtIon rOWJnM @Jong the front qmr of the lower wfng of the PW41

w~

between 1,200 and 1,500 per minute. Since the other
pints of the tail structure besides the fuselage are
affected by buffeting impulses as well, these also must
be dcs.igned to avoid resoname.

The second principal modes of vibration of the
fuselage in flexure or in torsion may fall at frequencies
higher than the fit order of the engine speed. For
both airplanes tested, in which the frequency bf the
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second principal mode of vibration of the fusehige in
flexure in the vertical din%tion was found to be close
to 3,OOO per minute, the possibility exists that the
fuselage may resonate either in flexu.re or in torsion
with a possible exciting force of the second order of
the inertia unbalance and the torque resultant of the
same order from the engine or propeller.
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Although no teds were conducted to determine the
second principal mode of vibration in flexure in the
transveme direction, these are believed to be at slightly
lower frequencies than that in the vertical direction,
as the stiflnes-s of the structure is usually made some-
what less in these directions.

Similar considerations apply to the design of the
aircraft wings. It would seem horn these tests that
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the vibrations transmitted to the fuselage because of
resonant responses in the wings are of sufficient mag-
nitude to be a source of discomfort to passengers,
although they may not endanger the slmcture. In
biplanes there is a considerable likelihood that the
principal modes of vibration of the several wing spanE
will be distributed over a wide r~me of frequenck
Considerable caution must therefore be exercieed in
d&gning the wings to avoid a r=onut response by
any of their spans with exciting sources in the engine
or propeller.

In general, in the design of the aircraft structure, it
is necwsruy tit to desigg for strength and lightness,
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to obtain the minimum possible weight, and then to
determine the natural modes of vibration of the
various members of the structure by computation or
by other means. If, in normal operating conditions
of the aircraft, the frequency of any of these modes
synchronizes with any of the exciting frequencies, the
logical ccmrse is to ch~ce the design of the member,
provided that the change does not conilict too much
with other requirements.

.

COI&MJTI’EE FOR AERONAUTICS

Flight tests with vibration reoorders in rear oookpit
of N2Y–1,—The results of tests made with the N2Y-1
are shown in @urea 21 and 22. This airplane was
similar to the one that was used to determine the
vibration response of the fuselage given in figure 16.

In iigure 21 the vibration of the upper longeron in
the rear cockpit in the vertical and transverse direc-
tions iE given. The flights were made with the air-
plane in a level attitude. The principal amplitudo
peaks are at 1,630 and 1,800 revolutions per minute.
Since the frequency of these peaks coincides with tho
engine speed, the cause of the excessive vibration at
these speeds cm confidently be attributed to the
engine or propelkr.

The amplitude peak at. 1,800 revolutions per
minute was determined by visual observations to be
due to a flexure in the inner bay span of the wings in
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the vertical direction. In the description of the vibrn-
tion-response teats for an N2Y–1 airplane it was
explained that a resonant vibration existed in the wings
at 1,950 vibrations per minute. b this airplane,
which is very similar to the one used to obtain the
results of figure 16, a corresponding mode of vibration
cannot be far from the above tiequency. The peak
of the iirst harmonic at 1,630 is probably mostly due
to a torsional disturbance, for the vibration is notice-
able in both the vertical and transverse directions.

Figge 21 shows that in addition to the first, only
the 1/2, 2, and 5/2 harmonics are of importance. Tho
other amplitudes were much less than 0.001 inch.
The 1/2 and 5/2 harmonica must be attributed to the
engine torque alone, as it is not possible for inertia
forces or other couples of these ordem to exist in either
the engine, the propeller, or any other source in level
tlight. A resultant couple in torsion of the 1/2 ordw
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is usually caused by the unequal contribution of mean
torque by each cylinder of the engine, which, in turn,
is the result either of faulty ignition of one or more
cylinders or of difference in the mixture strength. A
resultant couple of the 5/2 order, inherent in the torque
of this engine, is large for a 5-cylinder engine because
the torque components of this order are in phase.
The second hmmonics can be attributed mostly to
second-order inertia &balance due to articulation,
which is known to exist in all radial engines.

Neither the second nor the 5/2 harmonica cause any
qpreciable disturbance in the rear cockpit. The 1/2
lmrmonic shows ttmplitude peaks at engine speeds of
1,600 and 1,740 revolutions per minute in the vertical
and transverse directions, respectively. The increase
of vibration at these mgine speeds is a possible indic-
ation that the l/2-order resultant engine torque is in
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or near resonance with a resonant vibration of some

part of the aircraftstructure in torsion-possibly the

fuselage,of which the frequency of the fundamental

mode of vibration is usually 10JV,ss seen from the

PW-9 teds.
In figure 22 is shown the vibration of the engine

block with added propeller static unbalance. The tests
were run on the ground with the vibrograph mounted
on the engine block so as to record vibration in the
vertical direction. There is a peak of vibration of
the first harmonic, for both unbalances used, at about
1,300 revolutions per minute. Apparently, a mode
of freo vibrations of the engine mounting occurs at

that frequency. The amplitudes of the other hrw-
monics are not appreciable. 0

The magnitude of vibration over the entire operating
range of this airplane is far beyond the 0.004-inch
limit of amplitude for comfortable riding, set by the

test resultsobtained by Constant (reference 1). The
explemation of repeated complaints that the N2Y–1
airplane was “rough” and somewhat uncomfortable
in the air becomes obvious upon examination of the
results of figures 21 and 22.

Flight tests with vibration recorders in front and
rear cockpits of NY–2,—In figures 23 and 24 are shown
the results obtained with the vibrograph mounted in
the front and rear coch~its, respectively, of the
NY-2 airplane. The vibrations shown in these fig-urea
are those of the upper left longeron.

In flexure, the vibration is hardly noticeable at
1,800 revolutions per minute. The maximum ampli-
tude of 0.006 inch is recorded in the front cockpit and
is that of the fit harmonic. There appeara to be m
peak in the amplitude of the &t harmonic in the
verticfd direction at 1,900 revolutions per minute and
in the transverse direction at 1,800 revolutions per

.CG9 I I I
Verficd directim

I
I 1

Isf horrnmk of ekgine “speed

D@
I

— :

2
—

x

/-- ---- -. __ ____
- ,

c?
0 --- .— --- ---- ____ ----- ~ -2nd
“~ o

.4
>

~

+.006
>
s Trmsverse diredlan<

:

.034 /-\
\ -1s7’

‘. ..!4..~-. &d. ..l 1’
% - ---

--- __ _~ __ ___ . --
UJ I I 1 1 1 I I 1 I

1200 /400 mm 1800 2LZW
Engine speed r.prn

FIQUIUE%—vfbiatfonfnthe mu cm.kplt of the NY-2 afrphmeh tlfghL

minute, but the vibration is well damped and no
deiinih statement can be made as b whether a mode
of vibration in any part of the airplane structure in
flexure is of either of these frequencies.

In figure 25 are shown the results obtained with
the torsiograph in the tint and rear cockpits of the
NY–2. The instrument was mounted on the bulk-
head along the thrust * of the airplane. There are
amplitude peaks of the 1/2 and second harmonics at
1,800 revolutions per minute and of the fit harmonic
at 1,900 revolutions per minute or slightiy above.

The pilot reported that the vibration in this airplt-tne
was noticeable at speeds between 1,800 and 1,900
revolutions per minute and became somewhat dis-
agreeable as the airplane was nosed slightly down
rtt engine speeds slightly above 1,900 revolutions per
minute.
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Plight testa with vibration recorders on tail of
NY-2.-A number of tests of a preliminary nature were
made with the vibration recordem mounted on the
tail of the airplane. The information obtained thus
far is given in tables III and IV. The angles of attack
were estimated from aerodynamic data with a probable
error of less than 1°. A complete analysis of the records
by Fourier series was found somewhat impracticable
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md unnecessary in these teds in which the delamina-
tion of the frequencies of vibration wcs of more impor-
tance. The few superimposed harmonics could be
readily separated by an approximate graphical method.
The iiequencies could be determined to within an
rmcumcy of 10 vibrations per minute. The amplitudes
given contain a possible error of 25 percent.

An examination of the frequency column in both the

tablesshows that a frequency of about 670 vibrations
per minute appears often in both flexure and torsion.
This vibration made its appearance and was damped
out within half a second, sometimes in 1sss time.
Since it appears in flexure as well m in torsion, it is
reasonable to conclude that it is a torsional frequency
of free vibrations of the horizontal tail plane or pos-
sibly the fundamental mode of vibration of the fuselage.

In the comparison of the frequencies, air speeds,
and angles of attack it is noticed that, in addition to
the vibrations whose frequencies are multiples of
engine speed, forced vibrations of frequencies in the
range of 400 to 650 vibrations per minute make their
appeamnca. These vibrations can only be of rwrody-
namic origin. Supplementary tests have shown these
low-frequency vibrations to be a maximum near the
stern post, but decreasing rapidly forward of the tail;
and they were hardly noticeable immediately baok of
the cockpit.

CONCLUSIONS

The results of the ground and flight taste with spe-
cially designed vibration instruments to determine the
response of the several parts of the airplane structure
to the forces encountered in flight maybe summru-ized
as follows:

1. In ground teats with a vibrator, the frequencies
of the fundamental modes of vibration of the fuselages
of the two biplanes tested were found to lie between
500 and 750 vibrations per minute for both flexure and
torsion. The frequency of the secontl principal mode
of vibration of the fuselages in flexure in the verticrd
direction w-as found to be close to 3,OOOper minute,
The wings vibrated approximately as multispan
beams having the supports close to the strut attach-
ments, and the nati frequencies of the several spins
ranged tim about 800 to 2,800 per minute.

2. In flight tests with airplanes equipped with radial
engines, vibrations at, or forward of, the rear cockpit
were found to be of frequencies that were multiples of
the engine speed, a positive indication of their origin
being in the engine or the propeller. In addition,
vibrations of low frequencies were found to be present
in the part of the fuselage back of the cockpits. These
vibrations were of maximum intensity near the
stern post. Some of these low frequencies were not
multiples of the engine speed, apparently being of
aerodynamic origin.

3. Ground and flight tests indicate that unless
resonance occurs between a free mode of vibration of
the airplane structure and the exciting source, the
magnitude of vibration is usually of no pmctical con-
sequence. It fo~ows that considemble reduction of
vibration may be obtainecl by avoiding a resonance of
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o mode of free vibration of the structure and the excit-
ing sources. Because of the large number of independ-
ent degrees of freedom of the several parts of the
structure, however, the reduction can only be acxom-
pliahed after close study of the response characteristics
of the particular type of structure in connection with
a knowledge of the exciting forces.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COaIWLYCDE FOR AERONAUTICS,
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TABLE 11.-SUMMARY OF PRINCIPAL RESPONSES OF THE PW-9 STRUCTURE AS DETERMINED IN THE
VIBRATOR TESTS
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TABLE 111.-NY-2 TAIL VIBRATIONS IN THE VERTICAL DIRECTION VIBROGRAPH TEST IN FLIGHT
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TABLE IV.-TOR9IONAL VIBRATIONS OF THE NY–2 TAIL 1 TOILSIOGRAF’H TEST IN I?LIGHT
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