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ABSTRACT

This report presents the results of an investigation
conducted for the purpose of evaluating the adequacy

of simulating landing loads by airplane laboratory

drop tests and for the purpose of determining the
accuracy with which these loads may be calculated by
means of a dynamic analysis., Curves are presented which
compare ground loads obtained from airplane landings,
ailrplane drops, and theoretical analyses. The comput-
ing program for the theoretical analysis and its re-
quired input data are described.



FOREWORD

The work described in this report was accomplished
by Douglas Aircraft Company, Alrcraft Division,

Long Beach, California, for the Bureau of Naval
Weapons, Washington, D. C., under Contract NOa(s)
59-6226¢. It represents the summary of a comprehen-
sive program for the examination of loads experienced
by Naval Alircraft during landings and the determina-
tio: of the accuracy with which these loads may be
duplicated by drop tests and analysis.

The project was performed under the general direction
of Mr. C. T. Newby of the Bureau of Naval Weapons

with Mr. D. C. Lindquist acting as cognizant technical
project head. It was conducted by Douglas Aircraft
Company with Mr. F. C. Allen providing the technical
direction and Mr. L. B. Mosby acting as Chief Technical
Investigator.
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SUMMARY

This report presents the results of an investigation con- .
ducted for the purpose of evaluating the adequacy of simulating
landing loads by airplane laboratory drop test and for the purpose
of determining the accuracy with which these loads may be calcu-
lated by means of a dynamic analysis. The program consisted of
the measurement of landing gear loads on an A4D-2 airplane during
flight tests and during laboratory drop tests, with consistent
instrumentation, and the computation of loads by means of analy-
tical methods. A comparison was also made of the loads developed
during flight test with the results of drop tests previously con--
ducted with the same landing gear on the moving drop test rig at
the Landing Loads Facllity of the National Aeronautics and Space
Administration at Langley Field, Virginia. Detalls of the instru-
mentation, the flight tests and the laboratory drop teats are
presented in other reports. This report describes the analytical
methods, presents the results of the analysis and provides the
comparison between test data and theory.

The major portion of the testing and analytical work was
concerned with symmetrical landings on a smooth runway and with
a relatively clean alrplane configuration. Additional flight
test landings were, however, made to determine (a) the effects
of asymmetry (roll), (b) the accelerations experienced by wing
external stores and (¢) the load increments resulting from
running over an arresting cable. The results of these tests
and an analytical investigation of the accelerations experienced
by the external stores are presented in a separate report.

The major results of the primary phase of the investigation
.reported herein are summarized as follows:

1. Substantial differences in loading between the
nominally symmetrical landings and the drop tests
were measured. These differences were created to
a large extent by small differences in 1niti:z.
conditlons, by unavoldable asymmetries and by instru-
mentation accuracy. The differences were large
enough to obscure those which might have been intro-
duced in the drop tests by the simulaticn of forward
speed by wheel spin-up or the simulation of wing
1ift by concentrated loads.

2. General correlation between drop test loads and
landing loads was obtalned to the extent that the
maximum vertical loads were, on the average, within

_t 16%, and the shape of the load curves showed
marked similarity.



3. Vertical gear loads from flight test tended to be
higher than drop test loads during the last part
of the stroke.

k, Pore and aft loads from drop test were higher than
fore and aft loads from flight. This was largely
the result of an inappropriate choice of landing
surface for the drop tests rather than a funda-
mental difference created by other testing
conditions.

5. General agreement between analytical loadas and
flight test loads was obtained with the theory
providing results which tended to be an average
between right and left gear flight test loads.

6. The effects of airplane flexibility as represented
by the wing and fuselage modes on the ground loads
obtained from theory were negligible. This con-
clusion should not be generalized, however, since
the test airplane was small and rigid. Larger
effects of flexibility can be expected with more
flexible aircraft.

7. General agreement was noted between vertical loads
measured in flight and vertical loads measured
on the NASA moving drop test rig. The maximum
drag loads developed on the moving rig were of the
same general magnitude as those developed during
flight, however fundamental differences in the
shape of the drag curve were noted which could be
of significance in a fatigue analysis and which
require further investigation.

The investigation revealed certalin deficiencies 1in
mensuration and testing techniques. Recommendations for
improvement thereof are included.

Recommendations are also included for the improvement
of the analytical techniques,among the most important of
which are the incorporation of an improved representation
of aerodynamic forces and the inclusion of damping in the
tire deflection curve,

Further investigations are recommended. These include
the determination of the differences between drop tests and
flight tests by purely analytical means, the application of
the analysis to the computation of load increments resulting
from landing on an arresting cable and the analysis of
rolled landings.



INTRODUCTION

The aircraft industry has for many years relied upon drop
tests to check the adequacy of design with respect to landing
loads. Intuitively it is recognized that airplane drop tests
do provide a reasonable representation of the actual landing
conditions, however, at least two techniques used in the drop
tests have been viewed with skepticism, namely, the methods
of simulating wing 1lift and the use of wheel spin-up to dupli-
cate alrplane forward velocity. In the case of wing lift,
it has been necessary to apply the 1ift load abruptly near
the start of the stroke, a procedure which introduces an’

. entirely different dynamic situation with respect to structu-
ral loads than exists during actual landings. In the case of
wheel spin-up, the tire is in contact throughout the stroke
with one surface area whereas in actual landings, the contact
is spread over many feet of runway.

In order to produce a more realistic test insofar as the
duplication of alrcraft forward veloclity is concerned, a
moving drop test Jig was constructed by the National Aeronau-
ties and Space Administration at Langley Field, Virginia.
Features of this facility are described in Reference 1.
Although forward velocity is adequately simulated in this
test rig, alrcraft flexibility is not, and wing 1lift simula-
tion 1s subject to somewhat the same limitations as in
laboratory drop tests.

The investigation described herein i1s an attempt to evalu-
ate the differences between drop tests and actual landings
and to determine the extent to which the loads may be computed
by analytlcal methods. Consequently, this report contains the
results of an experimental and analytical ground loads investi-
gation, the purpose of which was to obtain a consistent set of
measurements of landing gear loads, and parameters contributing
to the loads, for actual airplane landings and for static and
moving drop tests and to compare these data with the results
of a dynamic analysis.

The airplane used was the Do.glas A4D-2, general charac-
teristics of which are shown in Figure 1. A left hand gear
was used in the NASA tests (Reference 1), and this gear,
together with similar instrumentation, was later used in the
flight and drop tests. In the flight and drop tests, a right
hand gear with nearly identical instrumentatlion was also used.
Although the airplane used in the static drop tests was not
the same article as that used in flight tests, the configura-
tion was the same with respect to weight distribution and rigidity.

The flight test program was conducted at Patuxent River,
Maryland, during the months of September and October 1960.
Oscillograph records were obtained from a series of landings
on both clean concrete and on a concrete runway coated with
Navy non-skid deck compounds.



Upon completion of the flight tests the instrumented gear
were returned to the Douglas El Segundo facility and installed
on an A4D-2 static test airplane. Drop tests were then carried
out for initial conditions corresponding to several of the
flight test conditions.

The analytical phase of the program for predicting impaect
loads treated the landing gear and flexible wing structure as
mutually interacting elements of a coupled system moving in
response to the initial conditions chosen for the flight and
drop tests. The equations for landing gear force were combined
with the motions of the wing which were described by their
natural modes of vibration. The landing gear force considers
such factors as metering orifice damping, polytropic air com-
pression, tire deflection and bearing friction loads. The
system 1s governed by a set of simultaneous differential
equations which are highly non-linear requiring that the solu-
tion resort to numerical integration methods which can be
adapted to the electronic digital computer.

The work described in this report is concerned with
nominally symmetrical landing conditions, with landings on
smooth surfaces and with an airplane configuration without
external wing stores. The complete investigation is described
in three reports in addition to the present volume. A detalled
description of the instrumentation and the callbration tech-
niques 1s contained in Reference 2. A description of the
flight tests and the data resulting therefrom 1s contalned in
Reference 3, and the drop test program is reported in Reference},

Additional data were obtained in the flight test phase of
the investigation which provided information on the effects of
roll, the accelerations experienced by external wing-mounted
" stores and the load increments resulting from landing on an
arresting gear cable. The results of these additlional tests
and an analytical investigation of the accelerations experi-
enced by the stores are contained in Reference 5.



INSTRUMENTATION

.r-

The strain gauges, accelerometers and other instruments
used in the investigation are described in detail in
Reference 2., Lists of parameters weasured, method of measure-
ment and the estimated accuracy and response characteristics
are presented in Tables 1, 2 and 3.

The strain gauges for measuring strut loads were attached
to the main gear axles at the junction to the strut pisten.
After calibration, they provided the vertical and drag loads
in the strut perpendicular and parallel to the strut. The
accelerometers for vertical and fore-aft accelerations of the
lovwer mass were mounted inside the hollow axle. Ground loads
were computed from strut loads and lower mass acceleration
by means of the following equations:

Fyg = (Fp + Fyp) cos (¢ - 6) - (Py + Fpy) 8in (¢ - 6)

FHo (Py + Fpy) cos (o - 6) + (Fy + Fyy) 8in (¢ - 6)

Fp = Axial load in the strut at the axle, pounds.
Positive up.

Fy = Normal load in the strut at the axle, pounds,
Positive aft.

Fap = Inertia force on the lower mass in the strut
axial direction, pounds. Positive down.

= Acceleration of the lower mass in g's times its
weight. (The lower mass weight, which includes
the wheel, tire axle and instrumentation,
18 120 pounds.)

FAN = Inertia force on the lower mass in a fore-aft
direction normal to the strut, pounds.
Positive forward.

Fyg = Force on the gear at the ground parallel to
the ground, pounds.

Fyg = Force on the gear at the ground normal to the
ground, pounds.,

¢ = Angle of the fuselage reference line with respect
to the horizontal, degrees. Positive alrplane
nose up.



Instrumentation was originally provided to obtain side loads.
However, the strain gauges which were to obtain these data were
damaged early in the flight test program and could not be replaced
without recalibration of the entire strut; therefore, side load
data were not recorded.

- The strut straln gauges for measuring vertical and drag load
were calibrated both statically and dynamically. The dynamic cali-
bration was of necessity used in the final reduction of data for
the following reason. At the end of the flight test phase of the
program, it was found that the response of the vertical strain gauge
to vertical landing gear load was affected by the position of the
axle plug containing the lower mass accelerometers. Since this

Plug was not installed during the initial static calibration and

was removed and replaced during the flight test program, it was
necessary to rely on the dynamic calibrations which were based on
drop tests made at intervals throughout the program.

The dynamlc callbration procedure consisted of comparing the
vertical ground load based on the strain gauge with the vertical
ground load obtained from the drop test reaction platform. The
comparison was made at .002 sec. intervals and the calibration
constant chosen so as to reduce the average error to a minimum.
The drag gauge was unaffected by the accelerometer mounting plug;
hence, the static calibration could be checked against a dynamic
calibration.

The stroke was obtailned from a slide wire device installed
between the axle and upper part of the barrel. Strut velocity was
measured by means of a magnetic type transducer mounted on the
landing gear barrel and actuated by a rod attached to the lower
mass. Pressure gauges were mounted at the top of the air chamber
and in the metering chamber below the orifice plate. The airplane
pitch and roll angles were measured by gyroscopes mounted at the
alrplane center of gravity. A discussion of the available fre-
quency responses and the calibration work done before the flight
test and before and after the drop test program can also be found
in the instrumentation report, Reference 2.



PLIGHT TESTS

The procedures followed during the flight test phase of the
investigation were intended to produce oscillograph records of sym-
metrical landings. The pilot was instructed to touch-down on a pre-
determined section of runway at a given sink and horizontal speed.

Vertical speeds were measured by a device known as a Photoscope,
by a standard touch-down rate of descent indicator (TRODI) installa-
tion and by means of a Mitchell camera. The photoscope is a 35mm
movie camera running precisely at 200 frames per second. It has a
6 1/8 inch, k4.5 lens and a shutter speed of 1/284th second. A
circular etched glass grid is located in close proximity tothefilm -
plate so that vertical and horizontal grid lines are superimposed
on the photograph of the alrplane. Sinking speeds were determined
at the test site by TRODI and the Mitchell. Final values for sink-
ing speed and horizontal speed were derived from the Photoscope data.

The gross weight of the alrplane was measured after refueling
and the gross welght for each landing determined by subtracting the
calculated weight of fuel required for go-around.

A series of landings was begun by conducting a preflight cali-
bration of the strain gauges whlle the airplane was on Jacks. Strut
internal air pressure, tire pressure, amblient temperature, and wind
direction were also recorded prior to each landing. A survey was
made to determine Jongitudinal and lateral slopes of the landing area.

Records were made of 96 landings on concrete and 106 on the run-
way ¢oated with Navy non-skdd deck compound. Of these, two satisfactary
landings, at different horizontal speeds, were picked at each of the
desired sink speeds between 12 and 16 feet per second. A preliminary
Inspection for symmetry was made of the records and a landing was
deemed satisfactory if there was less than one degree of roll, 1if
the main gear touched down within four feet of each other, and the
sink speed was not more than t1.0 foot per second from the intended.

After the basilc series of landings had been concluded, the inves-
tigation was extended to gather additional data. Two external 150
gallon fuel tanks were installed on the wings and records made from
all of the gear instruments plus accelerometers attached to the fuel
tanks. Landings were also made under unsymmetrical loading condi-
tions by landing with an initial roll angle, and another group was
conducted by setting the alrplane down just in front of an arresting
cable so that the tire would hit the cable while the tire was bottomed.
The unsymmetrical, external tank and arresting cable data are pre-
sented in Reference 5.

Reference 3 describes the details of the flight testing. It
contains the time-history plots of the reduced osclllograph records
and the ground loads derived from the data. The ground loads were
read at .001 second intervals. A Fortran program was written so
that the digital computing equipment could use the oscillograph
data which was punched on cards as the records were read.



DROP TESTS

The drop test phase of the 1nvestigation used the same two
main gears and instrumentation as the flight test phase. A
series of airplane drops were made duplicating the initial condi-
tions of five of the landings made on the concrete surface. The
drop height was adjusted to give the proper sink speed at touch-
down which was checked by a TRODI lnstallation. The attitude of
the airplane was adjusted by moving the hoist point relative to
the center of gravity untll the pitch angle was the same as that
of the landing. The wheels were spun-up prior to drop to a speed
matching that of the landing. Wing 1ift was simulated by pneu-
matic dampers which Introduced concentrated forces on the wings
Just prior to contact of the tire with the ground. The links
attaching the dampers to the alrplane were instrumented so that
an accurate record of the variation of 1ift with time was obtained.

The ground loads obtained were checked by a reaction platfomm
which had variable sized grooves in the surface for changing the
coefficlent of friction.

The recording equipment used in flight test was also used in
the drop tests. 1In flight tests, this equipment was assembled in
the shell of a 150 gallon external fuel tank and was carried on the
centerline racks. In the drop tests, the same external store was
used but it was set on the ground, signals from the sensors being
transmitted by a flexible electronic cable. This arrangement
improved the quality of the data by ellminating high frequency
osclllations created by the landing shock.

Additional oscillograph channels were included to measure
pressure in the rebound chamber, the reaction platform loads and
wing 1ift.

The total of 128 drops included some at various wing 1lift
values and wheel spin-up speeds to augment the theoretical inves-
tigation. The time historles of the measured data reduced from
the oscillograph records are presented in Reference 4 along with
a comparison of the ground loads from the strut data and reaction
platform data. A Fortran program was written so that the IBM 7090
computer could calculate ground loads, coefficlent of friction,
average coefficient, and wing 1ift from the data read from the
records. Reference 4 also reports on the details of the drop test
phase of investigation and evaluates the accuracy to be expected
from the work.



THEORY

In order to determine analytically the variation in loads
on the A4D-2 gear during landing, equations of motion were
written which simulated the operating characteristics of the
gear and the elastic properties of the gear and airplane
structure. Structural dynamics techniques of the type required
for this investigation have been developed over a period of
years in connection with the DC-8 aireraft (Reference 6 ).
Further development of the methods was made in connection with
an Army contract (Reference 7). Additional modifications were
introduced for this landing loads investigation to account
for the peculiarities of the A4D-2 landing gear. The equations
are listed in Appendix A.

STRUT DESCRIPTION

Except for the use of splines to carry strut torque the
maln gear 1s a conventional air-oil landing gear strut. A
photograph of the gear is shown in Figure 2 and a drawing
of the internal parts is shown in Figure 3. The maximum
possible stroke is 16 inches, but the strut is filled with
hydraulic fluid (MIL-0-5606) while less than fully compressed
so that it cannot bottom metal-to-metal. The air chamber 1is
pressurized to 25 psi while the strut is extended. The tire
is a Goodyear 24 x 5.5 Type VII with the pressure kept at
320 psi. The strut 1s attached to the wing 40 inches from
the airplane centerline and at an angle of six degrees, aft
from a perpendicular to the FRL. Figure 4 18 a schematic
of the internal parts of the strut.

BASIC ASSUMPTIONS

Airplane motion is represented by six degrees of freedom;
four flexible modes and two rigid body displacements. The
flexible modes are assumed to be undeflected at touch-down.
Strut motion 1s assumed to be governed by four additional
degrees of freedom. They are the displacements in the three
planes plus torque about the strut centerline. The aero-
dynamic forces occurring during a landing are omitted, except
that the small differences between "lg" and measured airplane
acceleration are included as an initial rigid body accelera-
tion. The airplane is assumed to experience no loss of 1lift
during the time interval considered. Only symmetrical loads
and deflections are used so that only one-half the airplane
is considered. The nose gear 1s assumed to have no effect
on the main gear load since the flight test data indicated it
touched down after the maximum main gear loads were reached.
The strut angle and the forward veloclty are held constant
at their initicl values throughout the calculations. The
calculations are performed at an integration interval of



.0001 second and iteration is done by the predist-correct
method. Loads and accelerations are calculated from time zero,
as touch-down, and answers printed every .00l second until time
equals .23 second. Further detalls of the Theory are described
by showing the input required by the Fortran Program.

INPUT DATA

The input to the computing program consists of the geometry
and operating characteristics of the strut, the initial velo-
cities, both vertical and horizontal, and the attitude of the
airplane. The geometry was determined from production drawings
and the constants for input are listed in Table 4.

Figure 5 18 a schematic of the metering pin and showa the
parameters required by the program to calculate pin cross
sectional area. Q@ear deflections measured during static tests
were used to obtain the spring constants in Figure 6. Dynamic
tire force deflection characteristics (Figure 7 ) were obtained
from Douglas test data and extrapolated by means of data from
Goodyear reports. The assumed force-deflection input curve
used in all the calculations 1is close to both curves and gives
the best match with the experimental data. It is entered in
the program as a series of straight lines. The cornering power
curve, Figure 8, was derived from the formulas in Reference 8.
Figure 8 also shows the rebound chamber orifice coefficient.
This coefficlent was originally assumed to be a constant.

The flow of oll into the rebound chamber was assumed, from
Bernoulli's equation, to be proportional to the square root

of the pressure difference, but the calculated variation in
strut internal air pressure could not be made to match the
measured values of air pressure while using a constant coeffi-
clent. The quadratic curve of Figure 8 was developed after
an examination of the rebound chamber pressures measured during the
drop test phase of the investigation. Figure 9 shows that

the rebound chamber filled with oil as the stroke neared 13
inches. Three of the spline teeth are removed from the upper
bearing to provide an orifice for flow of oll into the rebound
chamber. The orifice area used was .126 inc. This value falls
between the .0818 in.2 caused by removing three splines and

the .2136 in.< possible gap between bearing and barrel if all
of their dimensions are nominal. See Figure 10 and Page 59.

Damping coefficients were estimated by plotting the fore-
aft and side accelerations, measured during the flight test
phase, and using the peak-to-peak decay ratlos.

The constants required to introduce the natural modes of
vibration were derived from ground vibration tests of the
model A4D-2 airplane, Reference 9. Table 5 and Figure 11
were obtained from this report. Table 6 1ists the constants
calculated using Table 5, Figure 11, and the equations on
Page 100.

10



It should be noted that the highest structural frequency
introduced into the calculations was 33.6 cps. A tire-wheel
frequency of 50 cps was also introduced. ese were the
highest frequencies obtainable from the input data. The
theory will not duplicate load variations of higher frequency.

The conditions at touch-down for the five landings on
concrete are listed in Table 7 along with the data for the
corresponding airplane drops. The initial conditions for the
landings on non-skid are in Table 8. Table 9 gives the
values entered into the computing program for each landing,
and Page 104 the formulas used to obtain them from the initial
conditions. The ground coefficient of sliding friction, 8
was chosen, for each of the landings, from the data plotted
in Figures 12 to 29. The value for any landing 1s an average
of the instantaneous friction coefficients from time of touch-
down to the time of wheel spin-up.

OUTPUT

The Fortran Program's outptt data consists of a print-out
of all of the input data followed by the calculated items
listed in Appendix A. Each of the items 1is calculated from
touch-down to a time of .27 second at intervals of .0001
second with every tenth value printed. With this integration
interval the IBM 7090 machine running time was 4.8 minutes.
Intervals as low as .00001 second were tried without causing
any appreciable change to the answers.
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PRESENTATION OF DATA

COMPARISON OF FLIGHT TEST, DROP TEST AND THEORY

Figures 12 through 21b compare the ground loads obtained from
the airplane landings, airplane drops and theoretical analysis.
Initial conditions corresponding to these curves are given in
Table 7. The curves will be found to be identical to those in
References 3 and 4 except for the start times. The curves for
which touch-down differed too much from time zero were shifted
to the left so that the times for initial contact were identical.
A 1list of the plots affected and the time changes follows: )

Drop 84 - Left Gear .005 Sec.
Drop 84 - Right Gear .004 Sec.
Landing 123 - Right Gear <018 Sec.
Lénding 125 - Right Gear .009 Sec.
Landing 126 - Right Gear .004 Sec.

The notation for vertical ground load, Fyg, and horizontal

ground load, Fyg, are the same as Py and Pp shown in the notation
for the dynamic analysis 1n Appendix A. The curves of the hori-
zontal ground load from the theory were not plotted past spin-up
for clarity. The ground coefficient of rolling friction used was
.03, so that the curve for FHG beyond spin-up 1s a line nearly

parallel to, and slightly above, the time axis.

Filgures 22 through 29 compare the landings on non-skid with
vertical and horizontal ground load calculated by the analysls.
The landing data was taken from Reference 3. The input to the
Fortran Program assumed a zero yaw angle so that the theory curves
could apply to either right or left hand gears. The theoretical
ground sliding coefficient of friction 1s not shown as it was
assumed to be a constant. The values used are listed in Table 9.
A comparison of maximum vertical and drag ground loads is provided
in Tables 10 and 11.

The data plotted 1n Figures 30 through 34 compare the rest of
the parameters measured during the testing phases with the calcu-
lated values. This comparison 1is supplied only for Landing 125,
Drop 68 and the corresponding Theory. The time-histories com-
pared include air pressure, strut stroke and velocity, axle
acceleration in the vertical, lateral, and fore-aft directions,
the upper mass accelerations, and the strut oil and bearing fric-
tion loads. All of the experimental curves were plotted directly
from the measured data presented in the test reports except the
0il load and bearing friction load.
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The "strut oil pressure" (pressure drop across the orifice) was
obtained by subtracting the pressure measured in the air chamber
from the pressure measured in the metering chamber. The bearing
friction load was obtalned by subtracting loads derilved from air
and metering chamber pressures from the strain gauge load
measured at the axle.

EFFECT OF AIRPLANE FLEXIBILITY

Figure 35 demonstrates the degree to which the structural
mode shapes affect the calculated ground loads. The curve marked
"Flexible" 1s a duplicate of Landing 125 Theory curve of Figures
16 and 17. The input to the program included the four natural
modes of vibration plus rigid body bobbing and pitch. Theé bobbing
and pitching modes plus the gear flexibillity were the only ones
used to calculate the curve marked "Rigid".

EFFECT OF SINKING SPEED ON MAXIMUM LOAD

A summary was made of the data from the flight and drop test
phase of the investigation to compare maximum vertical ground loads
and sink speed. The maximums occur at either of two different
times, one near .04 second and another near .15 second after touch-
down. Figure 36 1is a plot of the maximum vertical load versus sink
speed of the first peaks from the flight test data, the drop test
strut data, and the drop test platform data. The second peak verti-
cal loads are plotted as Figure 37. The diagonal lines were added
only as a gulde to show the general trend. Figure 37a is a plot of
maximum vertical load (wherever 1t occurs) versus sinking speed.

WHEEL SPIN-UP

The flight test landings were made on both concrete and non-
skid surfaces. Table 12 provides certain information regarding
the fore and aft forces obtained on the two surfaces. The time for
the wheel to spin up, the average coefficient of sliding friction
up to the time of spin-up, the maximum drag load, and the wheel
rotational velocity at the time of spin-up are listed for all of
the landings. As a check, wheel speed was calculated by lrntegrat-
ing the torque caused by the horizontal ground load. The speed of
the wheel which was calculated by the Fortran program is also
listed for comparison.

METERING ORIFICE COEFFICIENT

The measurements of strut compressing velocity and internal
pressures made 1t possible to check the orifice coefficient used
in the theoretical analysis to calculate orifice damping load.
The formula shown on Page 36 1s: '

13



Po(hy -A5)>(5)2

2 [eplao - 45)]°

Po =

The oil load, P,, from the pressure in Figure 34, was calculated

for Landing 125 and Drop 68, and used to solve the formula for
Cp. Figure 38 is a plot of the orifice coefficient as a function
of stroke.

COMPARISON WITH NASA LANDING TRACK DATA

Reference 1 reRorted a serles of landing impact tests,
conducted with an A4D-2 main gear, to obtain data on tire spin-
up friction coefficlents at touch-down. The Langley landing-
loads track was usedto simulate landing conditions. Four of

the runs from the NASA report are compared to landing in this
report. The initial conditions for those comparisons are given
in Table 13, and the vertical and horizontal ground loads are
plotted in Figures 39 and 40.
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DISCUSSION OF RESULTS

GENERAL

In evaluating the results of the test program reported
herein, consideration must be given to the accuracy of the
measurements and the basic assumptions of the theory. It
has been noted that the sinking speeds have been determined
within t .4 feet per second in flight test and t .2 feet per
second in drop test. Energy-wise this accuracy represents
t 56 and t 2 1/2% on a 16 fps sinking speed. The accuracy
with which ground loads were measured has been estimated at .
t 5¢. If it is assumed that ground loads vary directly with
energy of impact, a possible total error of t 10% exists.

In other words, if a comparison is being made,between a com-
puted vertical load and a measured flight test load, a discre-
pancy of t 104 is possible due to mensuration problems alone.

If a comparison 18 to be made between a drop test and a

landing load, the possible difference due to mensuration
acocuracy can be even greater, if the error in one test is
positive and the other is negative. Thus, it cannot be expected
that small differences in loading created by the difference in
testing technique between flight and drop testing willl be dis-
covered by thls investigation. ' ’

A signiflecant result of the tests described herein i1s the
lack of symmetry of ground loads developed in both the landings
and the drop tests under initial conditions which appeared to be
symmetrical. This result was disappointing in that the lack
of symmetry also obscured minor differences between drop tests
and flight tests leaving only gross differences for discussion,

The result was of significance since it can be presumed
that similar differences between right and left will exist in
other practical designs and must be considered as part of the
design criteria. The asymmetry is only partially apparent
in the comparison of maximum loads (Table 10), however,
examination of Figures 12 through 29 shows substantial differ--
ences in shape of the left and right load curves for nearly
all conditions.

The asymmetry is attributed to the following factors:
1. Differences between right and left hand gears:

The two landing gears used in these tests were
identical except in the following respects:
(a) the right gear was new; the left gear had been
used extensively in previous test work and (b) the
right gear had a structural reinforcement at the
Juneture of the axle and strut. The reinforcement
was of such a nature that i1t inoreased the ultimate
strength appreciably but had little effeoct on the
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deflection or frequency characteristics. It is
believed that the significant factor here is the
service experience of the gears. Subsequent dis-
cussion will show that bearing friction resists a
substantial portion of the total ground load, and
friction will depend to some extent upon & "wearing
in" precess.

2. Rolled Attitudes or Rolling Velocity

In flight tests 1t was noted that there was a
definite tendency for the left gear to strike the
ground sooner than the right. For the landings
chosen, the amount of the rolled attitude was low
being equal or less than one degree, or four feet
on the runway. Although this is a small asymmetry,
it may have caused asymmetric input to the alrplane
and excited asymmetric structural modes. In drop
tests, the attitude was also level within one degree
and usually was much closer than that. Asymmetrio
input was to some extent introduced by differences
in the 1ift load supplied by the 1lift dampers.

(See Reference 4

3. Runway Roughness

The general slope of the runway, both longitudinally
and laterally, was measured. Localized irregularities
were not. The effect of landing with one wheel on a
tar strip is shown 1in Figure 25 for Landing 114.
Calculations reported in Reference 7 show that small
irregularities produce abnormally large load 1incre-
ments when the tire 1s flat. This occurs at an Fyg
of 30,000 1lbs. and at approximately 16.0 fps sinking
speed.

A basic assumption in the dynamic analysis was that of
symmetry. It is to be expected, therefore, that the theoretl-
cal loads would tend to be an average between left and right
measured loads.

COMPARISON OF FLIGHT TEST AND DROP TEST RESULTS

A study of the ground load comparison curves presented
in Figures 12 to 21 shows substantial differences between
flight test and drop tests. Only three features, however,
appear with any consistancy. First, 1n examining Figures 12
to 21, it is evident that the drop test loads are lower near
the end of the stroke than are the flight test loads, suggest-
ing that the flying wing 1ift is released in a different
manner than the drop test 1lift. Second, the drop test drag
loads are much larger than the flight test drag loads.

Part of this difference is due to the difference in roughness
of the contact surface. The drop test surface was chosen
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on the basis of reaction platform readings to give the same
average friction coefficient as the runway, but it was deter-
mined that the reaction platform drag readings were not
accurate, and consequently, a poor choice of surface was made.
Third, it is noted that in drop tests the rirst peak of the
drag curve is as high as, or higher than, the second, whereas
in flight tests the second peak is always higher than the
first. It is believed that this phenomenon is attributable
to the difference created by simulating forward speed by
wheel spin-up.

The data in some instances shows remarkable similarity
between flight and drop data., At other times it shows dis-
turbing discrepancies. The probable reasons for this situation
have been discussed on Page 15. In order to determine the
general correlation, Tables 10 and 11 were prepared. These tables:
show a comparison of maximum loads obtained from right and left
gears, the average load and the ratio of average drop test
load to average flight test load. With the exception of Landing
123 versus Drop 70, the agreement on vertical loads is within
+ 16%. Further comment on Landing 123 is made in subsequent
paragraphs.,

COMPARISON OF THEORY WITH FLIGHT TEST AND DROP TEST DATA

A study of Figures 12 through 29 shows that the theory
produces curves of the same general shape as the flight tests
and drop tests. The first, second and third peaks of the
vertical load curve are reproduced although the timing 1is not
identical. The vertical load from theory tends to fall off
earlier toward the end of the stroke than does the vertical
load from flight test. In this regard, the theory resembles
more the drop test data than the flight test data. Where there
is a large difference between left and right gear loads, for
example Figure 22, the th.ory tends to prediet an average.

Drag loads predicted by theory are agaln generally similapr
to those obtained from flight test data, The theory falls to
predict the dip in the middle of the drag curve. The magnitude
of the analytically derived drags 1s usually closer to the
flight test drags than to the drop test drags. This is to be
expected since the average friction coefficient used in the
theory was made equal to that of flight test instead of the
drop test coefficient,

Tables 10 and 11 also summarize the data with respect to
maximum loads obtained from theory. It is evident from this
table that the theory gives better correlation with flight teat
data than does the drop test data both as to vertical loads and
drag loads. It can be sald that, on the average, theory tends
to be conservative. Landing 123 agaln stands out as being
exceptional, lending evidence to an assumption that data
from that landing is erroneous,
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ENERGY RELATIONSHIPS

A peculiar phenomenon was noted in a comparison of the energy
in the load-stroke curves and the initial energy of vertical
motion of the airplsne (see Table 14). Included in Colume (2) is
the pitching motion energy remaining at the end of the stroke and
in Column (3) the energy absorbed by wing 1ift in excess of 1W.
Residual rolling energy is not included but has been estimated at
less than 1000 ft-1lps.

It has been noted in other alrplane drop test work that the
energy accountable for after completion of the stroke is less than
the original kinetic energy. This has been attributed to the
energy absorbed by the structure in deflections and vibrations.
This phenomena 1s noted heérein. There is, however, no explanation
for the greater disparity in drop tests than in flight tests except
for the possibility that wing 1ift in flight tests is not constant
at the initlal value as assumed in the calculations. Landing 123
is again conspicuous by its lack of conformity with other condi-
tions and should be diacounted.

STRUT INTERNAL PARAMETERS FOR LANDING 125, DROP 68, THEORY

The three air pressure curves for this case are plotted in
Figure 30. The theoretical curves follow the other two when
plotted agalnst stroke, and reach the same maximum after dipping
when the rebound chamber fills., Plotted against time, the calcu-
lated curve rises too fast 1n accordance with the greater stroke
values shown in Figure 31. The bump in the air pressure from
Landing 125, which can be seen at a time of .06 second or 6.5
inches of stroke, appeared in several of the records made at the
higher sink speeds, but is not predicted by theory.

The calculated strut velocity in Figures 31 is a good
average of the test curves until the oscillations appear. The
axle vertical acceleration, shown in Figures 32 and 33, matches
the test data closer than the other accelerations, but it also
deviates after the oscillations from the tire atart. The curves
of Figure 34 compare the internal forces in the strut and the
manner in which the calculated tire oscillation is reacted. The
maximum peaks of oil pressure are 180 degrees out of phase with
those of bearing friction. The measured parameters show some
high frequency oscillation but none of a magnitude exhibhited
in the theory. A damping term in the equation for a or a damping
load in the tire load equation would be necessary to obtain a
better comparison.

It will be noted that the friction load from Figure 34 1s
9,000 to 11,000 .1bs. at t = .03-.06 seconds. The total load
during this period from Figure 17 is 20,000 1b. maximum. Friction,
therefore, resists approximately half of the total gear load at
this point in the stroke.
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CONCLUSIONS

The primary objectives of this investigation were:

l. To evaluate the adequacy of simulating landing loads
by airplane drop tests.

2. To determine the accuracy with which these loads may
be predicted by advanced analytical methods,

3. To compare the loads measured on the moving drop
test rig at the Landing Loads Facility of NASA with
the loads obtained in flight tests.

Based on the comparison contained herein of five actual
landings with five drop tests, the following conclusions are
reached with respect to simulating landings by drop tests:

1. Exact duplication of a given landing by a drop test
is not possible using the methods of control avail-
able for this series of tests.

In flight test landings, runway irregularities,
small asymmetrles, such as rolling velocity or
displacement, ilnaccuracy 1n measurement of
sinking speeds and minor differences between
right and left gears create substantial
differences in loading which are not repro-
ducible in detall by a drop test.

2. Although exact duplication of a given landing is
not obtained by a drop test with similar initial
conditions, a large number of drop tests will,
as a whole, produce a serles of loadings which
will substantiate Lhe gear strength for actual
landings.

3. General correlation exists between the vertical loads
developed in flight tests and drop tests to the
extent that maximum loads were, on the average,
within t 16% and the shape of the load curves showed
mirked similarity.

4. Maximum drag loads developed in drop test were sub-
stantially higher than those obtained in flight test,

This was caused primarilly by the surface used on
the drop test reaction platform. Better drag
load correlation could easily be obtained by a
better choice of surface,
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5. Vertlcal loads obtained from actual landings near
the end of the stroke were in most cases higher
than those obtained in drop tests.

6. The drag ioad versus time curve exhibited two well-
defined peaks both in actual landings and in drop
tests. In actual landings, the second peak was
always higher than the first while in drop tests
the first was higher than the second.

T. Asymmetries in loadings of significant magnitude will
occur in nominally symmetrical landings and drop
tests. Normal methods of control are not sufficient
to eliminate these asymmetries.

The following conclusions are reached with respect to
predicting landing loads by advanced analytical methods.

1. The analytical methods on the average predicted the
maximum ground loads better than the drop tests.

2. The shape of the vertical load versus time curve
derived from theory showed marked similarity to those
obtained from landings.

3. Where large asymmetries in vertical load were recorded
in landings, the theory tended to predict an average
between left and right gears.

4. The theoretical curve vertical load peaks had a ten-
dency to be reached sooner than the flight test load
peaks and the load fell off more rapidly toward the
end of the stroke. 1In this regard, the theory
resembled the drop test data.

5. The drag loads predicted by theory were of the right
magnitude, however, the dip in the middle part of
the drag load versus time curve was not duplicated
by theory.

6. 1Insofar as the secondary parameters, such as internal
pressures, accelerations and friction load, are
concerned the correlation of theory with test varied
from good to poor. Load variations with a frequency
higher than 50 cps were not duplicated by the analysis,
Better correlation was obtained in the early part of
the stroke than in the latter part of the stroke.

7. In contrast to the conclusion reached in Reference 10,
the value of the polytropic exponent for air-compression
was of primary lmportance in the analysis defining in
several cases the magnitude of the maximum vertical
load.
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8. The analytical work was to some extent influenced by
the test results. Test experience combined with
correlation of test a1d analysis 1s desirable before
relying heavily on the results of a dynamic analysis.

A comparison of data obtained from the NASA moving drop
test rig with data from flight test landings showed a correla-
tion of vertical loads which was as good as could be expected
considering the accuracy of duplication of initial conditions
and the degree of asymmetry reglistered in the flight tests.

The NASA data falled to register the double peak in the
drag curve and showed large load oscillations after cpin-up
which did not exist in flight test or in laboratory drop tests.

A secondary objective of this project was to develop
simplified methods of analysis which could be used in design.
To this end, calculations were made in which the aircraft
flexible modes were eliminated. The results showed that the
flexible modes had 1little effect on the calculated ground
reactions. This conclusion cannot be generalized, however,
inasmuch as the extent to which these modes affect the ground
loads will depend upon the relationship of their frequencies
to the power and frequency content of the input. A more
flexible airplane could be expected to react differently in
this respect than the relatively rigid A4D-2 airplane. It
should be noted that the gear flexibility was not eliminated
at the time the flexlble modes were removed.

Time limitations did not permit further investigation
into the subject of analysis simplification. Undoubtedly,
there are certain simplifying assumptlons that could be made
without compromising accuracy, on the other hand, 1t is
evident that certain additional features need to be included
for better correlation. These are dlscussed under Recom-
mendations.
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RECOMMENDATIONS

The recommendations which follow are categorized into
roups relating to (a) instrumentation or testing techniques,
%b) analytical procedures and (c¢) additional investigations.

A. Instrumentation and Testing Techniques:

l.

It is recommended that a method or device for
measuring more accurately the vertical velocity
of a landing airplane be developed.

It is recommended that a standard drop test reaction
platform be developed which measures vertical, drag
and side loads with satisfactory accuracy under the
dynamic conditions experienced in drop tests.

The accuracy of the slide-wire device as a means
of measuring stroke and the velocity generator as
a means of measuring strut velocity should be re-
examined in the light of discrepancies noted in

Reference 4. '

In future landing loads tests involving flight
landings, greater conslderation should be given

to obtaining a smooth landing surface, and auto-
matic methods of maintalning a level attitude should
be incorporated if symmetry is desired.

A thermocouple should be included in the strut alr
chamber to provide experimental data on the poly- .
tropic exponent,n,in the equation relating pressure,
volume and temperature.

Analytical Procedures:

1.

The gyroscoplc forces created by wheel rotation
should be included in a landing load analysis unless
it can be demonstrated that they are negligible.

It 1s recoinmended that a more precise representation
of the aerodynamic forces than the one used in this
analysis be included. This representation should
include the changes in angle of attack caused by
rigid body rotation and change in vertical velocity.

More accurate tire-load dcflection curves and wheel-
tire polar moment of inertla data should be obtained
to provide better basic data for the analysis.

A variable polytroplc exponent for air compression
should be incorporated.
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A damping term should be incorporated in the equa-
tion of axial motion of the axle or in tire deflec-

tion curve after testing has been done to determine
the information remyi+ad

C. Additional Investigations:

|
.

It 18 recommended that the following analytical
investigation he purasned:

a. Revise the computing program to include as
many of the changes listed in "B" above as
are economically feasible but including as
a minimum the gyroscoplc forces and the more
precise representation of aerodynamic forces.

b. Correlate the results of calculations from the
revised analysis with data from three of the
landings. The three landings used should be
those resulting in the greatest symmetry of
loading and should cover as wide a range of
sinking speeds as possible.

c. After obtaining improved correlation with test
data, compute the loads resulting from drop
tests. The initial conditions should be ldenti-
cal to those of the flight test conditions.
Appropriate differences related to spin-up and
the introduction of wing 1lift should be
incorporated.

d. By comparing the results of (b) and (c), deter-
mine the differences between the analytically
determined loads for drop tests and the analy-
tically determined flight landing loads. Since
the initial conditions in both sets of analy-
tical calculations will be ildentical, 1t is
expected that differences in loadings resulting
from inherent differences between actual landings
and drop tests will become apparent.

It is recommended that the revised analytical program
be applied to the computation of the load increments
resulting from running over an arresting cable, that
the results of these computations be correlated with
the test data obtained during the flight test phase
of this program and that the analysis be used to
determine methods of alleviating the load pulse from
the cablea. It is expected that the accurate pre-
diction of the load pulses will require an accurate
knowledge of the tire load-deflection curve. A test
program to retain such information should therefore
be a part of this investigation.
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3. Recent development in the computing program has pro-
duced the capabllity of analyzing rolled landingu, and
h A5 shovnfore rnol deado? Ll wl evwewyy Lo omude
to correlate th: analysis with the data from the un-
symmetrical landings obtained during the flight test
phase of the program. If a reasonable correlation
can be obtalned, the analytical procedures should be
used to investigate the effects on landing loads of
asymmetry over a wide rapge of angles of roll but with
specia. emphasis on small angles. Also, the effect
of initial roll rate should be studied. The results
should be used to derive simplifled analytical or
semi-empirical methods of accounting for the effects
of roll.

4. The difference in energy noted in Table 14 between
the pre-contact conditions and the final conditions
requires further study. The assumption that the
missing energy 1s in the structural deflections or
motions does not agree with the analytical conclusion
that structural deflections have lilttle effect on
the load-stroke curve. Since the phenomenon violates
the fundamental theorem of conservation of energy,
and since the discrepancy 1s substantial in the case
of drop tests, it is important that an explanation
be obtalned. Further intensive investigation of
this 1tem 1s, therefore, recommended.
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APPENDIX A

EQUATIONS OF MOTION
DINARAIC LANDING IwaDS nNALISLS

NOTATION
Theory Fortran Definition Units
a, 5., .a: A Motion at axle parallel with in,.,se0,

strut of unsprung mass of rolling
assembly, positive down.

; Distance Irom lower piston . in.
bearing ta axle parallel to
strut with strut fully extended,
Ay Gross orifice area w/o reduction in,2
' for pin.
Ay Internal area of oleo piston 1n.2
A Piston area based on 1, d. of lower 1n.2
@ . bearing
A : AP Metering pin area, 1n.2
p function of strut stroke
a4 Slopes of line equation for pin -
diameter
[}13] ‘ Aerodynamio damping coefficlents 1/sec,
o('éf:;c Alpha Angular motion of rolling assembly Rad,,Seq,
by Intercepts of line equations for in.
. pin diameter
b Distance from upper to lower in,
, piston bearing parallel to strut,
. strut fully extended
[:Bii] S Coefficients of displacements 1/8e0,°
in airplane equation of motion
c c Tire deflection in.
c Damping coefficient perpendicu-  1b.-sec./in.

lar to strut
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NOTATION (Cont'd)

e ———— - .
W = ———— s e ad

“heory Fortran Definition Units
Cp Coefficlient of discharge -
Cq Discharge coefficient for -
compression
Cg Discharge coefficient for -
extension
Cn * Maximum allowable tire de= in,
flection
|ci| Coefflcient of force from gear 1/1b.seo2
A, &, K D Motion at axle perpehdicular in.,seo,
to strut of unsprung mass of
rolling assembly, positive aft
© ‘
A, 3, A BD Motion at axle in relative coor- 1in,,sed,
dinates
6 Distance from axle to gear attach in,
point with strut fully extended
Do DO Coefficient of o1l damping 1b/sec?/rt2
force in oleo
lDii Coefficient of moment from gear 1/t‘t.1b.seo2
e Distance from axle to strut ) in,
normal to strut, positive for
axle forward
|E1| Vector golumn of constants l/seo2
¢ Angle of strut with vertical,
. positive for strut forward of
gear attach point
Fy FA Load on axle parallel to strut, ib,
positive down
F, FP Load on axle 1 to strut, 1b,

positive aft
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NOTATION (Cont'd)

premprR TP ———————R

Theory Foriran Definition Unite
F FH Load on airplane from gear, 1b,
H 1 to reference plane, positive
down
F Fl Normal force on upper piston 1b,
bearing, positive aft :
Fo F2 Normal force on lower piston 1b,
bearing, positive aft
g Gravitational constant in/sec?
|01| Coefficient of moment from gear .
|H1| Coefficient of force from gear .
In Mass moment of inertia of 1b.1n.seog
rolling assembly
K3 Strut influence coefficient, in/1b
deflection fwd. due to force
acting down parallel to strut
K32,K33 K3o+S K33 1s deflection aft due ib./in,,
to forcé acting aft perpendiocu- n 2
1b./1n,
lar to strut
Ky, ko Coefficients of gear force for -
horizontal accelerations
A Instantaneous skidding velocity ft/sea,
.)VVL SR Slip ratio -
/Qi Intercepts in lines for tire load b,
my Slopes in lines for tire load 1b/1in.
vs. deflection
n Polytroplec exponent for strut -
ailr load
o

Subscript to denote initial con-
ditions
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NOTATION (Cont'd)

R e e e

L I -

. S —" v V-
w—

pPin constants

28

Theory Fortran Definition Units
Py PA Strut air load . 1b,
Pp PD Drag load in horizontal plane 1b.,
P PE Airload in oleo with strut ex- 1b,
' tended :
Pp PF Bearing friction force on strut 1b,
Py PO Strut o1l load 1b,
P PP Force at axle (relative coordi- lb,
4+ nates) perpendicular to strut
positive fwd,
Pp PT . Tire load 1b.
Py 14 Vertical ground reaction load 1b,
R3] Coefficients of generalized ft or in,
displacement
Q, a, a A Airplane motion, generalized -, 1/sec,
' coordinates 1/sec? |
Po Mass density of hydraulic fluid 1b.sec?/1in.t
Ro Radius of undeflected tire in.
R R Instantaneous rolling radius in.
of tire
(r] Coefficients of generalized -
acceleration
S, é, s ] Strut motion measured from full in.,sec,
‘ extension
Sg Maximum strut stroke in, -
S Values of S associated with in.



WOUATION (¢ nt'd)

w——n e

Theory Fortran Definition nits
(8] Coeft'icients of Q in equation fur -
airplane loads
t Time 8€0,
At Interval of numerical integration | 820,
tp End of integration 830 ,
|'l‘|u_| Generalized alrplane coeffi- in/.: . secé
clents of force at gear attach-
ing »noint
\To‘i‘ Genoralized coefficients of 1l 1b/ten 2
moments at gear attashing point
AL Coe’flcients of frietion identi- -
fied (numerically) by its
subicript
AL Bearing coefficients friotion -
before strut moves - statlo
friction
U 2 Bearing coerfficients after -
str £ moves
Alg GRMU Grc md coeflfiglent -
slicing friction
"(R GRMU Ground coefficlesit -
rolllnzg friction
\u| Arbltrary constants in eduation -
, for loads on alrplane
Vg Alr volume in oleo strut 1n.3
extended
vy, Forez~d velooity of airplane in,./seo,
(v] Ccafficients of generalized in, or ft,

velocities
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NOTATION (Cont'd )

Theoxry Fortran Definition Units
"U L *spyung welzht of geaor b
Wy Airplane net weight supported 1b,
by gear

X X Horizontal coordinats of giound L,
contact point for rough terrain
function

Xy Arguments in teble of terrain in,
roughness, O =1 = 700

Xy XA Axle cocrdinate, horizontal dis- in,
placemer.t along terrain roughness

K1,20.,X3,XKy Coordinutes used to define terrain  in.
Xo Initial (starting value) of X in,

. [

Yg,Yg,¥Yp YB Motion at top of strut in.,nseq,
Z YA Vertical coorrdinate of ground in,
contact poin® for rough

terralir functionn
Zp ZA Axle displacement from touchdown, in,
positive down
%o Initial (starting value) of 2 in,
6 Ground slope Rad,

TAN ) TAN Printed for instantaneous value -

of ground slogpe

A,B,C,D Amplitudes of terraln roughness in. .

entered in X-tahle, pnsitive down '
“oc AM Moment from gear, positivae airplane rt.lb,

nose up
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NOTATION (Cont'd)

Thigry  dupnren Definition . Units
p Multiple of At at which printing -

of program output takes place

VA .Vertioal accelerations

'PA Pitohing acceleration

SH Shear ‘

BM Bending moment

TQ "l‘orque‘

AA Alrplane angie of attack

AV Airplane pitching velocity

APA Airplane piltching acceleration

VP Alrplane vertiocal position

w Alrplane vertical veloocity

AVA Alrplane vertical acceleration

HA Alrplane horizontal acceleration
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NOTATION (Cont'd)

The following information pertains to the mbdifications of
Report No. SM-23895 for use in the Landing Loads Investigation,

Theory

Fortran

Definition

Units

6!

Y2

PPSIR

PS

B1

FSRE

PSIMU

PHI

FPSE

CS

Yl

TGO

Motlion of unsprung mass rolling
assembly at axle perpendicular
to the strut, positive inboard,
relative to the ground

Instantaneous lateral force on
tire, perpendicular to the tire,
positive outboard, applied at
the ground contact point

Side force on gear perpendicular
to the strut at the axle,
positive outboard

Relaxation constant for ground
lateral force

Steady state ground lateral
force on tire due to yaw,
perpendicular to the tire,
positive outboard

Yawed rolling ground friction
coefficlent

Yaw angle parameter
Tire cornering power

Spring force on gear at axle,
positive outboard

Sidewlse strut damping
coefficient

Motion of gear attachment point,
positive inboard, relative
to the ground

Matriec row of spanwise wing slope
components at the main gear
attachment point, positive left
wing down

32

in./sec.

1b,

-lb 3

1/Rad.

1b.,

1b./1b,

1b./Rad.
“1b.

1b,-sec./in,

in./sec.

Rad.



NOTATION (Cont'd)

Theory

Fortran

Definition

Units

Ky

Kop,Kpy VK23,VK23

VK4

BETA

TB

Vi

VKB

CB

PSI

F18

Fas

Strut influence coefficient,
side deflection due to unit
upward force parallel to strut
at wheel-axle intersection

Strut influence coefficients
such that Koo + 8 Kp3 = influence

coefficient of sidewise deflection
due to unit side force perpendi-
cular to the strut applied at

the bottom of the wheel

Torsional motion of unsprung
mass about strut centerline,
positive counter-clockwise
looking down, zero at zero
torsional deflection

Torque on upper bearing splines,
positive clockwise looking down

Perpendicular distance from
center line of the strut to the
center line of the wheel axle
intersection, positive outboard

Rotational moment of inertia of
unsprung weight about the strut
center line

Influence coefficient of strut
in torsional rotation

Damping coefficient of strut
in torsion

Tire yaw angle with respect to
ground, positive counter-
clockwise looking down

Side force on upper piston bearing,

positive outboard

Side force on lower plston
bearing, positive inboard

33

in,/b,

1b,/in,
1b,/in.2

Rad, /ses,

ino"lb.

in,

lb . -1!1.-500 oa

in./1b,/Rad,

1“0'}1b0'
ses./Rad,
Rad,

b,

ib.



NOTATION (Cont'd)

Theory Fortran Definition Units
Fip F1T Resultant upper bearing force 1b,
Fop FaT Resultant lower bearir; b,
FT FT Bearing normal force due to ib,
torque at splines
r SMR Mean contact radius of splines in,
at the upper piston bearing 4
snsese BMU Coefficient of friction for 1b./1b,
3'4’5%6
BMU lower bearing (3,4) and torque
TMUg (5,6). 0dd numbers before strut
TMU moves and even numbers after
strut moves.
Q QRO 01l discharge coefficient in.3
through splines g8eoc.-1b,
AR AR Cross-sectional area of in.2
rebound chamber at the piston
upper bearing
no EXP2 Air exponent after rebound -
chamber fills
Agpl, ASPL Cross-sectional piston area at 1n.2
the upper bearing including
splines
Apop APOD Cross-sectional area of piston 1n.2
based on the outside diameter
at the lower bearing
EQ sSuMQ 0il volume escaping to rebound 1n.”?
chamber
Fy FI Coefficient of My, moment 1 5
from gear ft.-lb.-sec.
Mg MTHETA Wing bending moment from gear ft.-1b,

attach point. Only symmetrical

component is considered.
Positive wing tip down,

34



EQUATIONS OF MOTION

GEAR EQUATIONS

A= [vain¢+PDcos¢-P +anin¢]-:-

.a.-[-onoa¢-PDsino+FA+onoso‘-°' '8!

:""lc

[Tﬂi]l Q l cos. ¢ Berore the strut moves .

a AL By (R, ’z)
FJ-'["‘ -K Rl ["32*“3'3

P-L = - F.l- + U &
FA = PA + Po + PF
w L 1]

gUa+ Py cos ¢ + L Py sin ¢ - Wy cos ¢
Before the strut moves

P, (8-5) - Fp (e-K)

b+8
Fo = Fp+ P,

Pp =4 Fll +| M F2| S>0, Pp positive

Fp =

8<0, PF negative
Ay ./al Before strut moves
=AUy After strut moves

YB"'[TH
- A—yBs1n¢+(6-s)EraJ|E{1 .

= ['r},l:”qi cos ¢ - a
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. . Po(Al - Ap)3
Fo = Po 8 |s| o = 2[cp (Ag - A1) 2

Ap = i"-(&i S+b1)2

C = R =R

Cy ¢ .
(Ro = ) @ + A cos ¢
x/VI‘='1'.' Z‘TL

A= /us Before spinup
= A R After spinup

Py = Ppcos 6+ Py siné
Pp = - Pp 8in 6 + ALPyp co8 6
Criterion for strut motion F, 2 Pp + Pp

XA-X°+VLt—Acos¢+asin0
ZA-Z°+A81n¢+acos¢

X..,X,l”
Z -A[l-coaawx——’. {_J + C
2°M)
TAN 0 = eorh ain oy ok 4 0
2 RS o o

R = [(x-xA)2 + (z--z“\)"jl/2

TAN 6
(1+TAN20)1/2
1

(1+47aN29)1/2

8in O =

GOB @ =
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AIRPLANE EQUATIONS |
| % J- [Ai-ﬂ & + I:Biﬂl Q| + Py |Ca |y + Frp ||

+ Mg [ Dafy + Mgy [Py + |y

Fy=-F, cos ¢ - F, sin ¢

A
M = (6-58)F,

[A;Li] -- [T*MT + T*Al‘I‘] -1 [T*Ae'lj

[B“J - - [:fr*wr + T*A]_'I‘] - [T*KT + THCT + T*A3'1‘]
[omr + T*Al_'lj -1 lfrﬁil
-1
[T + T*Al’lj |74,
E | =- T*MT+T*A'I‘-J “h (g, [P+ W %
i 1 Uy Hy Uo Ha‘
- By, 81n 6 |T¥, | - Boky 8in 0| T4

-[T*Aa’lj’élltgo} when | 4 om0

Q
[
n

\=
[y
]

INTEGRATION EQUATIONS

Prediation Xy,; = Xy + Aty + +5 AteggN
Xnel = Xy + 1.5 8ty - .5 At
Correction XN+1 - XN + AtiN + .5 At?'x’N+1 ‘
i - i + . AtY 5 ALY
N+1 = XN + .5 Aty Tt el ¥y

where X =a, A, a, Q'
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EQUATIONS FOR LOADS '
Accelerations = [Riﬂl 61

Shear, Bending Moment,

Torque [313]|Q1| + FH 'H:Lll + FH2|H1| 2
+ Malloill * M°‘2|01|2 * |u1|

Displacement [Pij | |

Velooities = [VU] l éil

Horizontal Acceleration = (klle + kapD2) = Wy
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EQUATIONS OF MOTION

EQUATIONS

The additional equations for the Fortran program include
a new sub-routine for computing the air load and modifi.
cations to existing sub-routines. Changes are related
to their respective sub-routines.

I. The sub-routine AIR is replaced by the following:

)
1. Q=B  cq gt

2. Y, =¥ Et
i2
3 ¥ = yyTeesT *P

b. If/{,, PT>O
D= T
/oy P

6. a. If @ <1.5
Fope = My Bp (2 - 4/27 )
b, If &> 1.5

Fope = /¢ Bp (sin ®)

7. a. If M, P, =0

Fype = ©

b. If MyBpto
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EQUATIONS (Cont'd)

8. After each time inorement the following sum
is formed.

tF
EQ =E Ve
y i1et {QO A A%i

ns= n2
K =1
(Agpy, - AR)S

Vg
<
b. If EQ _.ARS
K = AsPL
KPOD
X = -———V—————
E

Pg + 14.7 Apop ~ 14.7 Apgp (1 - X)°
(1 -x)

10, PA = (K)

IXI. Additions and revisions to sub-routine ETC3,

These changes follow the calculation for F, and
replace the calculation for Pp.

1. Fpg = (¥) - Y5 - KyFy -(6-8) Tgg Q)) (Kpp + SKpg)
2. Bg =Fpg+Cg (¥) - Yp - (6-8) Tgp &)

Pg(a=8) + By (4 + Y3 - Yp) + Pypng (R) cos (I +6)
3. Bg = (® +8)

ko



EQUATIONS (Cont'd)

\I 2 2
4, F].T = Fl + Fls

6- FaT = F

%ot KRt Gp
8. Fp = 'y

9. Pp =py(2)| Far| +M3(n) | Fou| *(6)| P

III. Addition to sub-routine ETCA4
Mg = -Fy (@ + Y, -Y,) /12

IV. Modifications to sub-routine COMQ,
Q =[yg)|Q|+[PBag]|%|*|0s|1 Pra +|C1|2 Pua +{Py|2 Ma

+|Py|2 Moz +[Be|+[Fe|y Mg +|Py|2 Mg,

V. Modification to ﬁhe sub-routine ETCH

1. YQ" (’R?re + Ps) 6ﬁ
. Tﬂ +P‘Ld
2. p = -——-I—v————-—

VI. The main program has been modified so that Cp 1s
computed from a polynomial for the sub-routine DOPO.

i

Ch = E c S
D 4.0 ©Dy

VII. Additions to the sub-routines PRE and COR

The value of Y, and /3 are to be included in the prediot-
correct computations.,

b1



EQUATIONS (Cont'd)
VIII. Additions to the sub-routine OUTPUT

The following additional quantities are to be
included in the output 1list.

Ps, FT" FlT, FQT. \*‘, FPS’ P"Pre’ TP ] MO. Os (Yl - Ya - (6.8)
TGG Ql)’ Yg, Yg: Ygo p’ /3'3 /3

IX. Additions to the sub-routine INOUT

All nevw input values and starting oconditions are to be
included in the print 1list.
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AERODYNAMIC LIFT AND MOMENT

The following formulas for 1ift, "P", and moment,"M", take into
account the change in aerodynamic forces during 1and1ng and
taxi. It is assumed that the air stream velocity is constant,
and that the contribution to lirt of ciroulation lag is
negligible,
P » -pb2AX |vma + 7h.- wba’&] - 2mphAXveba
- 27pAXvbh - 27pAXvb? (.5 - a) a
- -7p | b2AXh ~ b3ana] - wpv [:b%x&]

-TpV2 l:baxn + b2 (.5 - a) Ax&] -vpvaa [bAXa]

M = -pb2aX [ (.5 - a) vba + w2 (1/8 + a®) & - ambh
+ 2pAXvber (a + .5) | va + h+b (.5- a) &:\

- -7p [ab%xi" + oY% (1125 + a2) AZa]
-'trp\/[l:»3 5 - a) AXa.]
-TpV2 -b? (a + .5) AXh + b (a - ,25) Ax&]
—wpv22 [ b2 (a + .5) AXa]
The aerodynamic coefficients occurring in the equations of
motion are Aj, Ao, A In the form given below, these co-
efficlents are equivglent to those shown above,
Coefficlient of h a

“[ha] = e [5]

Coeffioient of h a

- [Ag] = -mpv [P | -mpva; ‘:Hl:\

- Coeffiolent of a

- [A3] = ~wpv2d, Eﬂa:l
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(] (52 (50 o) o 235700
] [ N (s aa)]

:Fa: i [g | ﬁ?{; (5 - a) |
BT Ry

dy 1s the slope of the 1ift curve over v, In Theodorsen's
expressions d; = 2v/7 = 2, which is infinte aspect ratio.

For the general case in which dCL/da is experimentally 'deter-
mined, d, = dCr/da/v, The generalized coefficients are

EI‘*A]_T] , Er*AaTJ , LT*A3TJ -

LOADS ON THE AIRPLANE STRUCTURE

The airplane may be fully represented in the generalized ocoor-
dinate system. A maximum of elghteen generalized coordinates,
Q, may be used, In the sectional coordinate system, X, the
airplane is divided into as many mass bays as desired, Each
bay may have six degrees of freedom: translation along or
rotation about three axes., The transformation from generalized
to sectional coordinates 1s given by x = [T ] Q where [T) is a
modal transform matrix., ,In the landing impact analysis the
generalized vectors, Q, Q, Q, are availlable at all times.

Through the use of the modal transform matrix, the sectional

dlsplacements, velocltlies, and accelerations at all points on
the alrplane structure are available for computing loads,
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DATA OUTPUT

The following were printed at time intervals of .00l sec.

Py Strut air load : 1b,
P, Strut oil load - 1b,
Pp Strut friction force ‘ 1b,
Py Axle load Il strut 1b,
F, = FP  Axle load L strut ' 1b,
P, = PP Axle load i strut in relative coordinates 1b,
Fy Aft normal force on upper bearing 1b.
Fo Forward normal force on lower bearing 1b,
Pp Tire load 1b,
Pv Vertical ground load 1b,
Pp Horizontal drag load 1b,
Fy Gear face on alirplane 1b,
M = AM Gear pitching moment on airplane lb,
Ap Area of metering pin 1n.2
Dg 011 force damping coefficient b seoa/in.2
ANp=SR  S1ip ratio -
Xps 2, Coordinates of axle ' in,
X, 2 Coordinates of ground contact point in,
TAN 6 Slope of terrain at ground contact point -

c Tire deflection | in,
R Rolling radius of ground contact point in,
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DATA OUTPUT (Cont'd)

-
[» 29

GRMU, ground coeffloients of friction

Normal force on splines due to torque

Resultant upper bearing force
Resultant lower bearing force
Side load at axle

Side spring force at axle
Torque on upper bearing splines
Wing bending moment

Side load at ground

Side damping foroe

Tire yaw angle

Strut motion in strut direction
Axle motion in strut direction

Axle motion L strut

Axle motion L strut in relative
coordinates

Motion at top of strut
Angular motion of rolling assembly
lateral motion of unsprung mass

Torsional motion of unsprung mass

46

b,

b,

b,

lb,

b,
in.-lb,
ft.«1b,
1b.

b,

Rad,
in.,seo.
in,,sec,

in.,seo0,

111. ,500 .

in.,seo0.
Rad.,,seo.
1“0 ’.‘00

1n. ,lGOo



DATA OUTPUT (Cont'd)

The following data are generals

t Time ' ) sec.

Q, é, 6 Airplane response vectors . -

47



1.

10.

REFERENCES

Horne, Walter B.: Experimental Investigation of
Spin-Up Friction Coefficients on Conorete and Non-
Skid Carrier Deck Surfaces. NASA TN D-214,

April 1960.

Harris, I. E. and Meriwether, H. D.: Landing loads
Investigation Instrumentation. Douglas Aircraft
Co. Report ES 40636, October 1962.

Harris, I. E. and Tydeman, S. F.: Flight Test
Measurement of Landing Loads on the AkD-2 Airplane.
Douglas Aircraft Co. Report DEV 3616, November 1962.

Allen, F. C., Meriwether, H. D. and Mosby, L. B.:
Landing Loads Investigation Laboratory Drop Tests.
Douglas Aircraft Co. Report ES 40641, September 1962.

Mosby, L. B.: Loais Experienced by the A4D-2 Airplane
During Landings with External Stores, During Landings
on An Arresting Cable and During Unsymmetrical Landings.
Douglas Aircraft Co. Report LB 31074, November 1962.

Barndollar, E. J.: Dynamic Landing Loads Analysis,
Douglas Aircraft Co. Report SM 23895, in five volumes
dated Feb., 1960; Feb., 1961; April, 1961; Sept., 1961;
Jan., 1962.

Rehder, D. M. and Allen, F. C.: A Rough Terrain

Induced Structural Landing Loads Study. Phase I,
Analytical Determination of the Effect of Rough Terrain
on the Loads, Weight, and Performance of the AO-1
Airplane. Prepared by the Douglas Aireraft Co. for

U. S. Army Transportation Research Command, Fort Eustis,
Virginia. Task 9R38-01-019-02 Contract DA£4-177-T0-7}5,
May, 1962. To be published.

Smiley, R. F. and Horne, W. B.: Mechanical Properties
of Pneumatic Tires with Special Reference to Modern
Aircraft Tires. NACA TN 4110, January 1958.

Chun, R. T. and Lenk, E. J.: Ground Vibration Tests on
the Model A4D-2 Airplane, BuNo. 142088 for Landing
Ioads Analysis. Douglas Aircraft Co. Report ES 29972,
April 1961.

Milwitzky, B. and Cook, F, E.: Analysis of Landing-
Gear Behavior. NACA TN 2755, August 1952,

48



[T S ]

WING AREA GO QY.

WING SECTION: . .
ROOT NACA 000B-LI2$0075(8X2I0) .
TIP NACA 00087.028°$0-0767(8X230)

MALC. 12064 N o

ASPECT RATIO 280 -

—

DESCRPTIVE ARRANGEMENT ' -
MODEL A4D-2:.

Jigure 1.



A4D-2 Main Gear.

Figure 2.
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Figure 4., A4D Internal Main Gear Strut Schematic
with Strut Extended.
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16000 e

Spring /

%000 |- ]
Constant, 14000 ’\V

12000 OQ/
Kyy L~

Ib./In. 10000 /

4000

2000

o 2 ] 6 8 10 12 L 16

Stroke - Inches

4000 b
4OKO L~

Ks = =20 (57.3)(6.75) = 783000 xr.-m.Any

e -
Load ' /

d

/
1000 — _
/
L‘/

o~ .2 & .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

Twist - Degrees

Figure 6, Spring Constants in the Fors-Aft and Side Direction
Versus Stroke, and the Strut Angle of Twist for a
Drag load Applied at the Axle.

54



Test Data

ooy

32000

. !

] i

DOUGLAS«W
20000 /

/<Gooo /cAz'
load

16000

ws. - ///

e

8000
%000
0 R B 1.2 1.6 2.0  2.% 2.8 3.2
Tire Deflection, C - Inches
Theory Input Qurve
32000 f
28000 A4
28000
Tire
Load
20000 - va
Ibs. /
16000
12000 /
/ 1
4000 /
0 N .8 1.2 1.6 2.0 2.4 2.8 3.2

Tire Deflection, G - Inches

Pigure 7. Impaot load-Deflection Curves for a Ooodyear Tire,
Size 24 x 5.5 Type VII, at 320 psi.
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% / ' AN
22 / \\
Tire 18 /
Cornering
’o“"
" 14
Kips/Rad.
10 /
6 //
T
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Tire Deflection, C - Inches
N = -127.69¢% + 1852.5¢" - 6218.207 - 4s62.502 + 363060
1.0 ' /
.8
Rebound*
Chamber
:orifise 6
Diaghargo * ///
Coeffielient
e _
%/
2 3 8 10 12 1}
Stroke, 8 - Inohes
Cpg = 011182 - 08888 + .2777
(See Page 59)
Pigure 8, Input Data Coefficients for the Tire Cornering Power

and Rebound Chamber Orifice Discharge Coefficient,

56



JUNSSIUY

‘1'8'd -

HIAWVHO ANNOEEY UVED °‘H *1

THOULS LOMIS ONV TUASSHHJ HTEWVHO ANAOESNY °6 MuNOId

SINOOES - IMIL

L ce* (o 8T° 9T° L 19 (1% ot  go* 90° 0"

— o \.||1\
T —— T “ombus
4.mwﬂ¢L YAAWVHD QNN %g douq
w g ="
- S | v A
R R T DIOULS
SSHMJ URGWVHD ANNOTEH 2g 4Houa _
Y | mu L
— ] ({I{I\ \..IT\\\|\\
— e A
-7 DIOYIS
(- SSEUJ UFEWVED QNOOEEY oL soua
: e g
\.!V.\[ lllllll
I\Il-l\‘llv\\ J= ‘l]\‘lll

e -

SHHONI =~ @NOULS HVID °H 1

57



BARKEL DIA. 4.01] ——

, 254\
ASPL=(4 01/242 4)4_

= /8.4 N*

UPPER BRG.DIA. 4.247

BARREL DIA. 4.254

2835 BARREL
2720 UPPER BRG.
(24 PLACES)

<

SPLINE REMOVED
3 PLACES

UPPER BRG. DIA. 3.999

Section A=A
(See Page 5 )

Figure 10, Sectlon Showing Upper Bearing and Barrel

Spline Detalls.
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rigure 10 (Cont'd.)
INPUT DATA
ORIFICE REBOUND CHAMBER COEFFICIENT

EQ = 2IQ, \IPA At

5
% = Zcq s

q__g__. [2___ 2

As = Orifice area, In.2

Assume Ag 1s caused by 3 missing.splines: - -

Assume Ag 18 caused by the gap between bearing and
barrel, at nominal dimensions, plus 3 missing splines.

A, = .138 + .0756 = .2136 1n,2

8

Ag was assumed to be .126 in.2

As 2 - 5-5
Aspr,

5.5 (.011152 - ,08883 + .2777)

ch =
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R.H, Gear Vvertical Load

R.H, Gear Drag Load

L.H. Gear vertical Load

L.H. Gear Orag Load

L.H. Gear Lower Mass Vertical Acceleration
L.H. Gear Lower Mass Drag Acceleration
L.H. Gear Lower Mass Lateral Acceleration
R.H. Gear Lower Mass Vertical Acceleration
R,H. Gear Lower Mass Drag Acceleration
R.H, Gear Lower Mass Lateral Acceleration
R.,H. Gear Upper Mass Vertical Acceleration
R.H. Gear Upper Mass Longitudinal Acceleration
L.H. Gear Upper Mass Vertical Acceleration
. Gear Upper Mass Longltudinal Acceleration
. Gear Strut Position

. Gear Strut Position

Gear Strut Velocity

Gear Strut Velocity

Gear Metering Chamber Pressure

Gear Metering Chamber Pressure

Gear Shock Strut Rebound Chamber Pressure
Gear Strut Alr Pressure

Gear Strut Air Pressure

Gear Orag Brace Load

Gear Drag Brace Load

Gear Strut Position

Gear Upper Mass Vertical Acceleration
Normal Acceleration (Low Range)

C.G. Normal Acceleration (High Range)

C.G. Longitudinal Acceleration

Aircraft Pitch Attitude

Aircratt Roll Attitude

R.H. Wing Tip Vertical Acceleration

L.H., Wing Tip Vertical Acceleration

R.H. Gear Reaction Platform Vertical Load
R.H., Gear Reaction Platform Drag Load

L.H, Gear Reaction Plattorm Vertical Load
L.H. Gear Reaction Platform Drag Load

Nose Gear Reaction Platform Vertical Load
R.H., Wing Lift Link Load

L.H., Wing Lift Link Load

Timing Clock
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R.H. Gear Vertical Load

R.H. Gear Drag Load

R.H, Gear Side Bending Moment

Gear Vertical Load

Gear Drag Load

Gear Slde Bending Moment

Gear Lower Mass Vertical Acceleration

Gear Lower Mass Drag Acceleration

Gear Lower Mass Lateral Acceleration

Gear Lower Mass Vertical Acceleration -

Gear Lower Mass Drag Acceleration

Gear Lower Mass Lateral Acceleration

Gear Upper Mass Vertical Acceleration

Gear Upper Mass Longitudinal Acceleration

Gear Upper Mass Vertical Acceleration

Gear Upper Mass Longitudinal Acceleration

Gear Strut Position

Gear Strut Position

Gear Strut Velocity

Gear Strut velocity

Gear Metering Chamber Pressure

Gear Metering Chamber Pressure

Gear Strut Rebound Chamber Pressure

Gear Strut Alr Pressure

Gear Strut Air Pressure

+H. Gear Drag Brace Load

L.H. Gear Drag Brace Load

Nose Gear Strut Position

. Nose Goar Upper Mass Vertical Acceleration
C.G. Normal Acceleration (Low Range)

C.G. Norma! Acceleration (High Range)

C.G. Longitudinal Acceleration

Alrcratt Pitch Attitude

Alrcratt Roll Attitude

R.H., Wing Tip vertical Acceleration

L.H. Wing Tip Vertical Acceleration

R.H, Wing Lift Link Load

L.H. Wing Lift Link Load
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FLAT RESPONSE-CPS

s
55
90
65
50
65
60
135
155
110
45

125

120.

135

95
180
195
100
190
180
150
175

130

%
60
85
130
85
90
1o
90
0
90
180
185
188
40
40
100
80
135
145
40
55
35
35
35
160
80
170
145
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2000 lbo “inc -800.

5500 1b./in.

TABLE 4

CONSTANTS FROM GEAR GEOMETRY

INPUT
20.2 in. r
.5391 1n.2 Ro
8.71 1n.2 8¢
11.04 1n.2 g
2.36 1n.2 Wy
13.4-1n.2 Myizes
9.7 in. //42,~
.k 53.435 in. /4“6
o] T
6.75 in, Cg
11.25 1b.-in.-sec.’ Ge
2

0000485 1n./1b.

782000 in.-1b./Rad.

1.25

97

2.0615 in.

12,0 in.

16,0 in.

173.5 in.2 .

149 1bs.

.65

20

.25

20.82 1b,.<sec./in.

26.0 1b.-sec./in.

1000 in.-1b.-sec./Rad.
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Mode Mode f M
ops Ib-Sec2-
ode
1l o 16.708
2 13.6 . 3304
3 16.3 3985
L} 29.8 <1717
5 33.6 .1780
6 0 137,850,
Mode mq
1 1.3923
2 02753
3 .03321
01431
2 .01483
11,480
1l 0
2 =T7302
2 ' -104?8
5 ZRi570
6 0

TABLE 6

FLEXIBLE WING DATA
Vertical deflection of the gear attach point,

h a
In (at Sta. 40)

.083333
-.003015
-.000797
-.002659
-.007659
2.09375

Cy

.05985
-.10952
'002
'018581 !
'05164

.000182

-,

-, 0004

'-+o°°°2

+.0002

. 1,0

ay

-.0004

.001
.0002
.0002
1.0

Dy

-0

-.0145}
.03011"
.01398

01349

.0000871

?:t sfu. 4of'

-,0018  -,000018

+.0016  +.000045
o] +.000028

-,0029 o

Tae,

0
.000227
00277
.001
- 000303 '
o

F

0
-.08246
.08341
.06388
-.20432
0

See following page for definition of symbols and equations

pertaining to this

table.
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TABLE 6 (Cont'd.)
INPUT DATA
FORMULAS FOR FLEXIBLE WING

ny = Mi/12

Tni - (h1 + 40,443 Gl)/la

Tag = O |
Tgoy = hy + 40.443 af - .65455 ay

h'i 1s the slope of the h; ourve at the gear
_attach point (Sta. 40)

al 18 the slope of the @, curve at the gear
attach point

‘Byy = -(27,)2
1 = TH/my

Pi - T"i/mi
Py = T“i/m,_

E; 1s calculated by the program
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TABLE 9 (Cont'd.)
FORMULAS FOR START-TIME INPUTS

Sink Speed ' (in./sec.)
(1.0 - WL) 386 (1n./seo.2)
él cos ¢ (in./sec.)
31 cos ¢ (1in./sec.?)
( 1

Kz_zw") (WL) sin o (in.)

él sin ¢ (in./sec.)
51 sin ¢ | (1n./seo.2)
Ky (Wy;) (WL) cos ¢ (in,)
(Wy) (WL) K;'l;‘ sin ¢ (rad./sec.)
-(12 + (&) sin o) (in.)

Ty, /my ~ (1/1b.sec.?)

Average Ground Coeffilelent of Friction
at Time of Spin-up, from Flight Test Data
Pages 61 to 78. .

Pitch Attitude -6°
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TABLE 10
COMPARISON OF MAXIMUM VERTICAL LOADS

Landings Drop Tests Theory

Max.Vert.Load Max.Vert.Load | Max.Vert.Load

No.| left | Right | Ave. No.| Left | Right | Ave.

121 | 16900 16700 | 16800 || 84 | 18300| 15700 | 17000 16300
123 | 20500 17900 [ 19200 70 | 13300 | 11300 | 12300 16000
125 | 22300 | 22600 | 22450 || 68 | 20700 | 18500 | 19600 22600
126 | 28200 30400 | 29300 93 | 23800 | 25500 | 24650 28900
128 | 20000 20500 | 20250 82 | 25700 | 21500 | 23600 21500
93 | 32800 | 20000 | 26400 25300
95 | 33600 | 26200 | 29900 ' 28600
113 | 17900 | 19000 | 18450 16900
114 | 26000 | 43400 | 34700 37800
117 | 25600 | 25500 | 25550 29900
120 {17700 | 14500 | 16100 18400
131 | 29500 | 18600 | 19050 20600
133 | 22100 19000 | 20550 19500

COMPARISON OF AVERAGE (LEFT AND RIGHT) MAXIMUM VERTICAL LOADS

(a) (B) (c)
Landings Drop Test Theory : Ratios

NoJ v, [aveMax. | No.| Vy |Ave.Max. || Max.Load | (B)/(A)]| (C)/(A)
. Load Load

121 [13.2(16800 84 | 13.9 | 17000 16300 1.01 .97
123 [12.0{19200 70 | 12.2| 12300 16000 .64 .83
125 [15.0 |22450 68 [15.0 | 19600 22600 .87 | 1.005
126 |17.0|29300 93 | 16.7| 24650 28900 : .99
128 {14.7|20250 82 [16.2| 23600 21500 1.16 | 1.06
93 [16.1] 26400 . 25300 .96
95 [16.6]29900 28600 .96
113 |13.2| 18450 16900 , .92
114 {17.%]| 34700 37800 1.09
117 |17.4| 25550 29900 1.17
120 [13.6{16100 18400 1.14
131 |13.5| 19050 - 20600 1.08
133 |14.0( 20550 19500 .95
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TABLE 11
COMPARISON OF MAXIMUM DRAG LOADS

Landings Drop Tests Theory
Max. Drag load Max. Drag lLoad Max. Drag
No. | Isft [ Right | Ave. | No.| Ieft | Right| Ave. Load

121 | 6000 | 5440 | 5720 | 84 | 9930 | 7030 | 8480 5200
123 | 6870 | 6360 | 6615 | 70 | 8510 | 6730 | 7620 5700
125 | 7040 | 6630 | 6835 || 68 | 9940 | 8350 | 9145 6800
126 | 9680 | 6880 | 8280 | 93 |12410 | 9480 |10945 10700
128 | 7300 5530 | 6415 || 82 | 11880 9190 | 10535 8000

93 | 8080 | 8090 | 8085 6800
95 | 8820 | 7660 | 8240 9700
113 | 7040 | 5660 | 6350 5500
114 | 7940 | 4990 | 6465 6300
117 | 6420 | 6080 | 6250 7800
120 | 6880 | 6130 | 6505 5000
131 | 7320 | 6580 | 6950 7600
133 | 8330 | 6580 | 7455 6000
COMPARISON OF AVERAGE (LEFT AND RIGHT) MAXIMUM DRAG LOADS
(n) (B) (¢) »
Landings Drop Test Theory Ratlos
No.| V, A{:égax. No.| Vy Azg;gax. Max. Load | (B)/(A)| (C)/(A)
121 |13.2| 5720 .84 |13.9| 8480 5200 1.47 .91
123 [12.0| 6614 70 [12.2]| 7620 5700 1.15 .86
125 | 15.0| 6835 68 | 15.0/ 9145 6800 1.34 .995
126 [17.0| 8280 93 |16.7| 10945 [ 10700 I 1.32 | 1.29
128 |14.7| 6415 82 | 16.2| 10535 8000 1.64 | 1.25
93 |16.1| 8085 6800 17
95 |16.6| 8240 9700 1.18
113 |13.2| 6350 ' 5500 .87
11% [17.4 6465 6300 .97
117 |17.4 | 6250 . 7800 1.25
120 [13.6| 6505 5000 , 7
131 {13.5| 6950 7600 1.09
133 [14.0| 7855 6000 .80
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Ldg.
No.

121#%
- 12)%
125+%
126+
128w
93

95 .

113
114
17
120
131
133

Spin-Up
Time

1 LH
.0l6
052

. 0l9

.038
JO0l2
+053
050
053
.048
047
<054
059
.064

SEC
RH

J0l5
052
049
Oh4
.050
057
Ok7
053
043
+050
054
.060
.061

*8

TABLE 12

DATA COMPARING CONCRETE
AND NON-SKID LANDING SURPACES

Maximum

Average Drag Load

LH
36
«36
33
«39
37
29
51
¢33
.27
32
34
37
31

RH
35
.29
.28
.28
27

‘s 31

J1
.26
.18
.20
32
31
24

LBS
LH RH

5995 5438
6868 6356
7043 6629
9678 6876
7295 5530
8084 8092
8819 7655
7040 5657
7942 5102
6421 6082
6876 6130
7323 6577
8330 6583

Concrete Average
Non-Skid Average
Wheel RFM Computed

Max.Wheel 2 ?H

Speed
Measured

RPM
LH BRH

1786
1748
1795
1719
1776
2120
2130
1881
1860
1832 1860
1853 1853
2120 2120
2210 2210

1700
1859
1824
1929
1795
2187
1757
1881
1851

= 0328
- 2904

RPM
LH RH

1520 1205
1725 1585
1722 1421

1710 1430

1645 1212
2005 1680
2195 1660
1840 9h5
1630 970
1760 1179
1780 1389

2040 1619

2220 1600

-c)at** o
g§§? ) (Thc:rv)

" 1800

1960
1970
1995
1920
2305

. 2320

1950
1940
1960
1890
2225
2230

from Measured Drag and Tire Radius
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TABLE 14
ENERCY COMPARISON

(1) (2) (3) (%)
Epinal | EInitial Ratio,(2)/(3)
Landing 121 33,736 33,116 1.02
Gear 32,682 .87
Drop 84 37,705 ‘
Platform 35,32 .94
Theory 32,69 - 33,226 .98
Landing 123 , 1 32,315 28,878 1.12
Gear 25,137 .82
Drop 70 30,727
Platform 2;,341 .89
Theory 29,78 29,130 1.02
Landing 125 42,163 45,604 | .92
Gear 40,666 .89
Drop 68 Plats ¥3.5 45,687
atform 3,577 .95
Theory 46,997 45,698 1.03
Landing 126 55,880 58,443 .96
Gear 51,116 .90
Drop 93 56,678
Platform 53,451 .94
Theory 60,187 | 58,494 1.03
Landing 128 40,980 42,866 96
Gear 40,675 .79
Drop 82 51,676
Platform 43,256 .80
Theory 84,072 | 42,863 1.03
Average Ratios, (2)/(3)
Landings - 1.00 (.96)*
Gear .85
Drops pjatform .90
Theory 1.02

# Eliminating Idg. 123

Epinal ™= Area of load versus stroke plus tire deflection
curve + energy in airplane pitch

1 2
Efnitial ™ 2 MV, - (Lift-Weight) x Stroke
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