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SUMMARY 

This report describes the third phase of a project directed toward the 
establishment of aircraft design criteria for rough terrain landing 
operations. 

The report prt sents the results of moving drop tests in which an OV- 1 
main landing gear was made to traverse simulated terrain irregular- 
ities of various sizes and shapes during landing impact.    Test results 
for several cases are compared with the results of dynamic loads 
calculations performed on a digital computer.    Recommendations for 
ir. provement of the analysis are made based on this compariscn. 

in 
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FOREWORD 

This report presents the results of the third phase of a project 
sponsored by the U.S. Army Transportation Research Command to 
assist in the formulation of design criteria for aircraft which operate 
in and out of unprepared areas. The instrumentation,  analytical work 
and report preparation were accomplished by the Douglas Aircraft 
Company at its Aircraft Division,  Long Beach,  California.    The test 
work was accomplished by the National Aeronautics and Space 
Administration at its Landing Loads Test Facility,  Langley Field, 
Virginia. 

This project was conducted at Douglas under the supervision of 
Mr. F. C. Allen, with Mr. L. B.  Mosby acting as Chief Technical 
Investig itor.    Mr.  U.  P. Joyner and Mr.  R. C. Dreher of NASA 
directed the test work.    Mr. J. E.  Yeates of USATRECOM was the 
technical monitor. 
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C tire deflection, inches 

D drag lead at the axle, pounds 

K, through KQ strain gauge calibration constants 

j. ground coefficient of sliding friction 

ji_ ground coefficient of rolling friction 

R radius of undeflected tire, inches o 

S side load at the ground, pounds 

V vertical load at the axle, pounds 

Vp, air volume in oleo strut extended,  cubic inches 

Vj. horizontal velocity at touchdown, FPS 

Vv vertical velocity at touchdown, FPS 

W drop weight, pounds 

Xn distance of touchdown ahead of bump cenierline, feet 

(6/A)v, (6/A)D. (6/A)s strain gauge response measuring vertical, 
drag and side loads 

W. wing lift, g's 
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INTRODUCTION 

This report presents the results of the third phase of a project whose 
purpose is to assist in the establishment of design criteria for Army 
aircraft whose mission requires operation in and out of unprepared 
areas. 

The need for the establishment of new structural criteria arises from 
the fact that Army aircraft are designed to meet Air Force,  Navy or 
Federal Aviation Agency requirements.    These requirements have not, 
generally, included adequate provisions for rough terrain landing and 
taxiing. 

Phases I and II of this project consisted of an analytical investigation of 
the loads induced in an OV-1 Army observation airplane during landings 
on terrain of varying degrees of roughness.   Weight increases caused 
by the rough-terrain-induced load increments were computed,  and the 
effect of these weight increments on the range of the aircraft was 
determined.    Ground roughness design criteria were then established 
on the assumption that an STOL aircraft should not be required to 
land on terrain whose roughness was sufficient to make the performance 
of the STOL airplane less than that of a VTOL aircraft of equal size. 
This portion of the project is reported in Reference 1. 

In the above investigation, the variation in loads of the OV-1 airplane 
with terrain roughness was determined from an IBM 7094 computing 
program which simulated the operational characteristics of the gear 
and the elastic properties of the gear and airplane structure.   Since 
this set of calculations was a key feature in the investigation, it was 
considered desirable to check the method by correlation with test data. 
Accordingly,  a test program on the OV-1 main gear was established, 
and tests were run using the moving drop test facility of the National 
Aeronautics and Space Administration (NASA) at Langley Field, 
Virginia.    In these tests, the gear was dropped on surfaces containing 
protuberances of various sizes and shapes.    The present report 
describes this test program, presents the results and shows a compari- 
son of test and calculated loads. 

■ 
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THE TEST PROGRAM 

DESCRIPTION OF TEST ARTICLE 
i 

The landing gear used for these tests was the main gear of the OV-1 
Mohawk airplane.  The line diagram presented in Figure  1 shows that 
the gear has a side brace, is cantilevered with respect to fore and aft 
loads, has a centrally located wheel mounted on a half fork,  and 
utilizes conventional torque links.  The gear was equipped with an 
8.50-10, type III tire.    The normal tire inflation pressure of 90 psi 
was used throughout the test. 

The shock strut (Figure  1) was of the conventional hydropneumatic type 
with a metering pin and orifice. The air volume in the extended position 
was 194.9 cubic inches.  The stroke from fully extended to fully com- 
pressed was 15 inches. 

The gear was designed for 20. 8 feet per second ultimate sinking speed 
at an airplane weight of 10,715 pounds.    The normal drop weight would 
ordinarily be half the airplane gross weight,  but inasmuch as the un- 
ballasted weight of the drop carriage plus gear was 6618 pounds, this 
value was of necessity used in all tests. 

The load limits for the gear, derived from technical data supplied by 
the aircraft manufacturer,  are shown in Figure 2. 

All tests were made with the axis of the strut inclined 5° 45* wheel 
forward as viewed from the side and 2° 13' wheel to the right as viewed 
from the back. 

INSTRUMENTATION 

A complete description of the instrumentation and calibration procedure 
is contained in Reference 2.    For tht reader's convenience,  the follow- 
ing brief description is included herewith. 

The landing gear instrumentation and recording apparatus was typical 
of flight test instrumentation developed in connection with Navy aircraft 
carrier qualification tests.  The following items were measured: 

(a) Strut vertical,  drag and side forces at the axle 

(b) Vertical,  drag and side acceleration at the axle 

(c) Piston position (stroke) 

(d) Piston velocity 

(e) Metering chamber (oil) pressure 

! 
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(f) Air chamber pressure 

(g) Wheel angular position 

(h) Side brace load 

(i) Tire deflection 

Forces on the gear at the axle were obtained from strain gauges 
mounted on the axle and fork.    Ground loads were obtained by adding 
to the measured axle loads the inertia forces of the wheel and tire 
which were determined from the accelerometers mounted in the axle. 

Piston position, or stroke, -as measured by a slide wire device 
designed by Douglas Aircraft Company, and piston velocity was 
measured by the output of a velocity generator mounted on the cylinder 
and driven by a rod attached to the fork.   Wheel angular position was 
determined by recording the signal induced by the passage of metal 
studs on the wheel past a magnetic pickup mounted on the brake flange. 

For convenience,  the production side brace was replaced by a steel 
tube with compatible end fittings, and side brace loads were obtained 
from a conventional strain gauge installation mounted thereon. 

The response of all gear instrumentation, including the recording 
apparatus,was within ±5 percent up to, or exceeding, 100 cps and 
within ±10 percent up to,  or exceeding,  200 cps. 

In addition to the landing gear instrumentation, the landing track 
facility provided instrumentation for measuring vertical velocity 
of the drop carriage and horizontal speed.   A method was available 
for obtaining the magnitude of the lift applied to the drop carriage at 
the time of impact.  The estimated accuracy of these items is as 
follows:   Vertical velocity, ±0.5 fps; horizontal velocity,, ±2.0 knots; 
lift force,  ±5 percent. 

CALIBRATION 

The only instrumentation requiring special calibration techniques was 
the strain gauge installations measuring vertical, drag and side loads 
at the axle.  By the use of brittle lacquer, the strain gauges were 
located at points on the fork or axle so that they responded primarily 
to one component or the other of the applied load.    Interaction could 
not be completely eliminated,  hence, the results were obtained in 
the form: 

V      =       Kj (6/A)v+ K2 (6/A)D+ K3 (6/A)s 

D      =       K4 (6/A)v + K5 (6/A)D + K6 (6/A)s 

S       =       K7 (6/A)v+ Kg (6/A)D + K9 (6/A)s 

— 
—/ 



I 
U- 

where 

V, D and S - vertical, drag and side loads on the gear, 

(6/A)v = response of the strain gauge measuring 
predominantly vertical loads, 

(6/A)D = response of the strain gauge measuring 
predominantly drag loads, 

(6/A)c = response of the strain gauge measuring 
predominantly side forces,   and 

K, through KQ    = experimentally determined constants. 

To allow for the possibility of strain gauge failure, three vertical, 
three drag and two side gauges were installed and equations derived 
for all possible combinations. 

The calibration was essentially a static calibration.    However, 
laboratory drop tests were made with the strut vertical and no wheel 
prerotation to check dynamically the vertical load equations against 
the vertical load measured on a ground reaction platform.   The con- 
stants for the vertical load equations were then adjusted so that agree- 
ment was obtained between the vertical load measured by the strain 
gauges and the vertical load measure. 1 by the platform.  Thus,  the 
vertical equations are corrected for i /namics whereas the drag and 
side equations are based purely on a static calibration.  The reason for 
not correcting the drag and side equations for dynamic effects was 
that the load platfoTn itself did not have good dynamic response 
characteristics in those directions. 

The final constants obtained from tue calibration tests appear in Table I. 

TEST FACILITY 

The tests were carried out by making moving drop tests at the NASA 
landing loads track.  The basic elements of this facility are shown 
schematically in Figure 3.    The large main carriage is shown in its 
starting position in Figure 4.  The cart "A" is propelled down its track 
by a water jet emanating from the stationary nozzle at "B. " 

The landing gear is attached to the drop carriage located within the 
main carriage (Figure 3).    This carriage is constrained to move only 
in the vertical direction.   After the main carriage is accelerated to 
the proper horizontal speed, the drop carriage is released and per- 
mitted to fall through a distance sufficient to give it the desired vertical 
velocity.    After the landing impact, the main carriage is stopped by an 
arresting gear. 
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A mechanism is provided for the application of a lift force to the drop 
carriage at or near the time of initial touchdown.    Instrumentation is 
provided within the carriage for measuring the vertical speed of the 
drop carriage. A cab in the main carriage houses the recording 
apparatus for the landing gear instrumentation. 

Horizontal speed is determined by measuring the time required for 
the main carriage to travel known distances along the track.  Three 
such measurements are made on each run.  The times are recorded 
in the control room. 

TERRAIN CONTOURS 

The surface irregularities upon which the gear was dropped are shown 
on Figures 5 through 11.    The 1-cosine bumps were made of cast 
al'^^num alloy and their contours were accurate within ±1/32 inch of 
the uieoretical value.    In order to provide strength in these bumps at 
the leading and trailing edges (i.e., to avoid feather edges), they were 
cast with an additional 3/4-inch of material along the bottom.    A 
3/4-inch steel plate was laid in front of these bumps to provide a 
smooth transition from the level runway tq the bump. 

The cylindrical and spherical protuberances were made of welded        * 
steel.    All surface irregularities were equipped with singles by which 
they were attached to the runway. 

The sand pad was 8 inches deep and was constructed of clean mortar 
sand with a density at the time of test equal to 96.4 pounds per cubic 
foot. 

Photographs of the landing area with various protuberances in place 
are presented in Figures 12 through 16. 

SCHEDULE OF TEST CONDITIONS 

A list of all tests that provided complete and valid data is contained 
in Table II. 

.J 
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METHOD OF ANALYSIS 

The method of calculating the landing gear loads is described in 
Reference 1.  Briefly, the method consisted of a Computing program 
designed for the IBM 7094 machine which used numerical integration 
with a predict-correct feature.    The gear and airplane were con- 
sidered as mutually interacting dynamic systems in which the gear 
operating characteristics and structural deformations were considered. 
The equations of motion are repeated herewith in the Appendix in order 
that the changes and revisions may be more conveniently described. 

In comparing the test data with the output of the computing program, 
the intent was to establish the validity of the calculation    performed in 
Phases I and II of this project.    Hence,  comparisons of test and cal- 
culated results are shown which contain no alterations to the computing 
program from that used in Phases I and II other than those made 
necessary by the peculiarities of the test conditions.    Subsequently, 
efforts were made to improve the correlation.  These efforts and the 
results thereof are described on page 14. 

Those revisions made necessary by the peculiarities of the test 
conditions are as follows: 

(1) Since the landing loads track was used for drop testing, 
airplane structural deflections were removed from the 
program.    It was assumed that the drop carriage wap a 
rigid body. 

(2) The angle of the strut to the ground, the weight of the 
drop carriage, the wing lift,  and the sinking speed were 
made equal to those existing in the tests. 

(3) The initial air volume VE was reduced from 207. 3 cubic 
inches to 194.94 cubic inches since in the servicing of 
the strut prior to testing more oil was added than had 
been assumed in the previous analysis. 

(4) The ground contour in certain tests contained,  in 
addition to the 1-cosine shapes,  a 3/4-inch by 
24-inch ramp leading up to the plate in front of the 
first bump and 3/4-inch steps on the leading and 
trailing edges of the second and third bumps (see 
Figure 10).    When these conditions prevailed, the 
original program would not function for technical 
reasons,  and it was found necessary to eliminate 
an iteration ^oop in the computing program.    Check 

1 
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cases were run to determine differences in the standard 
cases with and without the iteration loop,  and they were 
found to be negligible (less than 0. 1 percent, for example, 
on the ground loads).    It became obvious that the iteration 
loop is influential only when the computing interval is 
much larger 'Jion the 0.0001 second used in these cal- 
culations.    < i any event, the actual contour of the landing 
surface existing in the tests was used in the calculations. 

Tft* 
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TEST RESULTS AND CORRELATION WITH ANALYSIS 

CONDITIONS PLOTTED AND CALCULATED 

Table HI lists the conditions for which data are presented and those 
conditions which have been correlated with analytical results.    The 
scope of the project and the capabilities of the computing program 
defined the conditions to be calculated.  The bumps at 45°,  the semi- 
circular cylinder,  and the hemisphere were not investigated analytically 
because of lack of capability in the computing program or because of 
lack of input data.  They were included in the test program to pr  vide 
additional information concerning rough terrain loads and to supply 
data for future investigations. 

TEST RESULTS 

The comparison of measured loads and calculated loads is shown in 
Figures 17 through 34.    The calculated load? at the axle and loads at 
the ground versus time are compared with corresponding test data 
for all conditions for which analysis is provided.  The measured and 
calculated internal strut pressures,  stroke, and compressing velocity 
are compared for typical conditions 1/31/64-4,   1/10/64-4,  and 
2/5/64-2. 

Test data only for all other drop tests listed in Table III are shown in 
Figures 35 through 40. 

8 
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DISCUSSION OF RESULTS 

COMPARISON OF TEST AND CALCULATED RESULTS 

Bump Tests 

In comparing the results of test and analysis of dynamic phenomena,  it 
is generally conceded that the calculated curves cannot hope to duplicate 
all the details of the test data.    In a problem as complex as ehe one 
under study,  differences can arise not only from inexact representa- 
tion oi the system by the analysis,  but also from test inaccuracies 
resulting from instrumentation errors and lack, of precision in the 
determination of initial conditions.    It has been noted, for instance, 
that the measured sinking speed was accurate to within *C, 5 fps.    In 
a 10-fps drop,  a 0.5-fps error in sinking speed introduces a 10-percent 
error in energy.    Such a discrepancy would undoubtedly produce an 
equivalent difference in the maximum load from a smooth field landing 
and have significant effects on the magnitude of the loads developed as 
the gear traverses a bump.    It is necessary, therefore, to examine 
differences between test and calculated results in somewhat of a 
statistical manner and attribute to analytical error differences which 
occur with some degree of consistency. 

A study of Figures 17 through 34 shows that the theory produces curves 
of the same general shape as the drop tests.    The vertical loads at the 
bumps are reproduced with fair accuracy,  and in other portions of the 
vertical load curves the theory tends to predict an average of the 
oscillating test line.    In the multiple bump tests, the theory tends to 
predict the magnitude of the load of the first bump with greater ac- 
curacy than the load at the second and third bumps. 

The drag loads at the axle are predicted generally with satisfactory 
accuracy for the first two cycles.  Then, due to a difference in phasing, 
the load«» are not comparable. 

Vertical loads at the ground show somewhat the same degree of 
correlation as the vertical loads at the axle. Drag loads at the ground 
show good correlation on some areas and poor correlation on others. 
High frequencies in the drag load record ;ntroduced by the drag 
accelerometer are not,  and were not intended to be,  reproduced by the 
analytical data. 

Internal pressures were predicted remarkably well (see Figures 22c 
and 25d).    It appears that the calculated pressures are,  on the average, 
slightly lower than the test pressures at points away from the bumps. 
Tnis observation is corroborated by slightly lower strut velocities and 
strokes in the same regions.    Because of the simpler instrumentation 
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involved in measuring these quantities, it is felt that the correlation 
shown by Figures 22c and 25d is a better measure of the accuracy of 
the analysis than the correlation shown by either axle or ground loads. 

The load having the largest effect on the aircraft weight is the maximum 
vertical strut load developed when the gear traverses a bump.    The 
vertical strut load is the load at the axle parallel to the axis of the strut. 
The corresponding vertical ground load which differs from the strut 
load by the inertia forces of the unsprung mass designs the wheel only. 
The following comparison shows the accuracy of the bump load 
calculations. 

igure 

Measured 
Maximum 

Bump Load 
(lbs) 

Calculated 
Maximum 

Bump  Load 
(lbs) 

17a 10,600 11,900 

18a 16,800 18,200 

19a 10, 100 11.700 

20a 17,500 17,500 

21a 14.700 17,400 

22a 16,500 19.000 

23a 14,900 13.500 

24a 18,000 20,200 

26a 15,700 18.200 

26a 20, 100 16,900 

Run Number 

12/11/63-3 

12/11/63-5 

12/12/63-2 

12/12/63-3 

12/12/63-6 

1/31/64-4 

1/31/64-2 

1/8/64-2 

1/10/64-4 

1/16/64-2 

This comparison draws attention to test 1/16/64-2 since it runs counter 
to the trend of all other cases.    Objective analysis of all evidence in- 
dicates that the measured sinking speed for this condition was lower 
than actual.    Ignoring this case,  the accuracy of the vertical load cal- 
culation is -9 to +18.4 percent with an average error of +10. 4 percent. 
Thus,  there is evidence that the calculations tend to overpredict the 
effect of the bump.  This conclusion is logical since there is a tendency 
in the calculations not to include all structural deflections which actually 
exist and which tend to alleviate the loads. 

In regard to the axle drag load, which has a much lower effect on the 
calculated weights,  a less clear-cut comparison can be mad.*.    In the 
bump cases the drag load w, '-h coincides with the maximum vertical 
load will be most significant; however,  the time relationship of drag 
and vertical load is altered by the initial spin-up phenomena,  and this 

)ii 'fere nee 

o 
+ 12. 2 

+ 8. 4 

+ 16. 

0 

0 

+ 18. 4 

+ 15. 0 

- 9. 4 

+ 12. 2 

+ 16. 0 

• 15. 9 

I 
I— 
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in turn is affected by the coefficient of friction at the time of spin-up. 
In the Phase I and II investigation, the sliding coefficient of friction 
was varied arbitrarily,  and maximum drag loads were combined with 
maximum vertical loads,  regardless of time relationship, to compute 
the weight increments.    Hence,  critical and, probably,  conservative 
crag loads were used. 

Examination of the drag load data in Figures 17 through 34 shows that 
a consistent error exists in the calculated frequency of the drag load. 
Since magnitudes are generally correct in the first cycle or two, it is 
presumed that improved correlation with respect to magnitude on sub- 
sequent cycles would be obtained if the phasing could be improved. 
Discussion of attempts to improve this aspect of the analysis is 
presented on page 14. 

One of the most obvious discrepancies between test and analysis is the 
30- to 40-cps fluctuation of the vertical load occurring in the early part 
of the load history which is not predicted by analysis.    It is significant 
that this oscillation did not appear in the original laboratory drop test 
data with which the analysis was correlated.   It is also significant that 
corresponding fluctuations in the measured oil pressure curves (Fig- 
ures 22c,  25d and 28c) are almost nonexistent.   A check of the test 
data shows that these oscillations are caused by the effect of the side 
gauge on the vertical load.  The relative size of K, and K. in Table I 
is indicative of the magnitude of this effect.    Based on the evidence of 
the pressure measurements and the previous laboratory drop tests, 
one is forced to conclude that this calibration overemphasizes the 
effect of the side load on the vertical and that the actual vertical load 
fluctuations are much lower than shown.    On the other hand,  it is 
believed that the analysis underestimates this effect and could be 
improved in this area. 

Sand Tests 

The comparison of test and calculated data for drops on sand (Figures 
27 and 28) shows a somewhat lesser degree of correlation than is 
evident in the bump cases.    Analysis consistently underestimates the 
magnitude of both vertical and drag loads.  There are two known 
reasons for this result.  First,  since the wing lift applied in the tests 
was 0.85W,  additional energy is introduced into the test system as 
the gear sinks through the sand.    Improved correlation could probably 
be obtained if this additional energy were included in the analysis 
either as an effective increase in sinking speed or in mass.    Secondly, 
the sand rut profile (Figure 41) shows that the gear is effectively land- 
ing on a slope.  This has been shown (Reference 1) to be equivalent to 
landing at a higher sinking speed.    It is believed that the proper approach 
to the problem of load computation for landings on soft soil requires the 

11 
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development of a mathematical representation of the soil (a soil model) 
and its incorporation as part of the dynamic system into the computing 
program. 

i 

The measured coefficients of friction developed in the sand tests are of 
interest.  These are shown in Figure 42, where it can be seen that the 
sliding coefficient of friction reaches  1.6 and the rolling friction aver- 
ages 0. 15 to 0. 2 with a maximum of 0. 3. 

DATA FROM BUMPS ORIENTED 45° TO THE RUNWAY 

The primary purpose of running tests with the bump oriented obliquely 
to the line of motion was to investigate the sida loads developed under 
such conditions.    Data from two drops on this type of contour are 
presented in Figures 35 and 36.    The side loads developed were of 
approximately the same magnitude as the side loads measured near 
the time of initial impact.  These loads are substantially lower than 
would be derived by the elementary procedure of multiplying the 
vertical load by the maximum contour slope in the side direction.  This 
paradox can be attributed not only to inertia effects but also to the fact 
that the maximum vertical gear load is developed at a point beyond the 
point of maximum slope of the contour.    (See Figure 28 of Reference  1.) 

DATA FROM THE HALF-CIRCULAR CYLINDER 
AND THE HEMISPHERE 

Figures 37 through 40 show the results of tePts in which drops were 
made on contours consisting of a 3-inch (radius) half-cylinder and a 
3-inch (radius) hemisphere.    A unique feature of these results is that 
more often than not the vertical bump load contained a double peak. 

One of the factors which these data were intended to resolve was whether 
or not the tire spring rate is the same when it is impressed on a surface 
of large curvature and on objects of small radius of curvature.    To that 
end,  additional tests were made in which the strut was blocked against 
compression by means of a spacer.  The results of these tests are sum- 
marized as follows: 

Ground Load Ground Load 
Increment Increment 

Test Number 3-Inch Test Number 3-Inch 
(1-cosine) Half-Cylinder 

Bump Bump 

1/17/64-2 7000 pounds 1/17/64-4 5500 pounds 

It is concluded that the tire spring rate for the tire impressed on the 
half-cylinder is less than that for the tire impressed oa the 3-inch, 
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1-cosine bump.    From the magnitude of the vertical bump load 
increment 'nduced by the hemisphere (Figures 39 and 40),  it appears 
that the tire spring rate for this contour is even lower than for the 
half-cylinder. 

13 
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REVISIONS NECESSARY TO IMPROVE CORRELATION 

Investigations were made to improve the <       -elation of test and 
computed data.  These were largely dire. :ed toward the improvement 
of the spin-un representation and the drag load phasing.    Only one 
such change involved a revision to the computing program; the others 
involved changes to the input.  The changes are described below: 

(a) Spring Constant for the Gear in the Fore and Aft Direction: 

The original spring constant for the gear was obtained by 
calculation.    Vibration tests were made with the gear in 
place in the drop carriage and the spring constant was 
computed from the resonant frequency data.  Figure 43 
shows the spring constant as originally used and as 
subsequently derived. 

(b) Tire Load-De flection Curve: 

Data from the drop tests permitted a rough determination 
of the tire load-deflection characteristics.    Figure 44 
presents these data and compares them with the assumed 
curve.    Figure 45 compares the original curve with one 
derived from the average of the test data.    Differences 
are quite substantial and cannot be explained.    The com- 
paiison points up the need for research into the dynamics 
of tires. 

(c) Polar Moment of Inertia of the Tire and Wheel: 

Reference 3 states that the polar moment of a tire may 
be increased substantially because of the centrifugal 
forces and resulting tire deflections caused by high speed 
rotation.    A 10-percent increase in the polar moment of 
inertia was estimated based on the data of Reference 3. 

(d) Revision to Computer Program Equation: 

The equation for wheel angular acceleration on page 30 
uses the term R    - C/2 to define the moment arm of the 
drag force at the ground about the axle centerline.    "R  " 
is the original tire radius and "C" is the tire deflection. 
The factor of 1/2 applied to C is illogical and erroneous; 
it is evidently a holdover from a previous program in 
which an average tire deflection was used.    In the revised 
calculations the  1/2 was replaced by 1.0. 

14 
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Figures 46 through 48 show comparisons of test results,  and cf 
calculations in which the foregoing modifications were made.    In 
addition,  starting times were shifted slightly so that test and cal- 
culated curves were initiated simultaneously.  These time shifts 
are noted and varied from 0,002 second to 0.009 second.  The 
improved correlation of test and calculated drag loads, with respect 
to spin-up time,  magnitude and phasing,  is obvious. 

As a result of the tire curve change, the lowness of the calculated 
vertical load, which existed just prior to the bump, has been eliminated. 
It would appear that the tire curve has been somewhat overcorrected. 
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EFFECT OF ANALYSIS ACCURACY ON THE 

CONCLUSIONS REACHED IN THE PHASE I AND I! INVESTIGATION 

The conclusions reached in the Phase I and II investigation,  Reference 
1,  can be categorized as general conclusions and specific conclusions. 
The former are concerned with the qualitative nature of loads,  weight 
increments and behavior of the system,  and the latter with specific 
magnitudes which were used to define roughness criteria.    It can oe 
said without reservation that the current test program revealed nothing 
which would suggest altering the general conclusions of Reference i. 
It was demonstrated that the computing program gave a good representa- 
tion of th«   operating charrcteristics of the gear and that the load mag- 
nitudes were qualitatively correct. 

Insofar as the quantitative conclusions are concerned, it has been shown 
that the vertical loads calculated for the bump cases are high by 10 per- 
cent (page 10) and that the procedure used in Phases I and II produced 
drag loads which were also on the high side.    Consequently, the rough 
terrain capability of the OV-1 has been underestimated by a similar 
amount.  That is to say, the example airplane could traverse higher 
bumps than those computed, for a given weight increment.  This would 
result in the establishment of larger bumps (greater ground roughness) 
in the design criteria. 

The magnitude of the load errors is not,  however,  large enough to 
make significant difference in the design criteria when consideration 
is given to other less well defined areas of the problem.  Two items 
will be used to illustrate this point.    First,  a design criterion haa been 
established in this project by studying one specific airplane.  Several 
airplanes should be investigated to arrive at a more representative set 
of data.    Secondly,  with the example airplane the design roughness for 
equal performance of th» STOL and VTOL airplanes was dependent upon 
the slope and softness (resistance to forward motion) of the takeoff area. 
From the several valueö of design roughness which emerged from this 
study,  one was chosen as being typical and was rounded off to the 
nearest inch for use in the design criteria.    This choice would not 
have been influenced Ly a 10-percent difference in range of answers 
derived from the study.    In summary,  the accuracy of the load com- 
putation method used in the bump cases was sufficient for the purpose 
for which it was useu.  As a design tool the method has a degree of 
conservatism which is desirable and in accordance with structural 
practices. 

The   ,'and testa were directed toward the establishment of criteria for 
soft soil landings.    In this connection the drag loads and,  hence, the 
sliding and rolling ground coefficients of friction are important.    The 
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ground coefficients established in the design criteria of Reference 1 
were: 

^(AVE) 

K(AVE) 

The sand tests showed: 

0.2 to 0.6 (applicable to spin-up) 

0.2 to 1.0 (applicable   after spin-up) 

^S (MAX) 

^R (MAX) 

1.60, 

0.3, 

^S 
(AVE) 

^R 

0.7 

0.2 
(AVE) 

Thus, on the basis of these tests, the criteria should be revised to 
increase the sliding coefficient of friction and lower the rolling co- 
efficient of friction.    It should be remembered, however, that these 
tests were performed on only one ex imple of soft soil,  and the con- 
clusions may well be modified further by tests on other types of soil. 

The lack of conservatism of the computing program in the sand tests 
(page 11) is of some concern.    That unconservatism attributable to 
increased test energy resulting from a wing lift less than LOW can be 
ignored since wing lift during actual landings is usually close to LOW. 
The unconservatism resulting from the effective shape of the ground 
should be eliminated by a revision of the computing program.   Such a 
revision should include a mathematical representation of the soil and 
will be quite complex.    It is not within the scope of this phase of the 
project to prepare such a revision.    Research has been initiated by 
the Air Force to accomplish this task (Reference 4). 
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CONCLUSIONS AJ^D RECOMMENDATIONS 

1. Based on the discussion of results on page   10,  it is concluded 
that the computing program predicts with satisfactory accuracy 
the important loads used in the Phase I and II investigations. 

2. There is evidence that the calculations predict a load at the bump 
which is on the average 10 percent too high. 

3. The following consistent differences between calculated and 
measured loads were noted: 

(a) In multiple bump cases,  the analysis predicted the 
first bump load more accurately than the second 
and third bump loads. 

(b) A 30- to 40-cps fluctuation in vertical load,  which 
was not predicted by theory,  occurred in tests. 

(c) The frequency of the calculated drag load was 
approximately 15 percent greater than the measured. 

(d) The calculated spin-up time was approximately 
15 percent less than the measured. 

(e) In the sand tests, the calculations predicted 
vertical and drag loads which were on the average 
approximately 20 percent less than measured. 

4. Substantial improvement in the spin-up time and the magnitude and 
phasing of the drag load was obtained by making rational improve- 
ments in the strut rigidity, the tire polar moment of inertia and 
the tire load-deflection curve.  An error was discovered in one 
equation in the computing program.    The correction contributed 
to the improved correlation. 

5. Sand tests showed that slightly higher average sliding ground 
coefficients and substantially lower average rolling coefficients 
of friction should be specified for soft soil landings than were 
specified in the Phase I and II work. 

6. There was evidence that the assumed tire loaa-deflection curve 
was substantially different from the one measured in these tests 
under dynamic conditions.    There also was evidence that the tire 
spring rate was 25 percent lower when the gear traversed a 
3-inch half-cylinder than when the gear traversed a 3-inch by 
30-inch l-cosine bump. 
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7. Based on the conclusions in paragraph 6,  it is recommended that 
theoretical and test work be done which would lead to a method of 
predicting accurately the dynamic deflection characteristics of 
tires. 

8, It is recommended that methods be developed for incorporating a 
mathematical representation of the soil in the computer program 
so that better results can be obtained from calculations of soft 
soil landings. 

19 
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APPENDIX I 

EQUATIONS OF MOTION 

DYNAMIC LANDING LOADS ANALYSIS 

NOTATION 

Theory      Fortran Definition Units 

a, a,  a A Motion at axle parallel with in.,  sec. 
strut of unsprung mass of rolling 
assembly, positive down 

a Distance from lower piston bear-       in. 
ing to axle parallel to strut with 
strut iuLy extended 

2 
An Gross orifice area without in. 

reduction for pin 
2 

A. Internal area of oleo piston in. 

2 
A-, Piston area based on i.d. of in. 

lower bearing 

A AP Metering pin area, function of in. 
P strut stroke 

a. Slopes of line equation for pin 
diameter 

23 
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Aerodynamic damping coefficients       1/sec. 

Q,a,ö       AJpha        Angular motion of rolling Rad., Sec, 
asbembly 

b. Intercepts of line equations for in. 
pin diameter 

b Distance from upper to lower in. 
piston bearing parallel to strut, 
strut fully extended 

B.. Coefficients of displacements in l/sec. 
^ airplane equation of motion 

2 
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NOTATION (Cont) 

I 

Theory       Fortran Definition Units 

C 

C 

C. 

^N 

C. 
i 

— J. a 
A, A. A BD 

DO 

Tire deflection 

Damping coefficient perpendicular 
to strut 

Coefficient of discharge 

Discharge coefficient for 
compression 

Discharge coefficient for 
extension 

Maximum allowable tire 
deiiOction 

Coefficient o^ force from gear 

Motion at axle perpendicular 
to strut of unsprung mass of 
rolling assembly, positive aft 

Motion at axle in relative 
coordinates 

Distance from axle to gear 
attach point with strut fully 
extended 

Coefficient of oil damping 
force in oleo 

in. 

lb.-sec. /in. 

in. 

1/lb.sec, 

in. ,sec. 

in.,sec. 

in. 

lb/sec2/ft2 

D. 

FA 

Coefficient of moment from gear 1/ft.lb.sec. 

Distance frorr axle to strut C 
normal to strut,  positive 
for axle forward 

Vector column of cone a its 

Angle of strut with veidcal, 
positive for strut forward of 
gear attach poirt 

Load on axle parallel to strut, 
oositive down 

in, 

1/sec. 

lb. 
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NOTATION (Cunt) 

Theory Fortran 

FP 

Definition Units 

*1 Load on axle X to strut, positive 
aft 

lb. 

FH 
FH Load on airplane from gear, JL to 

reference plane, positive down 
lb. 

Fl Fl Normal force on upper piston 
bearing,  positive aft 

lb. 

^2 
F2 Normal force on lower piston 

bearing, positive aft 
lb. 

g Gravitational constant m. /sec. 

|Gi 
Coefficient of moment from gear 

|Hi 
Coefficient of force from gear 

'R 
Mass moment of inertia of 
rolling assembly 

lb. in.sec. 

Kl 
Strut influence coefficient, 
deflection forward due to force 
acting down parallel to strut 

in. /lb. 

K32, K33 K32 + SK33 is deflection aft 
due to force acting aft perpen- 
dicular to strut 

ib. /in.. 
lb./in. 2 

kj, k2 Coefficients of gear force for 
horizontal accelerations 

- 

X Instantaneous skidding velocity ft. /sec. 

VvL SR Slip ratio - 

'i 
Intercepts in lines for tire load lb. 

m. 
i 

Slopes in lines for tire load lb. /in. 

n Polytropic exponent for strut 
air load 

Subscript to denote initial 
conditions 

25 

* 



NOTATION (Cont) 

i 

D 

O 

V 

P 

Theory        Fortran Definition 

• • • 
Q. Q, Q 

Po 

R 

R 

Units 

PA        Strut air load lb. 

PD Drag load in horizontal plane lb. 

PE Airload in oleo with strut lb. 
extended 

PF Bearing friction force on strut lb. 

PO        Strut oil load lb. 

PP Force at axle (relative co- lb. 
ordinates) perpendicular to 
strut positive forward 

PT Tire load 

PV Vertical ground reaction load 

Coefficient of generalized 
displacement 

A Airplane motion,  generalized 
coordinates 

Mass density of hydraulic fluid 

Radius of undeflected tire 

R Instantaneous rolling radius of 
tire 

Coefficients of generalized 
acceleration 

lb. 

lb. 

ft. or in. 

1/ 
1/sec., 

sec. ^ 

lb. sec .    /in. 
4 

in. 

in. 

O |     J t     O Strut motion measured from 
full extension 

Maximum strut stroke 

in. , sec, 

in. 

S. Values of S associated with pin in. 
constants 

Coefficients of Q in equation for 
airplane loads 
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NOTATION (Cont) 

Theory Fortran Definition Units 

t 

^t 

t,. 

T ̂ i 

h 

^2 

Hs 

^R 

u 

L 

V 

W u 
w N 

Time 

Interval of numerical integration 

End of integration 

Generalized airplane coefficients 
of force at gear attaching point 

Generalized coefficients of 
moments at gear attaching point 

Coefficient   of friction identified 
(numerically) by its subscript 

Bearing coefficients friction 
befcre strut moves - static 
friction • 

Bearing coefficients after strut 
moves 

GRMU Ground coefficient sliding 
friction 

GRMU Ground coefficient rolling 
friction 

Arbitrary constants in equation 
for loads on airplane 

Air volume in oleo strut extended 

Forward velocity of airplane 

Coefficients of generalized 
velocities 

Unsprung weight of gear 

Airplane net weight supported 
by gear 

X Horizontal coordinate of ground 
contact point for rough terrain 
function 

sec. 

sec. 

sec. 

in./lb.sec' 

1 lb. /sec, 

3 
in. 

in./sec. 

in.  or ft. 

lb. 

lb. 

in. 
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NOTATION (Cont) 

Theory Fortran Definition Unit.-» 

X. Arguments in table of terrain in. 
roughness,  0 r i = 700 

X. XA Axle coordinate, horizontal in. 
displacement along terrain 
roughnessi 

X,,X?, Coordinates used to define in. 

XyX^ terrain 

X Initial (starting valae) of X 

YD, Y_, YB Motion at top of strut in. , sec. 

YB 

Z Z Vertical coordinate of ground in. 
contact point for rough terrain 
function 

Z. ZA Axle displacement from touch- in. 
down, positive down 

Z Initial (starting value) of Z in. 

9 Ground slope Rad. 

TAN G TAN Printed for instantaneous 
value of ground slope 

A, B, Amplitudes of terrain rough- in. 
C,D ness entered in X-table, 

positive down 

M0 AM Moment from gear, positive ft. lb, 
airplane nose up 

p Multiple of At at which print- 
ing of program output takes 
place 

VA Vertical accelerations 

PA Pitching acceleration 

28 

I 
« 



. 

' 

NOTATION (Cont) 

Theory Fortran Definition Units 

SH Shear 

BM Bending moment 

TQ Torque 

AA Airplane angle of attack 

AV Airplane pitching velocity 

APA Airplane pitching acceleration 

VP Airplane vertical position 

VV Airplane vertical velocity 

AVA Airplane vertical acceleration 

HA Airplane horizontal acceleration 

- 
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EQUATIONS OF MOTION 

GEAR EQUATIONS 
W 

■P„ sin <}> + ?« cos $ - P + WfT sin <t>   T V D U '       g 
U 

\                                                                 I      u 
=     -P.,. cos 4> - P^ sin4>  + FA + WTT cos 4>K  

(       V U A U i       g 

H. 
i 

Qi 
cos 4>    Before the strut nnoves 

=     ^T^o-T^^ 

=    -A K1F^ K32 + SK33 

P 

F 

=    - F,   + C A 

p    + p     + p 
^A     ^O        F 
W 

U 
ä + Pv cos 4> +   fxPv sin 4» - W.. cos «j> 

B 

Before the strut moves 

P^ (a-S) - F     (e-3) 

b + S 

F1 + P_ 

L. F.l   +L. F. 
vi     l»       lri     < 

H. 

A- ¥„ sin4> + (6 - S) 

S 2 0,  Pp positive 
■ 

S < 0,  P_ negative 

p.. = ^A, before strut moves 

= ^2 after strut moves 

H. 
i 

Q.     cos 4> - a 
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AIRPLANE EQUATIONS 

Q. NlQih KH^I^HJSI, 
+ FH2l

cil 

^a,   Kl,   tM»2l
Dil2   +|Eil 

H 

M 

ij 

^   - F ,  cos 4> - F^ sin <t> 

=   (6 - S) FL 

T*MT + T*A1T 

JB.. =- |T*MT + T+AjT I 

=    |T*MT + T*A1T 

D. =    T*MT + T*A1T 

E. =-  T*MT + T«A iT| 

T*A2T 

T*KT + T*CT + T*A3T 

T* 
H. 

8      i 

KJ T*H + W u. T?L 

61WUiSin4>1 T* -6-,WTT    8in4>, 
al 2    U2 2 

!T*A2T Q.. when 
t = o 

Q. 

Q 
2 

=     0 
t = o 

INTEGRATION EQUATIONS 

Prediction N+1 N N N 

XN'X 1     =   XTVT   +    !• 5 ^Xxr   -    • 5 AtX-.     . N+l N N M-l 

Corre«. tion XNTX 1     =  XM + AtXXT +   • 5 At   X. .^, N+l N N N+l 

XN+1   =xN+.5AtXN+1+.5AtXN 
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im 

where 
X =   a, A , o,  Q 

D   SIS o 
D     = o 2 IS (Ao - vl 

AD   ^(».S+b.)2 

c = Ro-R 

PT 
= A+ mic 

X/V
L 

= 
(R    - f) ä

 +A COS4> 

1 

1* = jig   Before spin-up 

= an  After spin-up 

P- cosB + JIPJ sinG 

PD =  - PT sine + KPT cose 

Criterion for strut motion   F* - P£ + Pp 

X. =   X    t V. t - Acos'4> +  a 8in4) 
A o L. 

Z . =   Z    + A sin ^ -h a cos 
A o 

TAN 6 

XÄ - R 
A 

sin 6 

A [ l-c( 
X- •Xl 38 ZTT 
X^ 

i 

- + 
1 

2 it A 

VX1 
sin Zv 

X- 

x
2 

xl 

■xl 
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 ^^j^y^,? 

R 

sin 6 

=    {x.xA)2+(z-zA)2 1/2 

TAN e 

(1 + TAN2e)1/2 

cos e       =   (1 + TAN2e)1/2 

EQUATIONS FOR LOADS 

Accelerations        =     R,.  kj. 

Shear,  Bending 
Moment,  Torque =     S..   Q.     +   F„     H.       +   F„     H. 

nil Hj      x j H2      r . 

+   M^     G.       + MÄ     G.       +   u. 
Äl      1 1 ö2      1 2 

Displace nent =     P..iQ. 

Velocities =     V .   Q. 

Horizontal 
Acceleration =     (kjP^,     +   k2Pn ^  * W

N 
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DATA   OUTPUT 

The following were printed at time intervals of 0. 001 second: 

PA Strut air load lb. 

P Strut oil load lb. o 

P_ Strut friction force lb. F 

F. Axle load 11 strut lb. 

Fj. = FP Axle load ± strut lb 

Pj_ = PP Axle load J-strut in relative coordinates lb. 

F, Aft normal force on upper bearing lb. 

F_ Forward normal force on lower bearing               lb. 

P™ Tire load lb. 

Pv Vertical ground load lb. 

P_ Horizontal drag load lb. 

Fr, Gear force on airplane lb. 
hi 

2 
m. 

Ma = AM Gear pitching moment on airplane lb 

A— Area of metering pin 

2        2 Dn Oil force damping coefficient lb sec   /in. 

X/V=SR Slip ratio 

XA,  Z. Coordinates of axle in. 

X,  Z Coordinates of ground contact point in. 

TAN 6 Slope of terrain at ground contact point 

C Tire deflection in. 
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DATA OUTPUT (Cont) 

R Rolling radius of ground contact point in 

^R, S GRMU, ground coefficients of friction 

FT Normal force on splines due to torque 

F._ Resultant upper bearing force 

F-— Resultant lower bearing force 

Pc Side load at axle 

Fp^ Side spring force at axle 

To Torque on upper bearing splines 

Mg Wing bending moment 

P^ Side load at ground 

Cs Side damping force 

^ Tire yaw angle 

S, S, S Strut motion in strut direction 

A, ä, ä Axle motion in strut direction 

^»^»^ Axle motion x strut 

A .SS Axle motion X  strut in relative 
coordinates 

YB, Y_, YB Motion at top of strut 

a,ö, a Angular motion of rolliag assembly 

Y2> Y-, Yy Lateral motion of unsprung mass 

ß , ß , ß Torsional motion of upsprung mass 

lb. 

lb. 

lb. 

lb. 

lb. 

in. -lb. 

ft. -lb. 

lb. 

lb. 

Rad. 

in. , sec. 

in. , sec. 

in. , sec. 

in. , sec. 

; 

in. , sec. ■ 

Rad. , sec. ■ 

in. , sec. 

in. , sec. 
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DATA OUTPUT (Cont) 

Ths following data are general: 

t Time 
• • • 

Q,  Q,  Q Airplane response vectors 

sec. 
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APPENDIX II 

TABLES AND FIGURES 

TABLE 1 

STRAIN GAUGE CALIBRATION CONSTANTS 

V = Kj (6/A)v + K2 {6M)D + K3 (6/A)s 

D = K4 (6/A)v + K5 (6/A)D + K6 (6/A)s 

S       =    K7 (6/A)v + K8 (6M)D + K9 (6M)S 

Kl = 16315 

K2 = -236 

K3 = 8496 

K4 = 131 

K5 = 3467 

K6 = 17 

K7 = 122 

K8 = -315 

K9 = 3340 
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TABLE 2 

SCHEDULE OF CONDITIONS 

Drop               Contour 
Number       Descriptions 

Reference 
Figure 

VH 

(fp*) 

vv 
(fps) 

Touchdown 
Ahead of Bump 

Centerline 
(feet, XCy 

12/2/63-1 2-inch 
1-cosine 

5a 130 6.7 37.0 

12/10/63-2 2-inch 
1-cosine 

5a 146 8.0 15.3 

12/10/63-3 2-inch 
1-cosine 

5a 140 8. 1 41.2 

12/10/63-5 2-inch 
l-cosine 

5a 136 9.2 38.0 

12/11/63-1 2-inch 
1-cosine 

5a 136 8.0 17.3 

12/11/63-2 2-inch 
1-cosine 

5a 131 9.8 25.9 

12/11/63-3* 2-inch 
1-cosine 

5a 139 7.7 22.1 

12/11/63-4 2-inch 
1-cosine 

5a 140 9.0 25.2 

12/11/63-5* 2-inch 
1-cosine 

5a 142 9.4 15.7 

12/11/63-6 2-inch 
undulations 

6a 140 5.8 1.1 

12/12/63-2* 2-inch 
undulations 

6a 135 6.6 14.1 

12/12/63-3* 2-inch 
undulations 

6a 142 8. 1 27.0 

12/12/63-5 3-inch 
1-cosine 

5b 140 6.2 20.5 

12/1Z/63-6* 3-inch 5b 140 8.8 24.9 
1-cosine 

*Compari8or i condition. 

L_- J 
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TABLE 2 (Continued) 

Touchdown 
Drop Contour Reference VH 

vv Ahead of Bump 
Number Descriptions Figure Center line 

(fps) (fps) (feet, XC ) 

12/12/63-7 3-inch 
l-cosine 

5b 143 6.9 32.9 

1/30/64-2 3-inch 
l-cosine 

5b 132 9.4 47.8 

1/31/64-4* 3-inch 
l-cosine 

5b 148 9.8 23.4 

1/31/64-5 3-inch 
l-cosine 

5b 135 9.3 40.6 

1/8/64-2* 3-inch 
undulations 

6b 129 9.3 15.5 

1/8/64-3 3-inch 
undulations 

6b 131 10.0 33.0 

1/31/64-1 3-inch 
undulations 

6b 143 5.9 24.0 

1/31/64-2* 3-inch 
undulations 

6b 150 6.0 33.9 

1/10/64-4* 3-inch 
spaced   108 

o. c. 

10 141 7.5 27.4 

1/16/64-2* 3-inch 
spaced   108 

o. c. 

10 150 8.0 21.3 

1/6/64-5 3-inch 
half-cylinder 

8 132 9.1 34.7 

2/3/64-2® 3~inch 
half-cylinder 

8 140 7.6 24.5 

2/3/64^ 3-inch 
half-cylinder 

8 140 7.5 44.8 

2/3/64-4 3-inch 
half-cylinder 

8 138 6.6 7.0 

*Comparison condition. 

^Plotted condition. 
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TABLE  2 (Continued) 

I 
f 

Drop 
Number 

Contour Reference 
Descriptions        Figure H 

(fps) 

V 

(fps) 

Touchdown 
Ahead of Bump 

Center line 
(feet, XC^) 

2/4/64-4 

2/4/64-6 

12/18/63-2® 

12/18/63-3 

12/18/64-^ 

1/6/64-4® 

12/18/63-5 

1/17/64-2 

1/17/64-4 

1/29/64-1 

1/29/64-2 

2/5/64-1* 

2/5/64-2* 

2-inch 7a 
1-cosine 
at 45° 

2-inch 7a 
1-cosine 
at 45° 

3-inch 7b 
1-cosine 
at 45° 

3-inch 7b 
1-cosine 
at 45° 

3-inch 9 
hemisphere 

3-inch 9 
hemisphere 

level 
terrain 

1-cosine 5b 
gear blocked 

half-cylinder 8 
gear blocked 

10° yaw 

5° yaw 

sand 11 

sand 11 

148 

146 

138 

137 

8.2 

9.5 

8. 1 

8.9 

135 7.9 

138 9.5 

134 5.5 

133 1.5 

128 1.5 

130 5.2 

148 4.5 

148 6.8 

148 9.0 

12.0 

13.7 

29.4 

38.0 

9.2 

31.8 

275 

275 

«Comparison condition. 

®Pk)tted condition. 
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3. 

rT 
Figure 5. Single 1-Coalne Bump. 

(a) H - 2 

(b) H - 3 

(a) H = 2 (b) H = 3 

Figure 6. Three Continuous 1-Cosine Bumps. 

r\ 

45° 

|—     24 --J168J— 

^   (, r 

X 

x 
h 30 

24 

.75 

t 

(a) H 

(b) H = 3 

T 
Figure 7.    Single 1-Cosine Bump at 45 Degrees. 
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Figure 8.    Three-Inch Half Cylinder. 

U  24 -^|l68 I-— 30 
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T 
Figure 9, Three-Inch Hemiaphere , 
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•12   .16     «20 
TINE • SECONDS 

(a) Comparison of Loads at Axle. 

Figure 17. Comparison of Measured aid Calculated Loads for a 
7.7 PPS Drop on a 2-Inch hy 30-Inoh 1-Coalne Bump. 
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(b) Comparison of Loads at Ground. 

Figure 17. Concluded. 
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.12   .16     .20   .24 
TIME - SECONDS 

(a) Comparlaon of Loads at Axle. 

.28 

Figure 18.    Comparison of Measured and Calculated Loads for a 
9 A PPS Drop on a 2-Inch by 50-Inch l-Coslne Burap. 
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(b) Comparison of Loads at Ground« 

Figure 18. Concluded 
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.12   .16    .20 
TIME - SECONDS 

(a) Comparison of Loads at Axle. 

Figure 19. Comparison of Measured and Calculated Loads for a 
6,1 PPS Drop on Three 2-Inch "by 30-Inch 1-Cosine 
Continuous Undulations. 
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TIME - SECONDS 

(b) Comparison of Loads at Ground, 

Figure 19. Concluded. 

.24    .28 
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•12   .16     ,20 
TIME - SECONDS 

(a) Comparison of Joada at Axle. 

Figure 20. Comparison of Measured and Calculated Loads for an 
8.1 PPS Drop on Three 2-Inch by 30-Inch l-Cosine 
Continuous Undulations. 
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TIME - SECONDS 

(b) Comparison of Loads at Oround. 
Figure 20. Concluded 
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(a) Comparison of Loads at Axle. 

.12   .16    .20 
TIME - SECONDS 

Figure 21. Comparison of Measured and Calculated Loads for 
8.8 PPS Drop on a 5-Inch by 30-Inch l-Coslne Bump, 
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(b) Comparison of Loads at Oround. 
Figure 21. Concluded 
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.12   .16 
TIME - SECONDS 

(a) Comparison of Loads at Axle. 

Figure 22. Comparison of Measured and Calculated Loads, Pressures 
and Axle Motion for a 9.8 PPS Drop on a 3-Inch by 
30-Inch 1-Cosine Bump, 
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(b) Comparison of Loads at Ground. 
Figure P2. Continued. 
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(c) Comparison of Strut Pressures and Comparison of 
Strut Stroke and Velocity. 

Figure 22. Concluded. 
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.12   .16 
TIME - SECONDS 

(a) Comparison of Loads at Axle. 

Figure 2). Comparison of Measured and Calculated Loads for 
a 6.0 PPS Drop on Thr»3e 5-Inch by 30-Inch l-Cosine 
Continuous Undulations. 
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(b) Comparison of Loads at Qround. 

Figure 2j}.  Concluded, 
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.12 .16 
TIME - SECONDS 

(a)    Comparison of Loads at Axle. 

Figure 24.    Comparlaon of Measured and Calculated Loads for a 
9.3 PPS Drop on Three  3-Inch by 30-Inch l-Coslne 
Continuous Undulations, 
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(b) Comparison of Loads at around. 
Figure 24. Concluded. 
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.08    .12   .16     .20   .24 
TIME - SECONDS 

(a) Comparison of Loada at Axle, 

.28 

Figure 27,    Comparlaon of Measured and  Jalculated Loads for 
a 6.8-FPS Drop on Sand. 
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(b) Comparison of Loads at Ground. 
Figure 27. Concluded. 
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SECONDS 

a)  Comparison of Loads at Axle. 

Figure ?8. Comparison of Measured and Calculated Loads, 
Pressures and Axle Motion for a 9.0-FFS Drop 
on Sand. 
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(b) Comparison of Loads at Ground. 

Figure 28.  Continued. 
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(c) Comparison of Strut Pressures and Comparison 
of Strut Stroke and Velocity. 

Figure 28. Concluded. 
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Figure 29.    Comparlaon of Measured and Calculated 
Load-Stroke Curves for Drops on 2-Inch 
1-Cosine Bumps, 
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Figure 50. Comparlaor of Measured and Calculated 
Load-Stroke Curves for Drops on Three 
2-Inch 1-Coslne Continuous Undulations, 
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Figure 51, Comparison of Measured and Calculated 
Load-Stroke Curves for Drops on 3-Inch 
1-Cosine Bumps, 
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Figure 32. Comparison of Measured and Calculated 
Load-Stroke Curves for Drops on Three 
3-Inch 1-Coslne Continuous Undulations. 
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Figure )3. Comparison of Meaaured and Calculated 
Load-Stroke Curves for Drops on Three 
5-Inch 1-Cosine Bunps Spaced 108 Inches 
Apart. 
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Figure 54.    Comparison of Measured and Calculated 
Load-Stroke Curves for Drops on Sand. 
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DROP NO.   12/18/65-2 

•04    .08 

(a) Measured Loads at Axle. 

.12   .16     .20 
TINE - SECONDS 

.24 .28 

Figure 35. Measured Loads, Pressures, and Axle Motion 
for an 8.1 FPS Drop on a 3-Inüh 1-Cosine 
Bump Oriented at 45 Degrees to the Runway. 
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(b)    Meaaured Loads at Ground. 
Figure >5.    Continued, 
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(a) Measured Loads at Axle. 

•12   .16    ,20 
TIME - SECONDS 

Figure 57. Measured Loads, Pressures, and Axle Motion 
for a 7.7-PPS Drop on a 3-Inch Half Cylinder. 
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TIME - SECONDS 

(b) Measured Loads at Ground. 

Figure 37.  Continued. 
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(c) Measured Strut Pressures and Measured Strut 
Stroke and Velocity. 

Figure 57. Concluded. 
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DROP NO, I2/I8/63-4 

.04 .08    .12   .16     .20   .24 
TINE - SECONDS 

(a) Measured Loads at Axle. 

.28 

Figure  39.    Measured loads.  Pressures and Axle Motion 
for a 7.9-FPS Drop on a  3-Inch Hemisphere. 
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(b)  Meas'ired Loads at Ground. 
Figure 59. Continued. 
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Measured Strut Pressures and 
Measured Strut Stroke and Velocity. 

Figure 39. Concluded. 
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TIME - SECONDS 

(a)    Measured Loads at Axle. 

Figure 40.    Measured Loads,  Pressures and Axle Motion for a 
9.5-PPS Drop on a  5-Inch Hemlsphtre, 
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(b) Measured Loads at around. 

Figure 40. Continued. 
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figure 40. Concluded. 
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,12 
TIME - SECONDS 

/«\ a) Sinking Speed - 9,0 PPS, Koriz Speed  » 148 FPS 

Drop »o. 2/5/64-1 

.08    .12    ,16   .20     .24 
TIME - SECONDS 

(b) Sinking Speed - 6.8 PFS, Horlz Speed = 148 PPS 

Figure 42. Qround Coefficients of Friction for 
Drops on Sand. 
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Figure 4). Comparison of OV-l Stiffness Versus Stroke, 
and Stiffness Derived Prom Measured Data. 
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TIRE DEFLECTION - INCHES 

Figure M. Comparison of Measured and Assumed Tire 
Load-Deflection Curves. Tire Impressed 
on Flat Hard Surface. 
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TIRE DEFLECTION - INCHES 

Figure 45. Comparison of OV-1 Main Gear Tire Load-Deflection 
Curve and Curve Derived From Measured Data. 
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Figure 46. Comparison of Measured and Calculated Loads 
for an 8.8-PPS Drop on a 3-Inch 1-Cosine Bump. 
Calculations Revised to Improve Drag Load 
Correlation. 
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TIME - SECONDS 

Figure 47. Comparison of Measured and Calculated Axle  Loala 
for a 9.8-PPS  Drop on a  5-Inch  l-Coslne Bump. 
Calculations Revised to Improve Prag  Load 
Correlation. 
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Figure ^8, Comparison of Measured and Calculated Axle 
Loads for a 9.0-PPS Drop on Sand. Calculations 
Revised to Improve Drag Load Correlation. 
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