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Experimental Verification of Theory of Landing Impact
By Walter Ramberg and Albert E. McPherson

Driop tests of an idealized wing and alighting gear were made to provide an experi-
mental chock on methods for somputing the tranesiont banding strasses in the wing produced

by & syiwmetrical vertical landing impact.

condition to make contact at & point below the center of gravity.

The model waz dropped in & nearly strain-fres

The forces in the alight-

ing gear, peceleration at the “fuselage", and hending etrainz in the wing were recorded as a

Tenetion of tine.

Aeeording tothe statietical theory of Biot and Bisplinghoff, the somputed imaxiowm bemi-
ing strenses, using the first three flexural modes, were found to be 43 to 137 pereent greatar
than the measured velues. Using the actual forclog funetion reduged the difference to less

than 20 percent,

I. Introduction

The tests deseribed in this paper! were made
for the Bureau of Aeronautics, United States
Navy Department, to provide an experimental
verifieation of analytical methods for determining
the transient oscillations in the atrueture of an
sirplane during landing impact.

The practical importance of this preblem for
the safe operation of large airplanes has been
siressad by Biot and Bisplinghoff (1] 2, Keller [2],
and Yorgiadis [2],

The anslysis of the transients during landing
impact is complicated by the fact that these
transients involve many natural modea of vibra-
tiech of the airplane, and response in each mode
depends on the force-time curve gt the point of
contact. The force-time curve will vary from
one landing to the next of & given airplane. In
view of these complications, Biot and Bispling-
hdif propozed an ingenious statistical approach to
the landing problem. In this approach the vibira-
tien of the structure in a given mode is reduced to
that of an equivalent linear oscillator, and the
maximum amplitnde in that mods iz estimsted
from an envelope of “dyttamic response factora”,
which bounde the responsc to impact force-time

1 This paper was presentsd bedors the Bizth Intarnatlons]l Congress for

Applied Mechanbos in Parkt gn Bept. 27, 1848,
¢ Figors In branksts Indigate (he lperatnrs redorences at the and of this

paper.

Landing Impoct

ecurves of any shape that may be expected in the
landing. An upper limit to the resultant amph-
tude in obtained by adding up the maximom
amplitudes in the various modes.

Applieation of Biot and Bisplinghoif's statistical
approach involves the following assumptions,
which may affect the accuracy of the result:

1. The maximum amplitude in the wvarious
modes i@ added up without regard to phase differ-
ences. This will laad t¢ a resuliant that may be
considerably larper than the resultant when phasge
differencss are taken inte account.

2, The inost saverc impact force-time curve
during the landing approaches in effect one of
the impact force-time curves that were used by
Biot and Bisplinghoff to derive their envelope of
“dyoamic response factors”. Further measure-
ments of landing impacts in gervice and of impact
foree-time ecurves in drop testa of landing gear
may lead to modifications of the envelope of
dynamic response factor. The envelope should
be raised if service showed more severs impact
force-titne curves than those assumed by Bict
and Bieplinghoff. It could be lowered if they
were found to be consistently less severe.

2. It is sufficient to confine the analysis to the
firet few modes of vibration. Inclusicn of modes
of higher order than about the fifth is impracts-
cable, because they are either unknown or too
dificult to determine. This may lead t¢ an axces-
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sively low value of the resultant if the higher
modes contribute a significant proportion to the
resultant.

4. The force-time curve at the landing gear is
independent of the flexibility of the airplane
structure. Actually there may be an appreciable
coupling between the elastic deflection of the
structure and the action of the landing gear.

5. The effect of damping is negligible. Damp-
ing may introduce coupling between the various
modes of vibration of the airplane, thereby making
it impossible to analyze the vibration in any given
mode apart from that in all other modes.

6. Nonlinear effects are negligible.  Nonlinear
effects caused by buckling of the sheet, slipping
of rivets, exceeding of the proportional limit of
the materials in portions of the strueture may
introduce coupling between various modes,

II. Description of Model
1. Wing

The wing was designed to have a mass and
fexural-rigidity distribution approximating that of
a My-scale model of a large military airplane. The
assembled model 13 shown in fisure 1. The wing
was a tapered box beam of rectangular section. 1t
was constructed of aluminum alloy sheet and
angles fastened with %-in. rivets. The nominal
cross-gectional dimensions at several stations along
the wing are shown in figure 2.

The flexural rigidity, EI, at various stations
along the completed wing was computed from
measurements of extreme fiber strains when the
wing was subjected to & known bending moment.
The results are given in figure 3.

The mass distribution of the wing was measured

FiGore 1.

An experimental verification of Biot and Bis-
plinghoff’s analysis was decided upon in order to
determine the adequacy of the assumptions and
to indicate the minimum number of modes of
vibration that must be ineluded to estimate
maximum bending moments and accelerations at
various stations along the wing.

The experimental verification was started with
the tests deseribed in this paper. These tests are
concerned with the simplest case, namely that of
measuring the flexural transients in a symmetri-
cally tapered model wing when the model is sub-
jeeted to a vertical impact foree directly below
the center of gravity. Four engine masses were
mounted symmetrically on the wing so as to sub-
jeet it to bending without torsion during the
landing impact.
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Tdealized model,

by a volumetric method.  This involved stripping
the wing of the engine weights and measuring the
change in weight as the wing was lowered into a
large container of water. The measured values of
mass per inch are shown in figure 4, a. Figure 4, b
shows the magnitude and location of concentrated
masses corresponding to the engines and fuselage.

2. Alighting Gear
(a) Damper

Adjustment of the damping foree over a wide
range was made possible with a fluid damper built
into the center of the model. The damper,
ficures 5 and 6, consisted essentially of a piston
forcing fluid out of 8 adjustable ports in a cylinder.
The ports were located in the side of the eylinder
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Fiouge 5. Schematic diagram of alighting gear.

wall at 0.07-in. intervals along the path of travel
of the piston.
mder, it suecessively closed off the poris.

As the piston traveled up the eyl-
The
shape of the curve of damping force versus piston
displacement could be changed by adjusting the
initial opening of the various ports.

(b) Spring

The cushioning action of the air pressure in an
oleo strut was approximated in the model by a
pair of double cantilever springs shown near the
bottom of figure 5. The springs were designed to
The
stiffness was changed by moving the length-ad-

have a wide range of adjustment of stiffness,

justing block either closer or farther from the
vertical centerline of the model.  The springs were
attached between the landing fool and the root of
the model, The initial load applied by the spring
between root and wing eould be adjusted with the
spring-loading bolts shown in figure 5.

{c) Landing Foot

The landing foot of the model is shown at the
bottom of figures 5 and 6. It had a conical impact
surface, which was intended to give a nonlinear
relation as the foot

foree-displacement 0=
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pressed the rubber-surfaced landing pedestal. A
nonlinear force-displacement relation was desired
to simulate the nonlinear characteristics of the
tire in an actual airplane. The shape of the foree-
displacement curve was varied by changing the
thickness of the rubber and by using natural
rubber, Neoprene, and combinations of the two.

III. Tests

1. Release Gear

The release gear shown in figure 7 was developed
to drop the model in the nearly “strain-free con-
dition" This
prevents the setting up of vibrations excited by

that should hold during free fall

the sudden removal of the dead-weight forees
release of the model. It has been found
that such vibrations may interfere seriously with

MM

the interpretation of the strains and accelerations
recorded during drop tests of fullsize airplanes,

The release gear supports the model at several
stations along the wing with forees that are ad-
justed to be nearly in balance with the local dead-
weight forces. Upon release, the supports are
removed at an aeceleration ereater than Zravity,
thus leaving the model free to fall in its nearly
gtrain-free condition.

The support is applied to the model by eight
pointed serews, B, at the ends of six arms, A,
figure 7. The gerews, B, were earefully adjusted
until strain gages attached to the model near the
root and near the first engine indieated the model

was in a “strain-free condition™.  Strain readings

Froure 6.

Clenter seetion of ddealized model,
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Fioure 7.

Release gear,
corresponding to the “strain-free” condition were
determined as the average of readings for the +g
and the —g eondition. The g econdition was
obtained by holding the model above the conter
of gravity with the landing foot vertical below the
center of gravity; the —g condition was obtained
by turning the model through 180° about the
wing axis to place the landing foot verlically
above the center of gravity.

The model was released by cutting an 0.04-in.
steel wire attached to lever ¢, which held the
release gear in the supporting position.  The
supports were swung away from under the model
at an acceleration greater than g by heavy rubber
bands, [}, which rotated the main support rod,
E, about ball bearings at the ends. A friction
catch at F on rod K prevented the arms, A, from
swinging back into the model,

2. Instrumentation

The instrumentation of the model included
pick-ups for measuring bending moment near the
fuselage and near the first outhoard engine, aceel-
eration at the fuselage, foree transmitted through
the springs, and force transmitted through the
damper.

All quantities exeept acceleration were measured
with pick-ups by using strain-sensitive wire. The
signal of these pick-upg was amplified with the

Landing Impact

four-channel equipment shown at  in figure 7.
It was then recorded in the six-channel recorder,
H. The amplifying equipment included in each
channel a Wheatstone
bridge and a band-pass filter to give nearly flat

1,000 efs ecarrier-current
responze up to 100 e¢/s; at 200 ¢/s the response
was down about 20 percent. The recorder was
equipped with galvanometers having a natural fre-
quency of 430 c/s and a response that was flat up
to 1040 o5, ;
at 200 ¢fs; it dropped off rapidly above 300 ¢fs,
with a
tube aceeleration pick-up developed at the Na-
tional Bureau of Standards. The pick-up con-
tains two separate flexibly mounted plates on

the response rose about 20 percent

Aceeleration was measured VECULIT -

oppozite gides of a fixed eathode. The plates are
deflected elastically by the accelerations, thereby
increasing the current between one plate and the
cathode and decreasing it between the other plate
and the eathode. The total change in current is
recorded through a Wheatstone bridge. The
pick-up has a fundamental frequeney of about
B /5.

filter into the recorder, £, giving a flat response

The output was fed through a low-pass

up to 200 ¢/s.

The bendinge moments at various stations on the
wings were measured ||_1.' attaching pairs of wire-
strain gages to the top and bottom of the wing
and connecting them in opposition in a Wheat-
stone bridge cirenit so that the output was pro-
portional to the extreme fiber-bending strain.
In addition, gages in corresponding positions on
the right and left halves of the wing were con-
ace their output electri-

nected In series to avi
eally, The over-all cireuit from gages through
Wheatstone bridge, amplhfier, and osecillograph
was ealibrated statically before each set of drop
teats by applying known bending moments to the
wing and recording the output,

The acceleration at the fuselage was measured
with the vacuum-tube acceleration pick-up, A,
ficure 6. The pick-up and ecircuit were ealibrated
with an aceeleration of 2 g applied before each
set of drop tests by reversing the accelerometer
in the carth’s gravitational field and recording the
output.

The forece transmitted through the spring was
measured by attaching wire-strain gages, B, fizure
6, to each of the eight leaves of the spring and
connecting them into a Wheatstone bridge circuit
in such a way that their output was proportional

513



|| """ NRRRRAAN, H e L REE RN EAgPARs 2R
A A A[' i I_’ |
B B BL 2k

L c

5 o/ I 5
E ' '] E® E

LTy T T TTTTT 111

a b C
]| '.Ju'.'.:’ |r““EI :u:-in= || Iﬁ:‘:

A 3 A A
B - (Y J i B
5 v bV |

- - D H
E - ; N £ €.

L

d

e 4

Fiiore 8. Drop fesie from o heighl of ghoxf 0.7 #n,
Frezapes reliel ports open 3 torn n testy s to e, To test §, porte 1 to & open ocmedourth torn, apd parta § to § doted, A, [oaelage accalaration; B, Fpring;

£, deimpers D, sutboard bendlog: K, root banding.

Test

MNumber of Tubber pads
Iniual ordet lendlng foot.
#hring
g
Natural Neaproose
.
] B [
1] 1) I
] ] I
] 2 4
1 1 4
1] k' 4

to the total force transmitted by the spring. A
ptatic salibration waa obtained hefore each set of
tests by applying known forces and recording the
output.

The foree transmitted through the damper was
measured by a small pressure gage at the top of
the cylinder chamber, figure 5. Thie pressure
gage consisted of an aluminum alloy tube X-io.
long, ¥ in. in diameter, and of 0.0035-mn. wall
thicknese. The tube hnd one end closed and the
other end open to the fluid in the eylinder. On
the outside of the tube 0.001-in. constantan wire
was wound and cemented into place taking care
to insulate the wire from the tube and to bring
out firmly anchored lead wires. A static calibra-
tion of the gage showed it to have a linear change
in resistance with pressure up to pressures of 300

Bl4

Ibfin.?, corresponding to forces of 500 lb trans-
mitted through the daraper,

IV. Results

The records showing the results of the drop
tests from a height of about 0.7 in. are shown in
figure 8, Six drops were made in which the land-
ing conditicns were varied by changing the softness
of the rubber on which the model was dropped,
the initial apring loading, and the opening of the
pressure reliel ports in the demper. The initial
spring loading of 43 b, for impaet, (figurs &, {,
corresponds to supporting the whole weight of
the model on the springs.

The shortest impact, lasting about 0.050 sec, is
shown in figure 8, f, and the longest impact, Tast-
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ing about 0.085 e, 15 shown in figure %, a. The
ratio of impact time to the period of the model
in it fundemental bending mode approximately
covers the range of this ratio for large airplanes.

The maximum observed bending moments in
the wing at stations 1.5 in. and 14.5 in. from the
root are given in table 1. In addition, table 1
gives the maximum observed accelerations at the
reot, the duration of the impact, and the maxitnum
itmpact force. The mazimum impact force was
obtained as the maximum value of the sum of
the forces transmitied through the springs and
the damper,

Tabre 1. Maximum waluer of the applisd fmpact foree
(eum of epring oad domper forees), bending moments ol
I.85-in., and 14.5-in. slations, and aceeleraliony @b rood

Maxl.
st | e | Plea Impaat
K Mazirum aseal- | ~DL0840
Renord [ nl- Tk bk
Ei' ﬂmb }Emt eritbon Bt oot iy
g nIS LB
I B-in. M=, | fmipact r L
- 25 TH FFy ] 1, 380 il LY
b__ 105 1130 an 1, gan EQ i
0. 100 1, 000 500 1, MR i1 e
.. " ol ) 1, M 9 AN
n.. 12 130 1 Py LA b
| P 112 1170 L] 14X [ %] AL
V. Analysia

1. Hormal Modes of Vibration

The normal modes of vibration of the model
wing in bending were computed by considering the
mass to he concentrated at the root and at nine
stations sleng each half-wing. The distributed

muss of the portion of the wing between adjaccnt
stations was distributed to thoss atations in in-
verse proportion to the distance from each station
to the center of gravity of the portion of wing
being eongidered. The values are given in tzhla
2. Influence coefficients were then computed be-
tween the mass points by treating each half-wing
a8 & zimple beam clamped at the root. The firat
three flexural modes of the wing in frec-frec vibra-
tion ware computed from these influence coeffi-
cients and from the given mass distribution using
a dynamic matrix and teration procedurc as ex-
plained hy Dunecan and Coller [4]; the deflection
at the root of the wing was obtained from the
condition that the center of gravity of the wing
must remsin at rest for froe-free vibration. In the
case of the second snd third mode, the iteration
procedure had to be modified to prevent conver-
gence to the fundamental moda. This was ac-
compished by removing any propoction of lower
modes present witk the help of the orthogonality
relations as ouvtlined for propeller blades in [5].

The deflections in eack mode r were normalized
by dividing the deflection, 77, at a given sta-
tion, %, by that at the tip station. The values are
given in table 2,

The normalized deflection, %, were substi-
tuted in the following formula to obtain the gen-
eralized mass, Af,, of the equivalent linear oscilla-
tor in mode # faee |1]):

v
— irdd
Mr‘—g mf[".l il {1}
where m, is the mase at atation . The values ara
given in table 3, together with the frequencies and
periods in each mode,
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TapLe 3. Nodural period, gencralezed moss, ond bending
wmoment for sach natural mode
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Table 3 shows also the bending moments per
unit-tip deflection in cach mode at the two sta-
tions, 1.5 and 14.5 in. from the meot, at which
meagurements were mude. The bending mo-
ments were computed hy considering the wing to
he loaded at stations i=1, 2, . . ., 9 hy iransverse
forces wim, n, ' where w, is the frequency in the
rth mode.

2. Dynamic Response According to Theary of
Biot and Bisplinghotf

The dynatnic response of the model wing was
compited by using Bict and Bisplinghoff's theory
[1] for each of the 6 impactz shown in figure 9.
These were obtained from the records of figure 8
by adding the spring and damper forces shown as
B and C snd dividing by 2.

{2} Bending Moament

The maximum bending moments M,.; and
Af, 14 at stations 1.5 in. and 14.5 in. from the root
weare computed by adding up the maximum bend-
ing moments {M;; ). and (M, .4); for the first 3
modes r=1, 2, 3. Two szte of values were com-
puted, the first an upper limit corcesponding to
the envelope of dynamic responee factors 7,
given in fgure 13 of 1], snd the socond w closer
approximation corresponding to the response factor
for that impact in flgure 12 of 11] that came
closest to the actual impacts shown in figure S,

The bonding moments in each mode r ware
obtained by multiplying the bending momenta
per unit tip deflection in table 3 by the tip deflee-
tion ~.(h/M,w3, where (3, is the gensralized foree
in mode r. The generalized force was computed
us the produet of the maximum observed impact
force and the normalized deflection at the root
in mode »,
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The resulta of the computations are given in
table 4. Exnmination of this table shows that
the third flexural mode contributes less than 4
percent to the bending moment at the two siations.
In view of thiz rapid convergence, it would have
been sufficient in this particular case to confine
the annlysis to the first two flexural modes.

Comparison of the maximum bending moments
computed, tabla 4, with thosa obscrved experi-
mentajly, table 1, shows that the computed values
using the beat fit impaet eurve are from 15 percent
less to 51 percent more than those observed, and
using the envelope impact curve are from 423 to
127 perecent maore than those chaerved.

{b) Acceleratiom ot Bect of Wing

A dynamic respones factor o for weceleration,
analogous to the dynamic response factor 4 for
doflections as given in floure 13 of (1], waa deter-
mined ag follows:

Frotm equations (I-8} and (I-10} of [1],

ﬂtm‘r}ﬁ):%%:]_% .l:]' Q. (r) pin w{i—r)dr, (2)

whera

Fup'" {1y =nacceleration in mode r at tip
Q. (f)=generalized force in mode r as a
{funetion of time
r=variable of integration
i=time.

If wa denote by €, the maximurn value of &%) and
let p.f1) be a vnit impact force defined by

(D) =Q1’, Q6 (3)

wa obtain the dynamic response factor a'™t) for
acceleration as
"

Mﬂ{t}=§:}"—;{’ﬁjm3},{t}~w. L £+ 8in wy (E— 7)dr.
{4}

The dynamic reaponse {actor «'7(f) can be con-
sidered &s the ratio of the actual acceleration
#up™? (£) &t the tip to the steady scceleration result-
ing from applying the peak generalized foree 4,
to the gencralized mass A,

The value of «''(t} was evaluated for lmpacia
of trinngular shape and sinusoidal shepe by using
the analyses presented in eq 16 to 19 of [6]. The

Landing Impact
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peak walues o of =™*(f) are plotted in fgure 10
as & function of the ratio of impact pulse period
T to mode period T,=2x/w,. The dynamic re-
sponise factor o for acceleration decreases rapidly
ag the rafioc TYT, 18 increased above (0.8, For
T{T, greater than 7, « 13 less than 0.20. As T/T,
approaches zers, o approaches 1.

The maximum aceeleration #, at the root of the
wing was computed by adding up the maximum
accelerations §,' for the first four modes #=0, 1,
2, 3, where #=0 corresponds to motion a5 & rigid
body. Two sets of values were computed, as in
the case of the bending moments, the first corrs-
spending to the envelope of dynamic response
factors a in figure 10 and the second corresponding
te that onc of the two shepes of the eurve of
impact force versus time, assumed for figure 10,
that comes closest t0 the actual dnpact shown in
figure 9.

The accelerations #,'™ in ezch mode were oh-
tained from

!

ik
o =20 (8)

T

where 5,7 is the normalized deflection at the root.
For the rigid hody mode +=0.

™ = Quf Mo, (5a)

where ) i3 one-half of the maximum impact force
applied, and My is ene-haif of the mass of the wing.

The results of the computation are given in
table 5. Exzsmination of table 5 shows that the
second and third Hexural modes contribute less
than 4 percent to the acceleration at the roof.
It would have heet sufficient in this casce to con-

TagLE 5. Acceleration of rod of wing according b heory
af Bid and Biaplinghoff in. faec?
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fine the analysis to the rigid body motion and the
fundamental flexeril mode.

Clomparison of the mazimum computed acecl-
erations at the root, table 5, with (hose observed
experimentally, table 1, showa that the computed
valuez using the envelope curve are fram 18 to
56 percent more than those obeerved and, using
the best fit ourve, are from 8 to 43 percent more
than those cbeerved.

3. More Exact Analysis, Including Effect of Fhaze
Differenices

A basic nssumption in the theory of [1] i that
the maxirmum response of the wing in cach mode
may be added without regard for phase. The
resulting ercor was computed by making a more
exact analysis for ithe impact-lime relation shown
in figure 9, <.

The tip deflection in mode rir=1, 2, 2] was
computed from en (I—10) of [1)

ve=gi | @0 snade—ndr,

where {8} iz the generalized force in mode »
computed by multiplying the impaet force-time
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relation figure 3, d by the normalized deflection at
the root, %'§. The iniegrations were carried
out numerically. The resulting tip deflections in
each of the first three flexyral modes are shown in
fipura 11, a.

The bending moments M, 1, at 1.5 in. from
the root wers computed by multiplying the lip
deflections in ocach mode by the corresponding
factor in tabla 3. The resolting hending moments
in ¢ach of the first three modes and their sum, as
well as the observed bending moment, are shown
in fizure 11, b. Figure 11, ¢ shows corresponding
values st 14.5 in. from the root.

The acceleration at the root in the rigid body
mode r=0 was computed from cq 5a after replac-
ing €} by €u(i). The acceleration in the Aexural
modes r=1, 2, 3 was ohtained from

. . el
yn{fl=ynptr:w:rzz|:%}r_}_ﬂray "pm] w® (T

where i) is the tip deflection given in figure
t1, &. The resuits of the compulation are given
in figure 11, d, together with the observed accelera-
tion at the root,

Examination of figures 11, b to 11, d shows
that the sbserved maximum benditg moments
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Delailed anolysis for the impad force-ifme ve-
Iation it figure 9.4,

Frouum 11,

and sccclerations differed lesa than 20 percent
from the computed values, when the phase differ-
ences were taken into account and when the
nehual impact force-time curva was used.

Comparison of the response in the individual
modes in figure 11 shows that the error caused by
neglecting phase differences was negligible (less
than 19%) in the case of bending moments. In
the case of acceleration at the roet, the errer was
about 23 percent.

The good agrcement observed for bending
moment is primarily the result of the following
two factors,

In aircraft structures {or models simulating air-
eraft), the periods of naturel vibration ¥, are ss
short or shorter than the duration of the impact
T. In such a case, & maximum bending moment
and deflection response in all the modes occurs In
phase at a time a little later than the maximum
applicd impact force.  The response in the differ-
cnt modes drope off rapidly as the number of the

Landing Impact

mode increases.  Henca tha contribution of the
higher modes becomes nogligilie.

The phase difference can be importent in the
casc of neceleration, as the acceleration in the
firat flexural mode may be, and in this example
was, opposed in phass to that of the rigid body
motion at the peak. Neglect of phase in the cnse
of acceleration near the tip of the wing would
probably lead to resulis so inaccurate as to he
uzaleas,

VI. Swmnmary

An experimentsl verification of Biot and Bis-
plinghefl’s analysis of landing impact is presented.
An airplane model was built having & distribution
of mass and of flexurel] rigidity along the wing ap-
proximataly proportionel to that for a four-engine
military airplane, The four engine masses were
mounted symmetrically on the wing a0 as to
axcite flexural wibrations without torsion when the
model was droppead vertically to receive a landing
impact below the center of gravity. The modal
contained an alighting gear with meana for adjust-
ing the time history of the impact force acting on
the wings. Measurements were made of impact
force, bending moments at two stations, and root
acceleration for six landing conditions.

The observed maximum bending moments were
comparad with those computed by Biot and Bis-
plinghoff's method. The vomputed hending mo-
ment, using & response factor given by an envclope
curva due to Bigt and Bisplinghoff, was 43 to 137
percent larger than the observed bending moment.
Use of an approximation to the actual impact-time
relation gave bending moments from 15 percent
less to 51 percent greater than the observed bond-
ing moments,

A maore exact analysis, taking account of phase
differences was made for one of the actual impaat
foree-time curves. This gave maximum bending
morments that differed less than 20 percent {rom
the obeerved bending moments. Comparison of
the computed response in the mdividusl modes
showed that the neglect of phase differences be-
tween the different modes, inh aceordance with
Riot and Bisplinghoff’s analysis, would have
caused an error in maximum bending moment of
lesa than 1 percent.

The observed mayimum accelerations at the
wing root were compared with those computed
from an extension of Biot and Bisplinghofi's anal-
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ysig, which involved the computation of response
factor curves for acceleration. The computed
acceleration, using u response factor given by the
envelope to these curves, was 16 to 56 perceni
greater than the measured acceleration. Uso of
the most closely fitting impact curve reduced this
error to 8§ to 43 parcent. It should be noted in
this connection that larger differences may be ox-
pected at the wing tips, since these are more
affected by flexural vibrations.

Tha mors exact analysis for onc of the inpacis
showed that the neglect of phase differences cansed
a0 error in computed maximum accelerations at
the roet of about 23 percent. This error would
probably be much greater for acceleration at the

wing tip.

The authors thank their eolleagues Sarmmel Levy,
for the analysis reported in this paper, and Eileen

D, Segal, for the numerical cotnputations of dy-
namic response.

VII. References

11] M. A, Bict and R. L. Bigplipghoff, Dynamic leade oo
airplane atructures during landing, NACA Wartlme
Report W92 {Oct. 1944).

[2] E. ;. Keller, J. App. Mech, 11, Ho. 4, A-219 t0 A-2323
f 1944y

13] Alexander J. Yorgiadis, J. Inat. Aero. Sei. 18, Na. 4,
431 (1944,

[# W, 1. Dunecan and &, R, Collar, Phil, Mag. 8Berc_ 7, [17],
No. 115 866 (1934).

[6) Walter Eamberg and Saniuel Levy, NBS J. Research
21, 630 (1933} RF 1148,

[6] J. M. ¥rankland, Effects of Impact on gimple elastic

structurea, David W. Taylor Model Bagin, Beport
4E] {1942,

WasHineToN, July 8, 1048,

Journal of Research




