LIS

rmed oervices Technical T

Reproduced

DOCUMENT SERVICE CENTER
KNOTT BUILDING, DAYTON, 2, OHI0

This document is the property of the United States Government. It i8 furnished for the du-
ration of the contract and shall be returned when no longer required, or upon recall by ASTIA
to the following address: Armed Services Technical Information Agency,
Document Service Center, Knott Building, Dayton 2, Ohio.

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA

D FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,

2

USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO,

'UNCLASSIFIED

b



A STUDY OF LANDING GEAR REBOUND
AND SUBSEQUEINT RUNGUT CHARACTERISTICS

L. T. WATERMAN
W. H. SELLERS
C. W. VICKERY

D. M. KAUFFMAN

FAIRCHILD ENGINE AND AIRPLANE CORPORATION

MARCH 1954

WRIGHT AIR DEVELOPMENT CENTER



WADC TECHNICAL REPORT 54-110

A STUDY OF LANDING GEAR REBQUND
AND SUBSEQUENT RUNOUT CHARACTERISTICS

L. T. WATERMAN
W. H. SELLERS
C. W. VICKERY

D. M. KAUFFMAN

FAIRCHILD ENGINE AND AIRPLANE CORPORATION

MARCH 1954

AIRCRAFT LABORATORY
CONTRACT No. AF 33(616)-394
PROJECT No. 1367
TASK No. 13583

WRIGHT AIR DEVELOPMENT CENTER
AIR RESEARCH AND DEVELOPMENT COMMAND
UNITED STATES AIR FORCE
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

Carpenter Litho & Prtg. Co., Springfield, 0.
100 - May 1956



FOREWORD

The experimental and analytical studies presented in this
report are the results of a contract initiated by the Structures
Branch of the Aircraft Laboratory of the Wright Air Development
Center under Contract No, AF 33(616)-39L with the Fairchild Aircraft
Division of the Fairchild Engine and Airplane Corporation. The data
shown herein represent a partial completion of an original proposal
to completely investigate the rsbound and runout ¢haracteristics of

ajrplanes having all conceivable types of landing gear configurations, -

Tests conducted specifically for this contract were made only on one
airplane, namely, the Fairchild Model C-119-H., However, some data
have been included for other airplanes, most of which were supplied
by the Aircraft Laboratory of the Wright Air Development Center,

The other airplanes included are the C-119-G, C-L7, B-36, and F-8l.
Although no test data are included, calculations are shown for the
XC~120 quadricycle landing gear. The landing tests were conducted
at the Fairchild Aircraft Division plant at Hagerstown, Maryland,

The numerical calculations which provide statistical data
for the report were made on the IBM Card-Programmed Electronic
Calculator,

Landing test records for the C-47, F-8L, B-36 airplanes
were supplied by the Aircraft Laboratory of the Wright Air Development
Center. The contract was initiated to establish a basis for improve-
ment of the landing gear design criteria. The project was sponsored
by Mr. G. M. Goldman, Chief of Design Criteria Section, WCLSS, with the
technical assistance of Mr. E. J, Lunney, Chief of Dynamic Loads
Section, WCLSY,

This report was prepared on Air Force Contract AF 33(616)-39L
under Project Number 1367, Task 13583.
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ABSTRACT

This report presents results of an analytical and experi-
mental study of the landing gear rebound problem. It includes
results of an experimental investigation of the landing characteristics
of the Fairchild Model C-119-H Airplane together with some data for
other airplanes supplied by Wright Air Development Center. An
analytical investigation of quadricycle and tricycle landing gears
was made and the results correlated with data from landing tests.
Methods are shom for tak_‘i_nﬁ into l‘n'ﬂﬁ'ir‘n‘!"n""‘nn a’ny' gecmetrlcal
arrangement of ths la.u’i.uxb gear units. The ana.J.y'cJ.ca.L treatment
was simplified considerably by introduction of the notion of
effective mass; it is shown that this notion can be used to facili-
tate correlation of the analytical results with drop test data. A
comparison of the results obtained with results of impulse-momentum
methods is shomm. The effect of changing certain of the parameters
such as geometry, inertia, and external forces is considered. It
was found that the second impact is usually somewhat more severe
than the first. The problem of formulating adequate design criteria
for landing gears is discussed. A review of literature pertinent
to the problem is presented.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

D. D. McKes Eg

Colonel, USAF
Chief, Aircraft Laboratory
Directorate of Laboratories
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INTRCDUCTION

Experimental data and analyses of the data relevant to the
problem of formulating criteria for the design of aircraft landing
gears are presented in this report, )

In this study the airplane has been considered as a rigid
body. From the point of view of landing gear design, this assumption
is conservative, since it neglects dissipation of landing gear forces
through the excitation of vibrations of the elastic structure, From
the point of view of over-all aircraft design, it would be necessary,
of course, to take account of the various flexible modes of vibration
of the structure, in order to determine the maximum stresses that
might be developed in any of its members due to the landing impact.

The airplane for which new experimental data were obtained
in this study and are presented in this report is the C-119-H.

An actual dynamical system is usually too complicated for
mathematical treatment, For such treatment it is thus necessary to
describe a simplified equivalent system. This is true of a landing
gear system. Such a system presents nonlinearities in its response
characteristics due to frictional damping, polytropic compression of
air, and the flow of o0il through an orifice, In the present study
the problem was linearized through the use of an equivalent spring
rate calculated from drop test data. However, provision has been
made for treating the nonlinear case.

The equivalent system used in the present study is described
in this report. Equations of motion for the equivalent system were
written and solved analytically. Numerical values of the solutions
were calculated with the help of the card-programmed electronic
calculeting machine. A check on the adequacy of the equivalent system,
as well as the accuracy of the calculations, is provided by charts
showing a comparison of calculated with test results. The agreement
shown in this report is considered satisfactory.

A novel feature of the present treatment is the use of the
notion of effective mass. As used in this report, the notion of
effective mass is associated with a single degree of freedom. Through
the use of the notion of effective mass it was found possible to
correlate results of drop tests with the dynamics of the airplane.

This report presents a survey of literature on landing gear
research designed to supplement, and bring up to date, the rather
extensive survey presented in Reference 13. The list of references
is by no means complete; it represents literature actually referred
to in the report.

WADC TR 54-110 1
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SURVEY OF LITERATURE

Landing-gear research apparently had its origin in Germany
before the last war (Ref. 4) This early landing-gear research was
influenced by official regulations. These regulations required that
a drop test be made in which the upper end of the shock strut was
attached to & weight and dropped on an anvil., At the instant when the
anvil was struck the weight was compensated by admitting compressed air
to a cylinder. The load-stroke curve obtained by this method was con-
sidered as the load-stroke curve of the shock strut and was used in the
design of the airplane., Consequently this early research was directed
toward the investigation of load-stroke diagrams,

The only papers on landing-gear research that appeared in
Germany before the war were by Michael (Ref. 10), published in 1937,
and by Frank and Kranz (Ref. 5), published in 1939. The first of these
papers gives an analysis of the linear spring-damper system but pays
little attention to the tire., Spring diagrams are used in which force
is plotted against stroke with rate of stroke as a parameter. These
diagrams are also shown for shock struts with dry friction or with vel-
ocity-square dampers, and are used for graphical solution of the differ-
ential equations., Such diagrams are not useful when a second spring,
the tire, is considered; therefore, their use has been abandoned.

The second of the early papers, (Ref. 5), discusses such
questions as length of runwey necessary for takeoff and influence of
tire pressure on landing gear reaction. The oleo is not mentioned in
this report, however, Simulated runout tests of landing gears were made
by attaching the gear to be tested to a specially designed frame which
was hitched as a trailer to a truck provided with recording instruments.

The first pepers of the war period were focused on the load-
stroke diagram. Schlaefke (Ref. 14) in 1943, criticized the drop test
method in use at the time and suggested replacing the buffered drop
test by an unbuffered test, that is, omitting the air cylinder. This
peper uses the theory of the linear spring-damper system to establish
some relations between the results of both types of testse.

In the next group of papers the tire was considered. Kochanowsky

(Ref. 8) in 1944, gave an analysis of an oleo-tire combination. He con-~

sidered the unsprung mass to be negligible for the landing impact.

After studying thelinear oleo-tire system, the next logicsl
step would have been to consider a non-linear system. Such a study was
made by Kochanowsky for a type of non-linear spring which had lorg been
used in railroad car bumpers, a ring-pile type of spring.

The other paper which considers a non-linear shock strut is

by Marquard and Meyer zur Capellen in 1943 (Ref, 9). This paper considers
velocity square damping and polytropic compression of air,.
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i Qiscussion of "Lyn:mic loeds on sirplene £tructures During
landing® is pressnted by Biot and Bisplinghoff, (Kef, 2}, This report
uncertakes to apply transient thsory to the determination of dynawic
loeds cn airpleng structures during landing impect. It prescuts a brief
outline cof the mﬁ%hsmatical thecry of transients in undemp:d elastic
systews using the reel ccnvolution int=gral superpositicn method. Struct-
urel flexibility is considered in determining the trensient oscillations
excited by the initial landing impect. It is indiceted that under certain
conditions regerding the &irplane «s a rigid body may feil to be & conserva-
"tive assumpiion, '

It ie sssumed thet the time history of the impact fcrce may be
studiea indepzndently of the elastic properties of the structure. Since
the designer ic not sc much interested in the tims histories of the forces
scting on the structure e&s he is in the highest attaineble stresses during
the opsration of the airplane, the envelope of the various impect force
curves is used to determine the maximum stress, This envelope represents
conditions which esxceed in severity every type of landing conesidered.
This msthod mey be used to cealculate design landing dynamic response fectors
for the airplene. By this means the maximum deflsction of the structure
in each mode during the landing mey be ~veluated, ILoss of phese relation-
ship by this method is not considered serious since for design purposes
it must be assumed thet sometime during the life of the airplane the phesing
between the modes will be such as to produce the worst combination of
stressszs,

It is consivered possible that a rescnance ccndition during the
run-out phasc of the ‘laending may produce stresscs more critical than those
produced during and shortly after the initial impact., Aerodynamic damping,
as well @e cou,ling between the motion of the structure and the external
force, is neglzctzd,

Reference 17 przsents en enalyticel sclution to the problem of
determining the transient response of a second-order linear system 1o &
rapszeidal foreing function. Grarhs of the ferecing function, the cis.lace-
ment function, and the acceleration function, &ar= pressnted.

KReference 6 presents a method for calculating the dynaiwic landing
response of an -lestic airframe from & xnowledge c¢f ths wess and stiffness
gistribution of the structure.

i criterion is advanced for deterinining which vibration niodes
of the airfrcme must bz taken into account in the landing impact analysis,
i methoé is pres«nted for caiculating the response in sach normal mode
due to lending impect, with off-cts of azmping negiscted. It is shown
thet the effects of both structural and aercdynemic demping cen be taken
into account by epplying & simple correction to the undainped responses,

Extensive lending tests were conducted by the 4MC on the B-2i
end P-61 sirplanes anu a comparison is mude of th~ meeasured and calculated
dynamic loeds., Generally acceptable correlstion is observed, although
significant discrepencies are present in certain instances., Trapezoidsl,
verticel, and drag loed ti.e histories are given and acccleromet:sr date
ere presented in a number of chearts.
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Reference 13 includes an extensive bibliography and a historical
sketch of landing gear research,

Previous research has been directed mainly to the study of struct-
ural design criteria for rigid airplanes. Structural design criteria have
been drawn up so that an airplane, when constructed in accordance with the
criteria, will not have failures in any of its components during its life-
time of normal operation.

A structural failure occurs when the stress at some point in the
structure exceeds the stress the material at that point is able to with-
stand, Such stresses are called ultimate stresses. Structures built in
conformity with satisfactory criteria will not develop ultimate stresses
under normal conditions. The criteria specified that certain static loads
be aprlied to the airplane and that the structure be designed to withstand
these static loads and the associated inertia forces. The criteria were
generally satisfactory because of the fact that airplanes of the past were
usually relatively rigid and had the same general type of configurations.

In certain cases where airplanes had relatively flexible components, failures
occurred., Consequently, cognizence has been taken of the fact that the
existing criteria are not satisfactory for some of the present day airplanes,
and that there is no reason to expect them to be adequate for the airplanes
of the future.

Airpleanes with increasingly unconventional configurations and in-
creasingly flexible structures, if designed in accordance with present day
criteria, may be expected to suffer failures if they are used to perform
those functions upon which the present criteria are based. This is because
experience has indicated that failures are much more liable to occur for
flexible airplanes.

The criteria may be revised by specifying greater static loads
for vwhich the structure must be designed, or the criteria may be revised
in such a manner that more rational stress analyses must be performed. It
remains to set down new criteria such that the dynamic or vibratory stresses
associated with flexibility will be accounted for in such a manner that
ultimate stresses do not occur.

Ground loads structural criteria are drawn up so that an airplane,
when constructed in accordance with these criteria, will not have, at any
point in the structure, stresses exceeding the ultimate stress of the
material at that point, as a result of ground loads. For the ground loads
problem, airplane flexibility may have the effect of either amplifying op
attenuating the magnitude of the stresses which would ocour in the airplane
if it were rigid. Consequently, it is important to determine whether or
not flexibility is significant for some particular phase of the problem.

Consider an airplane landing ¥with a given attitude and at a given
sinking speed. If the airplane is rigid, the shock strut must transform
into potential energy, and dissipate as iizat, all the kinetic energy result-
ing from the vertical component of the velocity. In doing this, a certain
magnitude of strut force will be developed. If, on the other hand, the
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airplane is flexible, somwe of the kinetic energy is transformed into elastic
potential energy by deflection of the structure, leaving a smaller amount
of kinetic energy to be absorbed or transformed by the strut. As a result,
the strut force will be smaller than if the airplane were rigid.

In order to permit an evaluatiorn of the reduced-mass method of
representing wing-1ift in free-fall drop tests of landing gears, the results
of such tests have been compared with data obtained in simulated air-borne
impacts and in free-fall drop tests with full dropping weight (Ref. 16).
These comparisons indicate thats

1. leanding-gear load factors determined from the reduced-
mass drop tests were in fairly good agreement with data
obtained in the simmulated air-borne impacts through most
of the vertical-velocity renge. At the higher velocities,
however, the reduced-mass drop tests ylelded load factors
up to 12% higher than those in the simmlated air-borne
impacts. This discrepancy increased to as much as 18%
following the occurrence of tire bottoming.

2. Throughout most of the velocity range, the free-fall drop
tests with the full weight resulted in load factors which -
were greater than those obtained in the simulated air-
borne impacts by an amount approximately equal to the 1lift
factor.

3. The time required for the maximum load to be attained was
somevhat smaller in the reduced-mass drop tests than in
the simulated air-borne impacts. The free-fall drop tests
with the full weight required a greater time for the attain-
ment of the maximum load than did either of the other two
types of tests,

4. The shock-strut effectiveness in the reduced-mass drop
tests was considerably lower than in the simulated air-
borne impacts, particularly at the lower vertical velo-
cities where differences in strut effectiveness as great
as 22¢ were found. However, these differences decreased
to 10% or less at the higher velocities. The effective-
ness in the free-fall drop tests with the full weight,
however, was approximately 5% greater than in the simm-
lated air-borne impacts and more closely approximated
the results of the simulated air-borne impacts than did
the reduced-mass drop tests.

Results obtained indicate that the reduced-mass method of drop
testing landing gears, although ylelding somewhat conservative results,
in general more closely approximates the results of air-borne impacts and
is an appreciable improvement over the former very conservative practice
of using the full weight in the free-fall drop tests. However, when &
more exact representation of the time history of the landing gear behavior
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is required, as in tests in which drag loads are simulated by the method

of wheel spin-up or in tests which are used as a basis for dynamic analyses
of flexible structures, it may be necessary to simulate wing-lift by mech-
anical means rather than by the reduced-mass method of free-fall drop testing.

Studies have been made to determine the importance of the type
of the air-compression process on the loads produced on the oleo-pneumatic
landing gear during impact and to determine the type of air-compression
process actually obtained during drop tests (Ref. 15). The data were ob-
tained in tests of a small landing gear with dropping weights ranging from
1500 to 2500 pounds. Vertical contact velocities ranging from O to 11 feet
per second were obtalned. A simplified analysis to determine the effect
vhich different air-compression processes might have indicates that the
value of the air-compression exponent should have little effect on the
landing-gear loads throughout most of the impact.

Near the end of the impact, however, differences in the air-
compression process may have some effect on the total load, the effect de-
pending on the extent to which increases in the polytropic exponent cause
reductions in maximum strut stroke. Analysis of data showed that the poly-
tropic exponent ranged from 1,01 to 1.10 with an average value of 1.06.

Reference 3 presents a number of time histories of strut stroke,
tire deflection, and accelerometer readings based on drop test data. From
this information, typical forcing functions may be obtained and from a
combination of a number of these functions, an envelope forecing function
might be obtained, for use in accordance with the method of Biot and
Bisplinghoff Ref. 2).

The following quotations are from reference 1.

"The airplane, immediately prior to contact with
the ground, may have translational velocities and accel-
erations along the three mutually perpendicular axes,
The gear loads result from the reduction of these vectors
to zero. The specified landing impact attitudes, velo-
cities, etc., are intended to define the initial contact
condition. The subsequent motion of the airplane resulting
from this contact shall also be considered.

Lift at contact may be assumed equal to or less
than the airplane weight and disposed symmetrically about
the plane of symmetry of the airplane. The resultant of
the distributed aerodynamic 1ift may be assumed to pess
through the center of gravity of the airplane, In the
structural analysis, the aerodynamic 1ift shall be appre-
priately distributed to the major components (including
the empennage) in accordance with the above assumptions,
In general, the magnitude and distribution of the airplane
1ift may be assumed unchanged by motions subsequent to
initial contact."

Criteria for angles of roll, sideslip, and pitch are also presented.
WADC TR 54-110 6



According to Reference 12, the landing gear and the airplane
structure are to be investigated for landing conditions at both landing
and take-off weights. Maximum spin-up and spring-back loads are the
criteria advocated in this report. Design ultimate loads are to be
calculated by multiplying these maximum loads by a safety factor of 1.5,
In case of multiple wheels, the most severe loads resulting from the
various load distributions are to be used in the design of the structure.

This publication recognizes that loads produced by landing impact

may be more severe for an elastic structure than those calculated on the
. assumption that the structure is rigid. The methods of AFTR 5815, Refer-
ence 6, may be used in calculating such dynamic lcads. It is also stated
that where the natural frequency of the landing gear in a fore and aft
direction is close to the natural frequency of a major structural compon-
ent, that condition should be given special investigation.

W. Flugge, in 1952 (Ref. 4), represented the shock strut by a
spring and a damper in parallel; the tire is represented by a simple
spring whose deformation is proportional to the applied force. Differ-
ential equations of such a fourth-order landing gear system are written.
The solution of these equations is carried out by elementary text-book
methods; it could be simplified by use of the Laplace transformation,

These equations were reduced to third-order by the assumption
that the unsprung mass is zero. The effect on the system of not neg-
lecting the unsprung mass was considered. The solutions were obtained
in trigonometric and exponential form. The effect on the system of
neglecting damping was also considered. The result is not realistic
for a system whose principal function is damping.

The spring terms in the linear differential equations correspond
to the action of steel springs. Modern shock struts use air as an elastic
medium and air does not exhibit linearity , However, the non-linearity

introduced by & pneumatic spring is not s=vere, even in the case of adia-
batic compression,

Quite different is the damping term. Viscous damping is never
realized in shock struts, their damping being produced by the acceler-
ation of oil squeeged through small orifices,

It was assumed that the tire force follows a linear law and that

the shock strut force depends non-linearly on the stroke and the rate of
stroke, Numerical methods were used to obtain an approximate solution.

WADC TR 54~-110 7
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SECTION I DYNAMICS (F THE AIRPLANE
Discussion of the Problem

The total problem of the dynamical behavior of the airplane
ard all of its component parts during a landing maneuver is one of such
magnitude that it defies a practical solution. In order to obtain
landing gear design information, it is necessary to separate the problem
into several sub-groups of problems, each of which can be solved
temporarily by neglecting the effect of other sub-groups. The relation-
ship or effect of each sub=group upon its neighbor is then obtained by
statistical methods.

A logical sub~group division of the landing problem is as
follows: :

a. Rigid body motion of the airplane,

b. Response of the airplane flexibility modes.

c. Nonlinear dynamics of the equivalent drop test
configuration involving the oleo and tire
characteristics,

d. Spin-up and spring-back response characteristics.

e. The effect of superimposed forces and moments due
to control surface manipulation or power steering
immediately prior to and during the landing

*  maneuver,

f. Stability of each landing gear unit from shimmy.

g+ Superimposed forcing functions such as striking
an obstacle or, of lesser importance, power plant
oscillations. '

In this report the first sub-group analyzed is that of the rigid
body motions of the airplane. As can be readily seen, the problem is one
of six degrees of freedom, consisting of translation in three mtually
perpendicular directions and rotation about the three principal axes. A4s
a first step in the analysis, it is assumed here that the fore and aft,
Yyawing, and lateral motions can be neglected as a first approximation.
This leaves three degrees of freedom in the problem namely, vertical trans-
lation, roll, and pitch. Equations of motion for these three degrees. d
freedom are derived in this report.

Analytical solutions have been derived for these three coordinates
for mumerical solutions of the differential equations on the IBM Card~
Programmed Electronic Calculator. Provision was made for introducing the
forcing function for nonlinear characteristics in terms of vertical force
vs. the total mass travel at each landing gear unit. This was done in
order to provide a means for getting the forcing functions by statistical
analysis of drop test and landing test data. However, thie process was
not defined to the point where certain intangible factors could be excluded
from the forcing functions so obtained. Hence, the numerical solutions
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were confined in this report primarily to the case involving linear
springs and viscous dampers. Considerable numerical data are shown
on this basis. The effect of several parameters is shown in various
charts and tables in this report. It is noted that the analytical
work is still very complicated even after the foregoing assumptions
have been made. For example, it is necessary to distinguish the cases
of 1, 2, or 3 landing gear units in contact with the runway at the same
time. In this report, the work was concentrated on the case where each
landing gear unit impacted the runway while all others remained clear.
It is considered that this constitutes the case where maximum load
factors will be developed. However, all cases must be considered when
making an elaborate comparison with actual landing test data. This is
due to the fact that landing tests are usually made with load factors
mach lower than required for design criteria. Also, it is difficult
for a pilot to obtain a pre-determined set of initial conditions at

the instant of contact with the runway. However, the basis for an
analytical solution to the problem has been established when it can be
shown that the equivalent system exhibits a response in reasonable
agreement with that of the airplane. Several comparison graphs are
shown in this report to illustrate the closeness with which the airplane
is being represented.

For developing design criteria for landing gears, it is
advantageous to obtain relationships between the airplane and simlated
drop tests. This is the only means by which the concept of true effective
mass can be introduced into the problem. Derivations are shown in this
report for the three degree of freedom system being considered by means

‘of which to relate the airplane and drop test equations with certain

limitations. These derivations are obtained by making a linear transe
formation from the vertical translation, roll and pitch coordinates to a
set of linear coordinates defining the vertical motion of the airplane

at each of three landing gear units. However, any number of landing gear
units can be studied by means of these equations,

Convenient forms of equations shown in this report were obtained
by a coordinate transformation eliminating the inertial and elastic
coupling between the coordinates. It is to be noted that this trans-
formation can be effected without neglecting any of the rigid body motions.
However, a corresponding number of vertical displacement coordinates must
be used. Now if the problem is limited to the case where only one landing
gear is in contact with the runway at any instant, a direct relationship
can be obtained between the airplane equations and those of the drop
test. This is accomplished because the equation associated with the
particular landing gear in contact with the runway contains only one
coordinate and is entirely imdependent of the other equations. Hence,
the mass term associated with this equation is the true effective mass
acting on that landing gear unit. Also, it is possible to adjust the
wing-1ift in such a manner that complete agreement with the drop test
is obtained. For this agreement to be efficient, it is necessary that
the term containing (W - L) must equal the dropped weight.

WADC TR 54-110 9



It is noted that the de-coupled equations do not compromise
the ability to study the effects of nonlinear landing gear forces.
Although considerable work has been accomplished in this report on the
basis of linearized forces, it is recommended that future reference
be directed along the lines of study based upon statistical
representation of a nonlinear landing gear force. Since this has been
accomplished for the drop test problem, the identical methods can be
employed here, For example, the effect of nonlinear tire forces, and
forces due to compressed air and oil flow through the orifice can be
introduced directly into the equation for the landing gear in contact with
the runway. Of course, this results in a problem for which a numerical
solution is required. However, the advantages for obtaining the optimum
landing gear design can not be over estimated.

Another advantage of the equations in this form is that the
motion in the other coordinates can be determined from the solution of
the first equation. For example, once the forcing function for the
landing gear in contact with the runway is established, it can be intro-
duced into the other equations to obtain the solution for all coordinates.
However, it is noted that the mass terms associated with all landing
gear units not in contact with the runway do not have the physical
significance of an effective mass. In other words, the mass term
associated with any landing gear unit becomes an effective mass only
after that landing gear unit contacts the runway.

It is significant to note that putting the derived equations
in this form illustrates the importance of the linear vertical velocity
at each landing gear unit. All other things being equal, the landing
load factor will depend then upon the vertical rate of descent,
effective mass, and percentage of wing-lift present. The effect of the
wing-1lift term can be disregarded in this discussion since it is magni-
fied by a ratio directly related to the effective mass. Hence, the
magnitude of the load factor developed on any one landing gear unit will
depend primarily upon the vertical rate of descent at that landing gear
unit and its effective mass. From the standpoint of landing gear design
criteria, this effective mass term represents the main contribution of
this report since it includes the effective airplane geometry, external
forces such as side loads, and the mass characteristics of the whole
airplane. In other words, having established the velocity criteria
for the most severe impact, the design landing gear load factor will
depend entirely upon the effective mass.

The dynamical motions of an airplane during landing are
produced by forces arising from several different sources. Of principal
concern are the following.

l. Forces arising from movement of the control surfaces.

2. Engine forward thrust or reverse pitch.

3. Drag due to flap setting.

L. Reactions from landing gear units.

5. Forces due to the dynamic response of the airplane
resonant modes.

WADC TR 54-110 10
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Other forces which are peculiar to the airplane design or
contribute to the difficulty of analyzing test data are

a. Forces arising from a drag parachute or arresting hook.

b. JATO thrust or auxiliary power plante.

¢. Drag and 1ift due to spollers.

d. Forces due to boundary layer control, etc.

e. Forces due to gusts, ground effects, etc.

f. Unbalance forces in moving parts such as
engine, propeller, and landing gear.

g. Aerodynamic impulse from the propeller or
slipstream.

h. Aerodynamic impulses from the wake of the
wing or fuselage.

The forces due to the control surfaces and power plants at
any instant are subject entirely to the pilot!'s control technique.
Since, it is impractical to attempt to write out complete equations
to include all possible forces that can act on the airplane, it is cus-
tomary to assume certain equilibrium conditions at the outset to elimi-
nate some of the forces from the equations. Of course, these assumptions
must be consistant with accepted general practice used in landing tech-
niques. However, an attempt is made in this study to search out any
combinations of the forces and initial conditions that lead to more
severe subsequent impacts.

In regard to the control surfaces, it is assumed that no
accelerations are being imposed upon the airplene. 1In other words,
prior to contact, all forces and moments except wing lift are balanced
by the control surface settings. Provisions are made for varying the
percentage of wing 1lift effective., The term wing 1ift is applied to
that component of the wing lift perpendicular to the ground. Since it
is assumed that the pitching moment acting on the airplane is balanced
by the elevator, this component of the wing 1ift is applied at the
airplane center of gravity. This leaves the aerodynamic drag forces
vhich are assumed to be balanced by the forward thrust of the propellers.
Hence, it can be seen that the dynamical action of the airplane during
landing depends largely upon the initial conditions established at the
instant of contact.

Based upon thses assumptions the significant forces acting
on a typical airplene are shown in Figure 1.

All of the forces acting to produce motion of the equivalent
airplane system are shown in Figure 1. Since the magnitude of the
effect of the aerodynamic demping moments are not known, they are
included in the equations for investigation. The effect of damping
on the translational degrees of freedom is assumed to be negligible.
Hence, the equations of motion can'be written.
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Fig. 1. Geometrical configuration of the airplane
during contact of a single landing gear
in an unsympetrical landing maneuver.
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M = - Dy

My = - 5y (1)
ﬁ; =-Vy ¢+ W-1

Le# =17y +hSy=Co o

Iy, 8=rVy +hDy -G, &

L, =r S;-1D) - Cp¥¥

Eqs. (1) define the motion of the airplane during the
interval of time between initial contact of the first and second land-
ing gear units. Due to the nature of the relatively small displacements
of the airplane it has been assumed that the dimensional relationships
of the system are adequately defined by an airplane coordinate system
always moving parallel to the ground. All of the dimensions will be
assumed constant with the exception of h which, of course, varies
with the oleo deflection.

The external forces producing motion of the airplane during
the interval of time of contact of two landing gear units are shown
in Figure 2. The equations of motion become

lb(=-D1-D2
w--81-82

- (23
Mz == Vy = Vp +W=1L

Lk =1 (V3 =Vy) +hy 8y +hy S, -Cy 0
Ly ©®=7 (V] +V,) +hy D) +hy Dy - Cq 8
IyW=r (5) +5,) +1 (D) = D)) - Cp¥

It is noted that Egs. (2) can be transformed to be identical
with Eqs. (1) by setting Vo = Dy = Sy = O. Hence it is concluded that
the proper form of the general equations for this study should include
the forces acting on all landing gear units. The proper sequence of
impacts in any detailed study being obtained by setting all forces
not acting equal to zero.

The external forces acting on a tricycle type airplane
during any phase of the landing maneuver are showmm in Figure 3.
The equations are written to include all of the forces shown.
Prior to contact or after rebounding clear, the proper equations are
obtained by setting equal to zero the forces associated with all the
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Grouno Line

Fig. 2. Geometrical configuration of the airplane
during contact of two landing gear units
in an unsymmetrical landing maneuver.
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Fig. 3. Geometrical configuration of the airplane
during contact of three landing gear units
in an unsymmetrical landing maneuver,
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landing gear units not in contact with the ground. The equations of
motion are

Mc = - Dy - Dy - D3

W ==-8-5-5;

ll.z.-‘*-Vl-Vz-V3+w-I. (3)
I @1 (Vy=Vp) +hy Sy +hy 8y +hyS3=Cp

I&y &=r (Vl + V2) -pV; + hy Dl + h, Dy + h3 D3 - Co e

I W =7 (53 +S3) -pS3 +1 (Dy-D)-CpW

Eqs. (3) are the general equations defining the motion of a
tricycle type landing gear during landing. Solution of these equations
can be obtained for any airplane for which satisfactory approximations
of the time history of the landing gear forces are available. The
initial conditions at the beginning of each phase of the landing gear
maneuver will depend upon the pilot's commitments prior to contact and
the subsequent response of the airplane. In general, all or part of
the six coordinates can have initial velocities different from zero at
the beginning of any phase. Usually, the origin of the coordinate
system will be chosen at the location of the beginning of each phase
in order to obtain zero initial displacements of all of the six
‘coordinates.
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Derivation for Three Deg'ee of- Freedom Case

The typical equivalent system investigated here conaists of
one having three degrees of freedom, namely, translation, roll, and
pitch. In order to provide flexibility for comparison of all types
of landing gear configuration, the geometry of the landing gear system
is composed of four independently located units. Geometrical paramsters
are defined so that bicycle, tricycle, and quadricycle landing gear
configurations, as well as systems having outrigger gears can be
simlated,

A sign convention and geometrical system is chosen so as to
somewhat reduce the algebra to a minimum. The initial conditions for
each phase of the landing maneuver is established relative to a
coordinate system where the origin and the x- and y-axes lie in the
runway surface. Zero initial conditions for all of the three degrees
of freedom corresponds to point touch contact of all of the landing
gear units. This means that the landing gear units are all touching
the runway but not yet transmitting forces to the airplane. Of course,
necessary alterations mist be made to compensate for airplane landing
gear designs where the geometry does not permit all landing gear units
to touch simltaneously.

A schematic diagram of the airplane equivalent system is
shown in Figure 4.

The sign convention is further defined bys

(1) The x~- and y-axes are in the plane of the runway
surface with x positive forward and y positive to
the right.

(2) The z-axis is perpendicular to the runway surface
and through the airplane center of gravity with
z positive domn,

(3) The airplane attitude is defined by @ (pitch)
positive nose down and ¢ (roll) positive right
wing down,

(4) Vertical moment arms to the airplane center of
gravity for the drag and side forces are hy, hj,
h3, and h; where the numerical subscript
corresponds to the appropriate landing gear
unit.

Using the foregoing definitions, the equations of motion

are.
M ==V -Vp-V3-V, +W-1

L == 1)V = 1 Vy=13V3 =1, V, +h) S +hy Sy +h3S3+ by S
Ly@=-r V=raVp-r3V3-r V, +hy D) +hyDy +hyDy ¢ b D,
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It is noted that the effect of landing gear deflections has
been neglected in the moment arms for the side and drag forces. This
assumption appears to be compatible with the approximate nature of
the friction coefficients used to obtain these forces. Also, it is
pointed out that second order effects of geometrical changes are
neglected.

- Utilizing the friction coefficients, relationships between
the vertical, side and drag forces are as follows:

Sy = Hs Ty, and (5)

Dy = AHa Vi (6)
and letting

ag = 1 - hy 4, and (7)

by = ry -hy Hg (8)

The Equations of Motion become
Mz--vl-vz-v3-v4+w-1.
LP==a V-8V, ~a3V3-a7, (9)
Iwye"blvl'b2vz'b3v3'b4v4

Subject to the initial conditions

at t = 0, z =z z =3,
o= 0 ¢ =9,
6=, 8 =6,

The relationship between the vertical location (or deflection)
of each landing gear unit and the coordinates of the airplane is given

by
Ei-z+1icp+rie (10)

Hence, the total kinetic energy of the airplane is given

T-%ﬁz-o’%]'mc@zf%:fyyg (11)
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Derivation for Effective Mass

The dynamics of the system involving three coordinates
is defined by Eqs. (9). However, in order to introduce the concept
of effective mass as used in this report it is necessary to make a

coordinate transformation that will decouple the system both

inertially and elastically. It is noted here this can be accomplished

only for one coordinate (or one landing gear unit) at a time.

it is necessary that the landing maneuver be restricted to that where

Also,

only one landing gear unit at a time contacts the runway during the

larding rebound and runout period.

For an airplane having three landing gear units, the trans-

formation equations are
O=ayn T tEnE tan T
o= 531 2’1 + '5.32 Zy + '533 23
where
I
&y g 2 T3 - 13 72)

B gy T - Ty
| |
a3 = (hra-1,71y)
.

a1 =g (Fa-T3)

1
a2 =g (F3-r1y)
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The total kinetic energy of the airplane becomes
1 %2
T -7 M 7, *2"222 l‘33’3
where
" Ma2 + L ay? + L ag”
1, Nt hx®2 *hyen
-2 - -
oy "M, * I 3% + Iyy d35°
-y . 2 a2 = 2
Mgz = Way3” + Inx 823° * Lyy 833
ll12 'le'“zn 5.-12 + Ixx;2l :22 + Iyy EBl 532 (26)
K3 = Mgy = Mayy ay3 + Ly ap) 83 *+ Ly a3 ag3
U3 = Mgy = Way, 8y, + Ly 8y, 83 + Ly a3, ay
And the total work done is "
'+[: Vyw, + (W= L) 212] &,
where V4 = total vertical force acting on the ith landing gear unit.
W Ty v ay 8 tay by
Wy mapp *aypay tanb (27)
3 tay ey tap

Substituting into Lagrange's equation gives the equation
of motion as follows

My By + Mgy 3 ¢ l‘13;4"V1"1“("'I')“J.1
oy B tlp Byt Byt Tywyt (ML) Ey, b (26)

My 3y 4l 3 + Mgy 33 = - Ty wy ¢ (W= 1) By
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Straightforward algebraic methods are used now to complete
the transformation to the decoupled system. This is carried out

first solving Eq. (28) for the accelerations

Then the final equations are obtained by dividing each equation by the

corresponding total coefficient of V.
equations of motion.

I g, Byt - Tyt Ly (- D)

% e %; =-V, +L, (W-1)
u3eq.i'3--vi+L3 (W-1L)

where
.
% eq. 51
-
%2 e, f‘zl
- 3
% . %
- G
T,
- G2
2 Gy
- G
E G31
- )|
L= gy - 5
. N
Lot M-
- .|
EER Ty P vy
N

Zl’ 22’ an.d ;30

This gives the following

+ gy Oy Mg - M3 By)
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(29)

(30)

(31)

(32)
(33)
(34)
(35)

(36)
(37)

(38)

= My (M My - Mg M) - My (Mg, My3 - My Myy)

(39)

Bt ——



-0'11- 11'14-612'24'013'3 (40)
G2 = Opy 211 * Oy 85 + Oy B, (@)
Gyy =Gy ™ + Gy Wy + 03 Wy (42)
'622-621311+022§12+623 513 (43)
Gy =Gy W + Gy Wy + G335 (44)
Gyp = Ogy 81y + O35 3, + Gy3 34 (45)
Gy = 1.0 T
o Yo Yg3 - W3 Mgy 7)
Ty - 3 My
_ Mo M3 - M3 M2
%13 12 13 - M3 M3y (48)
. o1 Vg3 - M3 Mgy (49)
21 My lg3 - My My
Gy = 1.0 (50)
023.-“11"23'“13"241_ (51)
Iy ¥4 - 3 M
. I - 1 (52)
£ Wy oy - My My ,
O3z = - Wy Mgy - Mo Mgy : (53)
My My - Mgy My

This completes the coefficients required for Eqs. (29). It
is noted that the equation for the ith landing gear unit is completely
decoupled. Hence, its mass term is the effective mass acting on the
landing gear unit in contact with the runway. The other two mass
terms for the landing gear units not in contact with the runway have
no simple physical interpretation.
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For the purpose of studying the effect of

geometrical,

inertial, and external force parameters, it is assumed that a
good approximation of any force-time history generated by a
lapding gear unit can be obtained from the proper choice of a
linear spring and a viscous damper. Once chosen, the spring
rate and the damping coefficients must remain constant throughout
the impact. However, it is conceivable that a landing gear unit
could have several sets of spring rates and damping coefficients
to produce the variety of force-tims histories obtainable from

various types of hard and soft landing impacts.
Hence, let
vi-ci‘;‘in(ii'i
Th-en Eqs. (29) become

uleq.il+ciii+xiii-1.l(w-x,)

M) eq. 22 *C4 23 + Ky 7y =Ly (W~ L)

M3 eq. %3 *Cy 7 + Ky 3y =1y (W= 1)

(55)

(56)

In this form, the equations permit the study of the

individual response of each landing gear unit to the
forces. The initial conditions are

st t =0, %) =3, 3 = 3, I3 = I3,

23 = %y, 3, = 2305 23 = 330

landing

For the landing gear unit in contact with the runway

-Z'i-Jio+Ji3e‘tsixint+Jucoant

éi = Ji3 ('ne!”c cosnt + (ert sinn t)

& sinn t)

+~Ju(feﬁ'cosnt-'qe
.E.i'J:LB E{z-nz)e‘tainnt+2(ne

+J14E12- 2)e'tcoent-2fne
where

f-- G

7Y o,
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(57)

(58)

ztcosnf.]

T ainnt (593_]

(60)
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R
o = M%’i_-_}l (62)
Ii3 '%‘, {;;10 - [510 - -I“—‘%f—u]} (63)
3y =Ty - 'EL.L‘E;:_L.Z (64)

The general equations for either of the two landing gear’
units not in contact with the runway are obtained by integrating
twice with respect to time. This gives the following equations
for the displacement, velocity, and acceleration of the jth _
landing gear unit.

-~ 2 Tt
ZJ=Jj°+JJlt+Jj2t +J33e sinn t

T eosmt (65)

* g e
%.=J +2Jd,t+J (eftcos t + ertsin t)
h| 31 j2 33 mn n ; n

+J‘_]4 (fe’"b cosnt.-ne”‘ sin n t) (66)

-2J32+J33 Efz-'r]z)ensinnt+2fne"tcosn_t]

2
J
+JM[(72-112) eft cosnt-2¥m AL s:'mng (67)

where

eq.
+ Ki Ji4) - 2;7‘] (101 JiB -M Ci Jil& + Ki Jﬂj} (68)

1 O
TG {z;jo + —Ki-’f* El (=7 C3 Jy3 +n Gy Jy - K5 Jj3)

2
%o ~ Mjl {Zﬁo +<%f&) Erz - 1) (FC3 Jy, + Gy Iy

eqd.
+ 3304 95 +m Ci Jiz + Ky Juﬂ} (69)
Li- L) (W=1)
Jin = =) ! (70)
J2 “ ¥ eq.
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Jy3 = (F? - 0%) (= T¢, 43 + NGy Iy = Ky 4y3)
=27n (043, +nCy J3 + K Ju)} (71)

" Fﬂ_l: (ﬁiiq}z{-(?z-"z) (FCy Jyy +nCy Jy3 + Ky Jy)
*“ﬂ(TCiJﬁ-ﬂCiJu*KiJn{} (72)

Using Eqs. (57) through (72) inclusive, the complete response
time-histories of any landing impact can be calculated for any three
landing gear units. In this form, the equations permit optimum flexi-
bility for independently studying the characteristics of each landing
gear unit. A similar process can be used for the nonlinear case
using numerical methods,

The motion of the airplane in free flight is given by

= W-L
1 " lﬂeq.

3, = 2 AF-L SR BN C)
eqe.

ve g - L2

“3 I3“3 eq.

With the initial conditions

2] * 2100 Zp = Iy and z, = 239
for which the solutions are

z +§ t+2’ f-‘l-———(W L 42

7) = 2y
-— - A 1 W-1L
By "%yt t+ 3 LQJ———Z 2 (74)
eq.
;32330-‘-2301;4-5 b_(l-——l‘ltz
3 eq.
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A hé'-laz
%1 %% " .

R V-1
3 "%y * eq.

;3 = z 23-1—-:—22 t

t L P

Where the total time of free flight is given by the following
equations for (W- L) =0

¢ = - 3o (76)

Z3i0

for (W= L)¥ 0

2 = -] 2
b= - Beg, o | .n_i_‘i..‘l_'_z_’;f.’ o 24 e, Bio (77)
Ly (W-1) Ly (W=-1) Ly (W-1)
th

In this case, the i
contact after free flight.

unit is the first landing gear to

The equation for the force at any instant of time is given
by Eq. (55). Hemce, the time at which the maximum force occurs
is obtained by setting the derivative with respect to time equal
to zero. This yields

R

L |
ty = 5 sin ﬁr (78)

g » D Kidi3 +FEy Jyy + 270, as + (72 -Prc, ay
7Ky dig +n Ky dyy, +23nCq dy - (32 - 1°) Gy dy3

The time at which the maximum force occurs is obtained from
Eq. (78). Substituting this time into Eq. (55) gives the maximum
force generated during the impact on the ih landing gear unit,

where

(79)
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Discussion of Correlation with Drop Test Requirements

In the previous section of this report, equations are shown
in terms of the effective mass acting on each landing gear unit. The
equation for the landing gear unit in contact with the runway (i

unit) is shown as follows

Mj oq, By * Vi =Ly (W-1) “ (80)
Subject to the initial conditions
at t =0, Zg =2, , and z3 = 2,

Where Vi is the total vertical forcing function acting on
the ith landing gear unit.

It can be seen that only one degree of freedom is involved
in Eq. (80). However, drop test calculations are usually based upon

two degrees of freedome. The equations of motion for a typical drop
test configuration are shown as follows :

Yoq. 2 * V = Wgq, (81)

m -~V +Fy =W (82)
where

2z = vertical displacement of dropped mass

3 = vertical displacement of wheel axle

Mog., and Weq, = mass and weight of dropped mass

m and w = mass and weight of wheel assembly

V = total vertical force acting in strut

Fy = total vertical force acting on tire

If it is assumed that the effective mass term in Eq. (80)
does not include the mass of the wheel assembly, the left sides of
Eqs. (80) and (81) are compatible. To obtain correlation with the

right sides of these equations it is necessary that the airplane
have a wing 1lift such that

Vo, = Ly (W-1)
or
v )
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Numerical calculations have shown that this equality,
Eq. (80) , checks for the case of zero wing lift and with no
épplied side or drag faorces.

Eqs. (81) and (82) have been solved successfully for
drop test configurations using numerical techniques. In these
solutions all known factors pertaining to the nonlinear character-
istics have been included. For example, nonlinear tire, oleo air,
and oleo orifice flow data has been used. A reasonable approxi- -
mation of these nonlinear effects on the airplane can be obtained
by replacing Eq. (80) by Eqs. (81) and (82) and utilizing the
known numeriical methods of calculation.
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SECTION IIs  CALCULATED RESULTS AND CORRELATIOR WITH FLIGHT TEST DATA

culating Machine Techniques

The IBM Card-Programmed Electronic Calculator was used for the
large scale calculations made in connection with this report. General
purpose control panels were used having all of the operations needed.
The analytical equations were programmed for sequential calculations
on the machines. The calculations were performed eatirely on 2 float-
ing decimal basis. Numerical symbols were introduced to represent the
algebraic symbols of the analytical work. These symbols were punched
in cards in such a manner that they appeared opposite the answers as re-
quired.. In addition, a minor deck programming system was employed where
each minor deck could be treated as a unit of calculation. TUsing this
technique the large decks were built up by programming the minor decks
and repeating them wherever necessary. This expedited the checking de-
cause, whereas a minor deck might be used ten times, it was only neces-
sary to check the one original. Vherever possible, numerical data were
substituted back in the original differential equations in the actual
programming. This means that every calculation was automatically checked
by the calculating machine. Each airplane landing response calculation
wags divided into phases depending upon the character of the forces act-
ing. ¥or example, the period during which the direct force acted on the
landing gear was designated as Phase 1 for that landing gear unit. The
remainder of the time during which that landing gear unit was in contact
with the runwayws designated as Phase 2. Phase 3 was reserved for the
duration of time between impacts., Denoting the landing gear units with
Number 1 for left main gear, Number 2 for right main gear, and Number 3
for nose gear completed the definition of a landing phase. For example,
201 denotes Phase 2 for landing gear Number 1, and 312 denotes Phase 3
or free-flight from landing gear 1 to landing gear 2. DTNumerical calcu-
lations were made for six airplanes, namely, C-119-B, X(C-120, C-119H,
B.36, P84, and C-47. Parameter variations were made to show the ef-
fect of wing-lift, lateral distance from centerline of the airplane to
the main landing gear unit, fore and aft location of the c.g. relative
to the landing gear configuration, side load, flexibility of the land-
ing gear unit, and damping characteristics of the landing gear unit,

‘ These calculations were performed for three rates of descent,
namely 12 ft. per second, 8 ft. per second, and 4 ft. per second. 1In
each case the initial rate of descent and maximum force was calculated
for the landing impact.

Comparison of Calculated _and Measured Response Data

For this investigation several landing tests were conducted using
the C-119-H airplane. Various landing teclmiques were employed in or-
der to try to accentuate the unsymmetrical landing characteristics of
the airplane. Since several of the tests were conducted leaving the
technique entirely up to the judgment of the pilot, some of the land-
ing records show somewhat unorthodox use of the control surfaces dur-
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ing the landing maneuver. However, it is coansidered significant that
approximately 40% of the landings indicated a higher reaction on the
second main landing gear to contact the runway. 1In no case was a
landing maneuver executed in which the nose gear contacted the runway
before the second main landing gear. This is probably due to the fact
that the c.g. of the airplane is located fairly close to the axis of
the main landing gear in a fore and aft direction.

Extensive statistical data have been compiled from these landing
tests for comparison with landing test data from other airplanes avail-
able for this study. The other airplasnes included are the C-119 G,

F-84 E, B-36, and C-47. Although this represents a considerable quan-
tity of test data, a complete statistical picture of the problem is not
presented in this report. It should be noted here that the scope of

the work to be accomplished by this report is limited to studies of the
severity of a subsequent impact relative to the first impact and to de-
rive methods that will lead to improvement in the existing landing gear
design criteria. A large quantity of landing analyses have been made
using the IBM Card-programmed Electronic Calculator in order to present
statistical data showing the severity of the second impact relative o
the first. Tables and charts have been prepared showing the results of
these analyses. The results have shown that the second main landing
gear unit impacte are harder than the first. Most important is the ef-
fect of location of the landing gear unit on the airplane. The data,

of course, lead to a fuller understanding of the dynamical problem, how-
ever, they leave the main question in regard to landing gear design cri-
teria unanswered. The basic problem of the landing gear design engineer
is to determine the magnitudes of the design loads to be applied to each
landing gear unit of the airplane. In order for him to do this, it ise
necessary to arrive at a criterion taking into account all of the fac-
tors mentioned above. It appears that this criterion can best de ob-
tained as a modification of the existing criterion. For example, sup-
pose that based upon past experience, a basic rate of descent of say 8
or 9 feet per second is agreed upon. A magnification factor dependent
upon the geometric, inertial, and external force characteristics is

then used to increase the basic rate of descent data to be used for
designing each landing gear unit. Of course, a different magnification
factor would be expected for a nose gear as opposed to a main gear. The
actual load factors to be used for the landing gear design will still
depend upon the geometrical, inertial, and external force data for the
alrplane as well as the flexibility and damping characteristics of each
landing gear unit. The basis for a nose gear design criterion is some-
what more difficult. This results from the influence of pilot technigue
in manipulating the control surfaces during the landing maneuver. This
brings in the aerodynamic performance characteristics of the airvlane.
For example, it 1s conceivable that an airplane having a very powerful
elevator might never contact the runway with ite nose gear during the
initial phases of a landing. It appearc that the usual pilot tech-
nique employed during landings is to hol. ‘‘ie nose gear off the runway
until the airplane has slowed down consid #ubly. However, theoretical
calculations shown in this report indicate that for a very hard landing
it might not be possible to hold the nose gear off. The effect of pi-
lot technique 1s not included in the computations shown in this renort,
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Several factors contridbute to the complication of the analysis of
the initial impact. 1In addition to initial yawing and pitching moments
that can be supplied by the pilot, initial velocities in all of these
degrees of freedom can be present as a result of some previous tech-
nique before the first landing impact. However, it is shown in this
report that by far the most important parameter for any impacts is the
linear-vertical wvelocity of that landing gear unit. This 13 as it
gshould be since all existing landing gear criteria are tased upon this
parameter,

It 1s to be noted that the majority of the statistical calcula-
tions tabulated in this report are based upon rigid body motion of the
airplane. Hence, consideration of the airplane flexibility constitutes
another phase of the landing gear design problem. It is recommended
here that future design criteria provide for each airplane manufactur-
er to conduct approximate dynamical analyses to take iato account air-
plane flexibilities., This recommendation is made primarily because it
is the only approach that will yield an adequate distridbution of dynami-
cal stress throughout the airplane.

It is to be noted that rigid body dynamics has been used for the ma-
Jority of the statistical calculations tabulated in this report. The
prodlem of airplane flexibility and its effect on the detailed stress
distribution throughout the airplane present complications beyond the
scope of this report.

The initial numerical work for this report was set up so that the
dynamic response of the airplane could be obtained for an arbitrery
forcing function. Figures 9a and 9b show the results of one of these
calculations. The forcing function was obtained as force versus dis-
placement from drop test data.

This approach was abandoned for most of the work shown in this re-
port because of the lack of drop test data from which to obtain forc-
ing functions for all of the airplanes analyzed. Also, it was con-
sidered important to sacrifice accuracy somewhat with the view to
develop equations more useful to the study of design criteria for land,-
ing gears.

Figures 5, 6, 7, and 8 show the comparison between landing test data
and response data calculated by the methods shown in this report. Al-
though exact duplication was not obtained, the results show that the
characterigtic behavior of the dynamical systems have been simulated.

The data shown pertains to the F-84 E, C-47, C-119 H, and B-36 airplanes.

Factual Data for the F-84 E Alrplane for Landing Test 4-5

11 = =52.5 inches
r = ~15 inches
rz = 128.4 inches
M = 34.3 1b-in-1l_gec?
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Iy = 3,98 x 105 1b-in-sec .2
Ly = 1.61x 10° 1b-in-sec.?
hy = 54.4 inches

h, = 54. inches’

2
hy = 6/ .8 inches
w = 13,239 1bs,.
510 - 3500 in./sec.

220 = 42.5 in./sec.

with tip tanks

Factual Data for C-47 Airplane for Landing Test 2-4

WADC TR 54-110

(z), = - O.44 inches

- (¢)g = 0124 rad.left

- (0)o = «0272 rad. nose up

(;1)0 =0

(z Jo = = 2.75 inches
(-z'3 )Jo ™ = 78.3 inches
11 =

ry =

111 inches

347 inches

= 60.1 lb=in~t sec.2

= 5.6 x 10° 1b-in-sec.?

M
Txx
Iy =935 x 10° 1b-in-sec.?
h; =109 inches

h, =109 inches

h3 = 19.3 inches

r3 406.8 inches
w 23,185 lbs.

5:10 = 27 in./sec.

Zpg = 40.5 in./sec.
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Factual Data for C-119-H Airplane for Landing Test 12
(z)o = « 9,78 inches
(0)g = 246° L
(0)o 3.4° Up
(21)0 0

(z3)o = - 17.01 inches

(z3)° = - 28,02 inches
11 = - 18o75 imhes
ry = . 21.37 inches

172.3 1b-in-1 sec .2

= 9,03 x 106 lb=in-sec .2

= 117.2 inches
= 117.2 inches

= 117.62 inches
ry = 307.68 inches

M
Tex
Ly = 5.72x 108 1b-in-sec.?
hy
hy
h3

=
"

%,5m 1bs.
2;10 .= 35 in/sec.
Factual Data for B-36 Airplane

11 - 276 inches
Ty = < 96 inches

rq = 612 inches
= 850 lbs-sec.?/inch
2
= 1.54 x 108 inch-1bs-sec,

X
I
Iyy = 8.26x 10’ inch-lbs-sec .2
hy = 216 inches
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h2 = 216 inches
h3 = 197.6 inches
W = 328,000 lbs.
Z10 = 50 in/sec

(%io)(second impact) = 29 in/sec

Comparison with Impulse - Momentum Methods

Reference 18 shows derivations for the initial contact conditions
for subsequent impacts based upon an impulse-momentum theory. Essen=-
tially, the method is based upon the usual assumptions completely
linearizing the problem except in regard to the so-called landing gear
forcing functions, Equations are shown for several landing maneuvers
involving one or more landing gear units at the same time. These
equations yield the initial conditions for the next phase of the land-
ing maneuver. An analysis of an airplane can be performed by several
steps where the final conditions of each step are used for the initial
conditions for the following step. The momentum relations for an air-
plane which contacts the runway on one landing gear only will yield
two equations; however, three unknown parameters are necessary to de-
termine the dynamical response of the system., Hence, it is necessary
in this case to introduce an empirical equation based upon a relation
with the overall landing gear efficiency. This provides the third
equation so that a solution can be obtained. As the number of land-
ing gear units in contact with the runway is increased, a correspond-
ing number of empirical equations must be introduced. For example,
with two landing gear units in contact with the runway, it is necces-
sary to add two empirical equations. From the standpoint of obtain-
ing initial contact conditions for subsequent impacts, this is a very
inzenious technique since considerable data are available for the
overall efficiency of all kinds of landing gear units. However, hav-
ing the initial conditions, the design engineeriis still faced with
the problem of determininz the magnitude of the forces acting on the
landing gear units.

A derivation for effective mass is shown also based upon the im-
pulse-momentum theory. The effect of all the geometric, inertial,
and force parameters a.:pear to be included in these equations. How-
ever, it is not shown that the derived effective mass meets a tangi-
ble definition in relation to the dymamical system. In the first
place, a clarification should be made as to the use of the term "ef-
fective mass" in connection with landing gear design criteria. It is
a practice in general dynamical analyses to use the term "equivalent
mass" in a rather broad sense, Wherever two coordinate systems are
used, the concept of an equivalent system is usually introduced. The
first set of coordinates fundamentally defines the dynamical system,
whereas the second set is chosen in order to arrahge the equations in
a manner more¢ suitable for numerical evaluations, The mass terus in
the equations relating the second set of coordinates are usually de-
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fined as equivalent mass term includes the effect of all masses on the
total kinetic energy arising from the velocity of the related coordi-
nate, Whereas, dynamically coupled systems include the sane kind of
terms as the elastically coupled system with the addition of cross
coupling terms arising from the part of the total kinetic energy due
to the cross products of the velocities.

It can be seen that considerable difficulty can be encountered
in trying to attach physical signifigance to equivalent mass terms
as defined above, However, for the problems associated with landing
gear design criteria, it appears that the effective mass actirg on
each landing gear unit must be defined in a much more restrictive
sense. Actually the problem is to relate the dynamics of the air-
plane to that of the drop test. Hence, a coordinate transformation
must be performed to decouple the coordinate associated with the
landing gear unit in contact with the runway both elastically and dy-
namically, The mass term associated with this coordinate is the ef-
fective mass acting on that landing gear unit and can be directly
associated with the drop test equation., Any set of original equa-
tions which cannot be so transformed cannot be directly related to
the drop test equations and hence cannot have a true effective mass.
It is to be noted also that the usual concept of kinetic energy in
connection with landing gear design criteria can have physical sig-
nifigance only if calculated using a true effective mass,

Fizures 10, 11, 12, and 13 show curves comparing the results
obtained in this report and those shown in Reference 19. Good a-
greement was obtained for the case of full wing lift. Whereas,
although the trends are the sare, a difference in magnitude is
shown for the case of two-thirds wing lift. '

Effect of Parameter Changes

Certain problems exist in the use of the effective mass for de-
termining landiny load factors., For example, it is possible to lo~-
cate the landing gear units so close together that it is not possi-
ble to obtain independent impacts on the landing gear units. In
this case, the transaction of two or more landing gear units must
be studied to determine the load factor that will be developed. Since
no true effective mass can be determined for this case, it will be
necessary to arrive at some compromise procedure, However, it is
possible that the analysis in this case would be reasonable on the
basis of the assumption that only one landing gear unit is in con-
tact with the runway., This would retain the effective mass concept
as outlined in this report, delegating considerable importance to
the criterion used to determine the initial rate of descent.

The effect of lateral location of the main landing gear relative
to the fore and aft centerline of the airplane is shown in Figure
l4a., The corresponding study for the nose gear is shown in Figure
14b. Moving the landing gear unit away from the airplane centerline
reduces the magnitude of the vertical force due to impact. This ef-

WADC TR 54-110 I7A




) € ¢ 956" T es° 080°2/L°2T  6YT° /2T 19Y° ST6°T/E°2C »  65€°/2°9€ - 87 2zt
8'9% -~ = £z ‘91 - =22 c0g° YIS 8T0°T/6°7 6T /T8y o 98°/6°Yr »  6SE°/T2L - 9% T
WIT TN g 6TT-0  6ST° res° 6L9°/0°8¢  6&YT° /92l ‘T Y16°/8°99 = 66€°/6°80T- YYT o2t
22 0or0°¢ 76L°/9°8L 6T /T°9Z  009°€ 29° /L 2LT e /Lege - 87 981
Gez = °1 ‘sz - = Tt 660° zBI'Z L95°/L*00T 9ET°/T°9% O%E'2 8EY /' 6€€°/6°€9 - 96 S8BT
‘AT €/2 4 6TT-0 800" G2B°T o7 /8° LT 2ET°/7°99  400°T 9¢E* /L 882 gze*/9°86 = Trt T8t
. w” o0B°'T T 1/6°2¢ €zre /702 019° 820°1/€°LL LoE* /s - 87  6TT
szz=C%r‘see-=1t 1c2* omT 199°/L°S9 €2 /307 0BT 8€5° /L°YST LOE*/0°69 - 96 8Tt
‘9371 TIM € 6TT-0  890° 0T9°T 86%7°/9°36 €T /2°e oWt sLEe/ z2ez Log*/g°c0t- It LIt
. 909°T €65° 9YT°2/9°9T VLT /6°LZ  €9L’ ¥10°2/9°9¢ oY /rLE = 87 9Tt
9°0 - = 2Ls*  €65° TIT°T/0°€E LI /L°SS  €9L° 086°/2° €L gov /8L - 96 STT
‘2371 TI™d 9 6TT-0  L22®  €69° LoLT /96 LT /5°€8  €9L® G€9°/8°601 goye/zeett- Yt Tkt
¢ . 08L° ET6°T 8L /7Y ZET /LR 9871 T/ Yeee/T°6€ - g7 €Tt
L°SL = =%z ‘3%0 = 0sz° €T6°T g¥L* /628  2ET°/E°€7 987°T LS /6°2TT g /oL~ 96 2T
‘37T TInd 9 6TT-D YL0°® €161 2L /et 2€T°/0°99 9871 86t/ e N(AATASE 1 Sl 4 4 SR 4 4
oLZ* 0LI°2 Y.8°/€°98 8T /7°2€  092°€¢ YL /7°9ST 'y /ococ -  aY otTT
LSL = = mm 9TT* 0€3°T YL9°/9°20T  9TT°/0°9S  L96°T 915°/9°88T 007°/T°L9 = 96 60T
‘2331 €/2 4 6TT-0 TIO0° 099°T £€65°/ *eT  091°/0°08 Y09°T L6E® [o°TE2 98€°/6°€0T- YrT 80T
rATASIEES cAd & 612 T/7°62 YT/ €'l 0L0° 1/2°85. 6$€°/2°9€ - g7 90T
0°2L - =%z 06T° €IR'T 869°/L°85  6YT°/7°8Y €R'T 675 /7°9TT  6SE°/T°2L - 96 SO
‘9371 TN € 6TT-0  9T10° €12°T €zs°/t°88  6YT°/9%eL €121 YLE /9°LT 65e°/5°80T- YrT ot
333 XORT) €- oL X c- 0T X 0T, 3/02, ATy 0T; oy
XeZy /X8R, 3/XBRTp ~ T y T ereuy
3 - 0%z

oaxy a1 N1 a1 q0wduy DT

2IUBMIO D Jo 8004 9010 *TeA puq i ToA

omgy, Xey Xy *3yur *TeA *3jux

45

WADC TR 54-110




O.Nb =

0°2L - =

= €2 ‘00T - = NN 0Te*T 781°T 096°1/L°9T LT /TYT gerT 88L°1/8°9¢ BLS /S - g7 95T
omd =0 ‘00z=1 ¢ce (-1 780° v/€°¢cE ELT°/T°82  ¢€eT°'T T6°/9°€TT 8LS°/6°8Y - 96 119 ¢
83 T g 61T-0  0%0° 2p1°T WL /6°67 LT f2o2y £8T'T 819°/€°0LT 8LS /el - T vt
82 o't $98°/L°6S T2 /8°9¢  6ge’c 60L° /6° LST TAAVCITA AT 7 891
=826 -=22 $58°T 00L*/7°LTT  96T°/6°€9  666°T €IS /6°T6T  266°/6°%6 - 96  Lo1
“T=9 ‘9T ¢/2 ¢ 611-5 810° T8S°T TEST/LTIT €T /968 TE9° T 8Y€° /6°Yce OEE*/8°TVI- v 997
, 6 gzt 087 1/v°¢ SLT /2L 9%zt 20€°1/8°65 8SE/LLY - g7 gor
€2 *LegL - = TIE* 902°T 618°/9°S9 LI /y°¥g 972 1T 699°/9°611 85€°/7°6 - 96  wor
‘T=9“UrT g g mﬂo 00T* L02°T 809°/5°86 LT’ /9°Tg AR 8SY° /7°6LT BSES/TE€7T- T g9t
L99°2 298 /8°9L  g2T°/5°82 g o9t
oteL - = mN ‘LesL - =2 T80° LIB°'T 129° /268 60T /167 02%6°T T2$° /e 81 Q77 /2°9z - o4 T
00€ = D ‘WY €/2 4 611-D 825 T 2T /2 80T  €01°/8*0L YT /9Ly - T oot
0%2L ~ = €3 ‘LGl - =2y e 91°T 097°V/S*s¢  160'/6'Tz  wr'T 69€°T/0°9¢ OLE/T°0Z ~ g% 65T
00€=0 ‘47T T § 61T~ 22€* L9T'T €8L°/T° 1§ W0 /8°CY  99T°'T T69'/6°TTT OLE /€0y ~ 9§ 89T
L60° 99T°T 685°/9°9L  T60°/L°S9 99T°T 897 /6°L9T e /7°09 -~ T 4ot
Zmb:nmn N.E...umn

0°2U =27 0°z, - = T oz9° 626° S6€°T/5°LL  gv2*/ veeg ott* S8T°T/9°S0T»  $9¢°/2°z - 9% T
‘WIT €/z g mﬂ.o 6S° 826 082°T/8'T9 LE2*/o°LIT S€9° Y60°T/6°26 = 7S /9° Tt~ YT ovr
T-= S T+=021 oLy oL LI'T/S°€S  t02*/L0L  zg9e 676° /¢°0¢ 6Ly /€0 - g gzt
00z = 0 ‘og0‘oT = ¥ o9 SE9° WS TO°L  2BU/T°WRT Sre° T. TOE T/S°6TTx E7°/8°L9 - 96  Lo1
‘WY1 €/2 4 611-0 T3 T ocye 809 /T Y. SLT°/7°2LT €6l 9V T /2 YT« Yoo /Lot vt 92T
02U - = mm 76E°T 8L9° SET/7°2e 6YT force 8L9° ESL T/ Y 6SE°/T°6Y - 6°¢9 1€t
L°GL = = 27 $yep - = 9TY* $06° T26°/8'TS YT /E°LS  So6° SLL® /9° 20T 65€°/S°S8 - S*CIT  0fT
‘ITT I 9 6TT~5 SYT ¢66° €59°/T°18  6YT°/5°T8  ¢66° 705 /8°09T 6%E° /L T~ S*TOT 62T
$82° 0€0°2 £16°/8°59 8T°/7°2¢  0g0°2 62L°/9°66 » Y4 /00 ~ g% ST
897 - =€z ‘091~ =2 gupe 2LT°T V2L /9°59  LOT'/0°9¢  Leo°t O757/€°66 »  007°/T°L9 -~ 96  +or
‘37T €/Z € 6113 oTo°* L58° 08$°/0°89  T9T'/0°08 61L° %E°/5°E0Tn 98¢ /5ot~ ™t ¢zt

33, XeRT OT X 0T X \ .

3 us&> € £= S...m a\omm. AT, 0T, .on

A P\NNENP #\anﬁﬁb WMI ¥ T oHdﬂd<

2 (Pi3u0d) T arqeg

4

46

WADC TR 54-110




Jeoh) 9SON U0 8IN00(0 j3ouduy puodes

WIT I LY-0  666°  Z7S° 8Ly /L2 TIT /86°Y 9¢6° LIE T/S°°T 89€°/T°¥T - 8°0€ SET
L2 S88° 886°/7°ST  00T*/¥7°LT 069°T SY6°/T°18 = we/6°e - 87 08T
et g6 QLT /6°ST 260°/6°TE GLg® OYLE /O°Y8 » 2062°/8°6S - 96 6LT
WV €/ ¥8-4 €10°  LLE® 00€°/5°LT  060°/7°9Y 9%79° LS2° /0°€6 = rree/r98 = Yrt 8Ll
906° Yé6z* LT t/ey §80°/9° YT 86Y7° LET T/6°€2 » 1€2°/E°0€ - 8% LLT

LLT®  962° 87¢°/9°8 680°/T°62 7Y 4 80G°/L°LY » T€Z /L°09 - 96 9LT

WJTT T 78-4  890°  €62° 6€€°/3°2T  §80°/L°EY  L6Y’ 662°/9°TL »  T€2°/0°T6 - T SLT
260°T ITL T/2°68T 669°/2°€LT x 8SY°T/6'82 - 8¥Y T

LAL® S8 T/7°Y6T 195" /0°rre *  8ZZ°T/9°YL - 96 €LT

W1 €/2 94 799° 96E T/LETZ 626°/9°T2E x  TIUT/EcLtr- Tt At
80Z°Z 6£€° sore¢/gcLe 2 /1'e8 6S* 9T°E/r°8C » 096°/L°Tr - 87 WUT

) 4 AN Y2 £79°1/9°5S (A4 AVA S Y -3 N 907°1/8°9S = 096°/5°€8 - 96 oLT

WIT TId 9¢-4 gee” LT 1/e°¢€8 zrre/ee9re x 096 /2°GTT- Tt 691
1Y ¥81°/7°2¢ 2RV LE6® [2° 202 Yrre/otoe - g7 _ Tt

962° 26T £€28°/2°80T L9T°/0°9S L6Y°2 969°/L°6EZx 007 /T°L9 - 96  O7T

WIT €/2 0T-OX 6ST° 029°T TL9°/9°62T T9T°/0°08 OT0°2 GYS°/r°682x  98E°/G°€OT- YYT 6T
ZIS°T 92T £€66°1/6°62 6Yre /2o LTt L8 °T/G°69 = 69€°/2°9¢€ - g7 8eT

666° 9€2°T 080°1/8°6S 67T /787 LYYt 866°/6°8ETs  69E°/€°2L = 96 LET

WTT T 02T-0X  G62° 9€2°T 9LL*/L68  6YT°/9°2L  LTT'T ¥69°/7°802%  6G€°/6°80T~ YIT 9ET
2L - =€z ‘oot - = &2 GT6°z T8 €92°/2°T2 g7 €3t
0ST =90 ‘oooz =13 ¥10°2 LZ6°/5°69 8T /5°7¢ YeL /T°82 = 96 Zst
W1 €/2 9 6TT-D 69° T 28 /8°18 g0zt /e 8% 7L9°/€°6¢ - Tt 18T
s N.&&I-p €- 0T X ¢- 0T X 0Ty 3/02g /3Ty 0Tz °oN
A 3/XeHT, 3/XONTA qmw ¥ * «reuy

k 2

(pi3uo)d) T oTqel

47

WADC TR 54-110




T T T
4 M g -
InE 1) R Saay s .
b HSieiaie: ke
+ T
R + 1
5 L ! [
. +
: H
T +
T oy
1 . -
! IpEa e+
s
L T e va re
I & : Pt
i
] [t
N ¥ H pe
T i 1 1
: T
T ;
- .
} T y SN &1 T
: T T
T 1 1 i
¥ —~+
T | SR m
I T ¥ i ot
i T 1
{ 1 .=
T T ¢
SRR R
-t
T
t
T
aua "
i
T
T
3
I
i
1t
s
=
- +
T
T
s
t
RN
1T
= ] i
I
» T T
- ; '
MRS 5
L
; I
T
1
I
mn ™
T
.
o rma
[ N
- r
t 4t
i
1
T
in .
t
»l T
o
- t 18 e -
’
T
2, » ] .n
L T ¥ 4V +
T T
T T
I I
] _ :
T 1+ t
by I by
: T =5 1
12 3 I it 1

DC TR 54~110

’n u‘L




T T ~ T TTTIE e BEDe
T pieauiEn R RS FRRRI SRTTRSTLLCSSL abs: RETEEBERE SNEN
i PPSRE DANE 1 8 R 1 ¥ - m IRy N IS R Y M
| |- ot H 1T ++ L JER NS S5
,.Vrwa»rLLJ.,lu__ R R T k_ T
o ol g oy Pl : saa
PSS e T ; par
i Eawan A I T
Sugas sugs: [T T :
ppags Bt (]
et T + 1
: P T e N e, +
. JSSS N L ! :
PRUEE BERay M > 1 i
[t SSRGS DOSIN BN
SE3Lanabey un it T
" ! Siga 4
Iy igw
1
T T
it B T rfv I " § I
joga s " . ] C
25t & e SEEERESS RS L
(N Y A2 . H =
i 1 TI1 " %u 91
: T H n
H  §
i 1 1 -t 1 8 & ! -
san 7 : : HE e 4 ! T
! H e e E S +
e 0l B Y ;ine X8 N1 1 Tt T [EAR nuuaugs &
et T - + Y g -
1 T u umut % w wr n B b ' i m =
H ie < I RHDD I W IS 0o FA F 11
SEEE e e 3ot et =i 5% : £ jaits i =
e + T T T 1 " SRy e
] aes 533 1 [ pa: e b ;
t } e a4 1 T s t
b L - L 3 T 1 T +
B S 3+ I e T -
i 4T 8 R s 2
<+ 1 H] =
- + > ! -
i T
Ty 1 ’ o P |
' ps ;
L
1
¥ W
it T ~r
1
' pudy! ma 3
i .
- S I u S g0 inumiy o
tHhy ¥ - T
nas i 1 1 iy s 3
[pga 8% B}
T i .
; 3 J }
: < 3 £
t T H
T T }
W 4+
3
+ ' =
T e
} ;
I ¥
) bt M
= e ,
P T b : ¥
e - E -
.« - A f+t
Folt S | Legs pl
pgery wart
ot
) ] T
1) }
2P an Ml I a H T
o I.” 1 i ] =1 -}
1 294
1 T
1 I Tl -
I ! ae!
. ] i " 11h

49

WADC TR 54~110




priefrecs
[RS8 SRO0 it
S A230s bhats

1 HORN S

Fr

A

4

50

WADC TR 54~110




- v

-+

e O

N

N

4.3

1

gEheate

T
!

1

+ +4

mxipadnk

X

N -

|4 I T
: i ks oSt &
i RERTEE Fad i o s gaeat
7 t L. 4 + +- + 4t . bt
: ; e Y it HE 1HHH

51

WADC TR 54-110




——

1

-

Sfusysaa

]
FHH

I

HE R

iy
T
HEC

I11

H

M

t- 4 A

-

L4

H

-

Engs

1

N
1

EyRuE

11

LLt‘[_

¢4

HET

HH T n

B
Y

T{

8

H

T

K1

113

T1LTTY
T

s AEnu

111

agn

=+

| ]

i

L 14

o

SEARAgQYANES

+f

11

&

31
1

+
11

us

(1

T
AnARS

H

Hit

L

5

LT

ul

=2k

+ -1

r'-

1

13

pe 8w

)11

NN

52

WADC TR 54~110




T
T B = H H H ps R Sada . nakes Bl
t s pid na T poy mal ks
h 1 : N S
T . y e
1 4 - -t
Igaguaaw H M e S
1 17
us + -t
A + —— T
=8 " = [y
+ Ft y v -
+ 22 4+ ..
T
+ +H +
T : :
1Y
t P (WA
+t H 1
! T T - -
T T =
gt H 14 3 =
. i 1 “
= 01 ) u Hat
' u! I H
H bt s - = T
RE H e 4 up N ] = S | it
SRS RO 1 |- u 1 H
[pene R T =
&52Ea8 £i&s g =
e I —+
T = H 3 H :
0 =
T ] T
4 {4 bt
SBa B a -
T ”_ e ul uE "
WEEE B : = ;" H t --
RGN RSN s ! $F - +=o-] -
+ ¢ -4 - 4 t—t
: peunesgns] - =t . o t
S : I Eay ! {1 po
: 8 BaSaRRTs H o -
1< v H B
T me
T = -
: : H n HHHY hoa
o it 7]
-
- -
I 1 - o M ¥ joe
T + - =~ b ¥ paaea
rxlww. - Wﬁ an s
;A_M - P N bl wanibiiod
o -
1
yn ; - T -3
e thlwl* — ++ -
T saus: - I a ]
Py T e
+ t
T 1T 1
I
1 k19
te jobe 3 i B
T . 3
1 L I . =
T IBRpN NREEN I N 1T
1 Fii = " i (a
L T
ot + 4 :
-t - *
-1 T ; T !
: *
: = T H 1
T + + + =+
T t H—F
b 1 H - .-
Fs i S . SRR e
wangly Dl R . NOPN I DR SO B DS DR D Tt [ SRR P B (RGO 9
e s et EEEE) SIS & ol R 5 -+ i
- r 1235223338242 DS SR Triliteitaei oty P IS 352E
g SO F - Favgenaniss Rt R R e et T : 3
S R R EEE
JENSA ERERE N PRERNORERA
- i LT H
: : St e jeaiein :
1 NI el +
I T
aEjanasgas as"3s YALZ
H. SR , EEyEiasganasgdaqstets e T -
T T ST < e T I
T . yu%n JERiyiaansksgnssess THE h
A uRREs N _Y +1iH Lv .T = L Lt tit

WADC TR 54~110




fect is more pronounced for main gear than for the nose gear. It is

noted that the rate of descent has been held constant at 12 ft/sec

in this study. Hence, the effect of geometry on the initial rate of

descent must be taken into account to obtain the optimum landing gear
configuration,

Figures 15a and 15b show the change in vertical reaction due to
fore and aft locations of the main and nose jears relative to the
airplane center of gravity. Both gears show a reduction in force
due to bein;; moved farther from the center of gravity. This effect
is more pronounced for the nose gear.

The influence of side force on the vertical reaction is shown in
Figures l6a and 16b for the nose and main gears of the six airplanes
studied in this report. It appears that this parameter is of lesser
importance than the geometrical parameters after the initial rate of
descent has been established, In fact, locating the nose gear on
the centerline of the airplane nullifies entirely the effect of side
force on the vertical reaction.

Discussion of Landing Gear Desigzn Problem

It has been established by calculations that the second impact
is somewhat more severe than the first, Therefore, the criteria
for designing landing gears necessarily must consist of two phases.
The first phase is the determination of the magnitude of the second
impact relative to the first impact, taking into account the geome-
try of the airplane, inertia, and so-called external forces. The
second phase consists of determining the magnitude of the second
impact on the basis of these same parameters, but determined by
sone pre-established criteria for the maximum impact and rate of
descent, Using the derivations shown in this report both phases
can be analyzed. Hence, although calculations are shown in this
report giving the relative severity between the first and subse-
quent impacts, no attempt is made to establish the magnitude of the
initial velocity criterion,

For landing gear design, it is essential that the maximum load
factor that will be imposed upon that landing gear unit be determined
regardless of its sequential relationship in the landing maneuver.
However, the data presented in this report shows the need for con-
sidering the second impact in the criteria. It is pointed out that
the basic concept of effective mass and initial velocity should be
retained. '

Suppose a side force of .6 times the vertical reaction acts on
the landing gear in a manner to produce acceleration towarc the
next gear to contact. This gives a second impact almost twice as
large as the first., Consequently, a mass criterion must be arrived
at for the design of landing gear regardless of which impact is in-
volved, Having arrived at that, the geometry of the airplane can be
considered in arriving at an actual magnitude for a given velocity
criterion. Of course, it appears that this velocity criterion should
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be controlled somewhat by the geometry, inertia, and external forces
applied to the airplane.

Several curves designed to show the comparison between our calcu-
lated results and those of Reference 18 show reasonable agreement in
most categories, Although the methods of Reference 18 appear to give
a reasonable approximation of velocity at contact for the second land-
ing impact, these methods do not allow consideration of the landing
gear characteristics, such as length of stroke., The analysis is based
upon introduction of equations for which it is necessary to assume a
landing gear efficiency. There is no direct check, in the early stages
of design, for the computed results,

Analytical equations can be based upon a more rational approach to
the problem, for example, by establishing characteristics of landing
gears from statistical methods which permit the use of straight-forward
dynamical equations. The only difficulties that arise are in the es-
tablishment of the damping characteristics from the drop test records.

Reference 18 gives a very ingenious approach to the second 'impact
velocity whereas the definition of effective mass is not restricted to
the degree as used in this report. In other words, it is not shown in
Reference 18 that the effective mass derived is a mass associated with
a single degree of freedom system.

Calculations based upon derivations of the effective mass and ver-

tical force have been made to obtain plots of various airplane para-

meters versus the vertical force for six different airplanes, namely
the C~119-H, C-,7, F-8L, B-36, C-119-G, and XC~120 airplanes. To ob-
tain these plots, the parameters associated with each airplane have
been fixed for each curve, including an initial rate of descent of
twelve feet per second. Then for each airplane, an analysis has been
made for a main gear and a nose gear for which variations in 1, r, and
s have been calculated, In each analysis it has been assumed that
the side load is equal to 55% of the vertical load and lasts for a
duration of .05 seconds., Combined plots are shown for these parameters
against the vertical forces generated in Figures 1, 15, and 16.

Several calculations have been made carrying the results to the
third impact. For the configurations tested, the third impact has
always been less severe than the second. However, this does not mean
that other airplane configurations might not have a more severe third
impact, since the results of this report were obtained from the third
impact on the nose gear., This impact is usually less severe than the
seccnd impact for the tricycle landing gear configuration.

The lateral position of the nose gear relative to the centerline
of the airplane usually determines the magnitude of its impact. It
appears in the case of the nose gear that the criteria should be based
somewhat on the effect of pilot technique during the landing maneuver.
It is to be noted that no landing test data have been obtained to date
where the XC-120 airplane bounced from one main landing gear to the
nose landing gear.
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The magnitude of the landing gear design problem defies the use of
one overall analytical solution., Hence, it is necessary to make ra-
tional assuumptions in order to separate the problem into portions that
can be handled in a practical manner, The logical separation in the
landing zear problem consists of three principal parts: first, the
inclusion of the whole airplane as a rigid body and the calculations
of the landin; gear forces based upon this assumption; second, the in-
troduction of the consideration that these loads are based upon a mag-
nification factor from the response of the airplane at resonance; and
third, the study of lhe landing gear design characteristics and their
effect on the airplane.

Consid=rable work is available in the literature on the effect of
flexibility on airplane landing loads, wherezs, very little has been
done on the effect of the landing gear location. It remains to be
determined, in the cases where failures have occurred, whether the
flexibility of the airplane was at fault or whether the location of
the landing gear was improper. In other words, the magnitudes of the
loads on the landin; gear depend upon the location of that landing
gear on the airplane as well as the characteristics of flexibility of
the airplane, However, it is to be noted that the design of each com-
ponent part of the airplane must take into account the dynamical forces
due to the oscillation of the airplane in its natural modes.

The data presented in this report show that where distinct impacts
have been obtained, the second impact is always considerably greater
than the first., As compared with a symwmnetrical landing with the same
initial conditions, the first impact in an unsyanetrical landing is
considerably lower than it would be if it were in & symmettical land-
ing, whereas the second impact is considerably higher than would be
obtained in a symmetrical landing. In other words, the force gener-
ated in a symmetrical landing is approximately midway between the
forces generated in the first and second impacts., It is pointed out
that the second impact for symmetrical landings of tricycle landing
gear type ircraft has been found to be less severe than the initial
impact on the main landingz gears. Again, considering a tricycle land-
ing gear type airplane, the second impact will be more severe if the
subsequent landing impact is on the second main landing gear.
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SECTION III
PRESENTATION OF LANDING TEST DATA

Instrumentation

The Fairchild Airplane C-119-H was used for the series of
landings conducted for this report. The airplane was instrumented so
that its attitude could be established at all timss during a landing..
Accelerometers (a total of 17) were installed at various places in
the aircraft to indicate the effects of landing gear impact through-
out the airplane.

The left main gear was instrumented extensively by strain
gages to show the forces acting on various parts of the gear during
the landing. No strain gages were used on the nose gear, and only
one gage for indicating side load was installed on the right main
gear,

However, each landing gear unit was equipped with a rate

‘of descent indicator, from which tire deflection can be obtained,

and an oleo position indicator which recorded the deflection of
each oleo during the landinge.

Table 2 and Figures 17 through 24 contains a complete
listing, along with location and description of each instrument,

Four Consolidated Engineering oscillographs were used
to record the intelligence from the instruments through a total
of 47 channels., The ground speed trace occurred on all four records
and was used to orient the four oscillograph records obtained on
each landing with respect to time.
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1 Strain Gage Left Main Gear Torsion in Main Poet 17, 22a, 22v
Middle Main Post
2 Strain Gage Left Main Gear Axial Load in Qleo Fg.
Axial Load in Strut | 17, 22a
Oleo Strut
3 Strain Gage Left Main Gear Fore and Aft Bending FMg.
Upper Main Post in Main Post 17, 22a
4 Strain Gage Left Main Gear " Vertical Load in Out~ Fig.
Outboard Axle board Axle 17
5 Strain Gage Left Main Gear Vertical Loed in In- Fig.
. Inboard Axle board Axle 17
6 . Strein Gage Left Main Gear Drag Load in Cutboard Fig.
Outboard Axle Axle 17
7 Strain Gage Left Main Gear Drag Load in Inboard Fig.
Inboard Axle Axle 17
8 Wind Vane Left Wing Tip Airplane Angle of Yaw Fig.
18
9 Strain Gage Left Main Gear Axial Load in Main Post FP4g,
Lower Main Post : 17, 22v
10 Strain Gage Left Main Gear Side Bending in Main Fig.
Upper Main Post Post 17, 22a
1 Strain Gage Right Main Gear Side Bending in Main Fig.
Upper Main Post Post . 17, 22a
12 Strain Gage Front of Fusl Wing Tension and Compression g,
Tank on Left Wing Load in Strut 18
13 Strain Gege Rear of Fuel Wing Tension and Compression PFig.
Tank on Left Wing Load in Strut 18
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¢=119 H Instrupentetiop Table 2 (Cont'd)

Type of
pstrupentation Location Used to Determine _ Reference
14 Magnet and Left Main Gear on Rotational Speed of Mg,
Induction Coil Inboard Wheel Wheel 19
15 Angular Position Left Rudder Torque Left Rudder Position Fig.
Indicator Tube Near The 20
Surface
16 Angular Position Center (Spanwise) Left Aileron Position Fig. 18
Indicator of Left Alleron :
17 Angular Position Left Elevator Push- Elevator Position Fig.
Indicator Pull Tube 18
18 Angular Position Spring Tab Push- Elevator Spring Tab Fig.
Indicstor Pull Tube. Stab. Position 18
Sta. 142 Left
19 Angular Position Left Main Gear Angle Between Main Fig.
Indicator Between Main Post Post and Swivel Arm 17, 23a
& Swivel Arm
20 Position Indicator  Nose Gear Oleo Oleo Strut Compression Fig.
Strut 20, 23b
21 Positlion Indicator Left Main Gen.r Oleo Strut Compression Fig.
Olec Strut 17, 21a
2;':‘ Position Indicator Right Main Gear Oleo Strut Compression Fig. 1
Oleo Strut 17, 2Qa
23 Position Indicator Nose Gear Right Rate of Desocent Tire Fg. 19, 22b
Side of Wheel Deflection
24 Position Indicator Left Main Gear Rate of Descent Tire Fig.
Between Wheels Deflection 19,21a
25 Position Indicator Right Main Gear Rate of Descent Tire Mg, 19, 21a
Between Wheels Deflection
26 Gyro Cargo Compartment Airplane Angle of Roll Pig.
At Left Side on and Roll Velocity 18, 20
Floor Fuselage
Sta 330
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C- n n e 2 !
Type of

race ns n on o U e

27 Gyro Cargo Compartment at Airplane Angle of Fig.
Left Side on Floor Pitch and Pitohing 18,0
Fuselage Sta 330 Velocity

28 Accelerometer Left Wing Tip Front Normal Acceleration Mg,
Spar 18

29 Accelerometer Left Wing Tip Rear Normal Acceleration Flg.
Spar 18

30 Accelerometer Left Wing Sta. 830 Normal Acceleration Fg.
On Left Rear Spar 18

31 Accelerometer Fuselage "C,.G." 25% Normal Acceleration Pig.
MAC Sta. 345 On Left 18, 20
_Sidewall

32 Accelerometer Fuselage Nose Sta. 33 Normal Acceleration . Mg.
To Right Of Fuselaget 18, 20

33 Accelerometer Stabilizer ¢ at Fuse- Normal Acceleration Fig.
llge Sta. %5 18

34 Accelerometer Left Wing Sta. 400 On  Normel Acceleration Mg.
Left Rear Spar 18

35 Accelerometer Left Nacelle on Front Normal Acceleration Pig.
Wall of Left Main Gear 19, 23¢
Well

36 Accelerometer Right Wing Tip Front  Normal Acceleration Mg.
Spar 18

37 Accelerometer Left Boom At Fuselage Lateral Acceleration: Fg.
_of Boom

38 Accelerometer Left Boom At Fuselage Normal Acceleration Fig.
Sta. 953 Near ¢ 18, 20
Of Boom

39 Accelerometer Right Boom At Fuselage Normal Acceleration Fig.
Sta. 953 Near ¢ of 18, 20

Boom
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Typ of
ns n on erpine n

40 Accelerometer Left Fin Tip At Lateral Acceleration Mg.
Fuselage Sta., 998 20
and Fin Sta. 152

/AR Accelerometer Left Wing Fuel Tank Normal Acceleration Fig.
12" From Tank Nose 18

42 Accelerometer Left Wing Fuel Tank Lateral Acceleration Pig.
11" From Nose 18

43 Accelerometer Left Wing Fuel Tank Lateral Acceleration Pig.
15" From Rear Tip 18

i Accelerometer Left Wing Fuel Tank Normal Acceleration Fig.
16" From Rear Tip 18
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AXIAL LOAD \‘ X 2
Figure 17 Instrumentation of C-119 H MaArn Landing-Gear
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Froure g

Main landing gear rate
of descent indicator, 7,
and shock strut nosition
indicator’ 80

Freure /b ilose gear rate of descent indicator.
WADC 7R SY¥-//0 éé



Fr6umre aaa Strain gages located on upper left landing gear
main post and shock strut: Fore and aft bending
load, 1, side bending load, 2, shock strut axial
load, 3, and torsion load, L.

FrourE Qb

Strain gages located on lower
left main post:s Torsion load,
L, axial load, 5, and compen-
sating gages, 6.

wAoCc TR SY-//0 Y4



FIGURE A3

Main landing gear lever
position indicator (heli-
pot and cable type), 9.

Ar6uRE X35

lose fgear shocl: strut position
indicator (helipot and cable
type), 10. —

Frouvmes A3

Typical accelerometer install-
ation, Accelerometer on forward
wall of left main landing gear
well Py 11,

.
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Analysis of Landing Test Records

Analysis for Forcing Function Time Histories from Oscillograph Records

The vertical force acting on the landing gear during the land-
ing is not recorded as such on the oscillograph records. However, strain
gages measured the axial forces on the oleo strut and main post. With
the swivel arm position also being recorded, these two forces can be
resolved into their vertical force of which they are the resultants.

In Figure & the ccronents of the vertical forces along X and
OC respectively are ¥ cos eygg and ¥ cos (90° - o)

6 is assumed constant and ¢ = 9400 - (90° + @) where O ¢ is

the reading from the swivel arm pcsition trace on the oscillograph records. -
Similarly, the drag force DH is resolved into BC and (C as

Dy sin 6ycp and - Dy cos ¢

Therefore the force registered on a strain gage along BC or the
oleo axial load is

Fyg = ¥ cos écp and Dy sin gy (1)
The force along CO is

Fgo = Vsin ¢ = Dycos ¢ | | (2)
The force along CO is resolved into a force along AO as

Foog = Fypg cos (180 - 8,3) (3)
Solving Eq. (1) € (2) for V and Dy we find
7 o Fyg cos ¢ + Fgp sin &y

cos (9 - Oycp) (4)
- Fco cos G'ICE - Fve sin ¢
DH - co8 (‘P"%B) (5)

where Fg, is given by IZq. (3).

FV§ and Fyqpq are the loads from the strain gage oscillograph
recordings of the oleo axial load and the main post axial load,

To find @ygp consider the locus of the Poin% c, ogigin at J,
as the oleo compresses, which describes the circle Xg< + Zg%< = 12, The
coordinate of any point (Xg, Zg) on the circle are

Xc = 1lcos ¢
Zc = 1lsin ¢

WADC TR 54-110 70
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and the slope of the line KC is

y oz vz
2 - X
Therefore

-1 X3 -

Scp = tan 2- %
12} + lZl

Analysis of C-119-H Landing Records

An attempt has been made to make the C-119-E oscillograph
records as nearly self explanatory as possible by incorporating most
of the information necessary to read the records on the individual
traces. -

In photographing the oseillcgraph records there has been a
necessary reduction in scale., The values recorded on the traces as
trace sensitivity are on the basis of one inch cf trace deflsction
before reproducticn; and therefore, a reference scale has been drawn
cn each record to show the actual reduction in scala. This reduction
mist be taken into account on all readings.

All strain gage traces are at zero or no-load positicn at
all times previous to initial touchdcwn. Therefore, any deflection
from the zero position is a load which can be calculated by measuring
the actual trace deflcction and converting it to pounds by using the
value for one inch deflection as recorded on the records. Reduction
in scale mst not be forgotten.

The accelerometer traces can be read directly from infcrmation
available on the traces. A zero position of the trace can be established
by fairing a line through the trace curve at a time previous to touch~
down.

The rate of descent traces of left and right main gear, and
the oleo position indicators can e read from information available on
the traces.

Blips on Trace 1 represent 1/2 revolution of the left main
gear wheel. This angular velocity can be converted to translation by
finding the tire deflection from Trace 2/ and subtracting this from
the actual tire radius of 24.4". However, a reasonably accura®e ground
speed can be obtained by using a constant tire radius of 24 in. or
2 f£t.

The time scale is in hundredths of a second with each tenth
second line accented. For our purposes in reading the records to was
arbitrarily chosen to be the instant the left main gear initially
contacted the ground and is so marked.

WADC TR 54-110 72
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No linear relationship exists between the applied force and
the trace deflection for a number of the strain gages. This is true
also for the angular position indicator. Therefore in the following
table, formulae for approximations of loads and positions for varying
trace dezflections are given,

On Traces 4 through 7, it appears that when d = C, a large

positive force is still present. This is not true but indicates only
that a certain force must be applied before a deflection is present.

WADC TR 54-110 3



Table 3 Computations and Sense of Traces - C=~119-H

Trace

Aft Load

A
Qutt'd V Axle

5
Inb'c V Axle

6
Outb'é D Axle

7
Inb'd D Axle

8
Yaw

12
L. Rudder Pos,

15
Ailsron Pos,

17
Elevator Pos,

18
Elev. Spring
Tab Pos.

19

Left M. G.
Swivel Arm Pos,

2/
Nose R/D

26
Roll

27
Pitch

WADC TR 54-100

Computation -

Load = (9800 x d + 1000) 1bs.

Load = 15,000 x d

d % 0.2
d £

Load = (23,360 x d + 3750) 1bs.

Load = (19,610 d + 4300) 1bs.

Load

(15,230 x 4 + 2200) 1bs.

Load = (24,380 x d + 2500) 1bs.

V'=l2.5d
y°'12.5d

-2-3- 1205 d
3= 217 4 - 3,7

g=1254

6=-154d

74

[+
2
(o]

Q. Q. QA 2 Q, [« V¥ W A,
VA av Ay v A

(ol @ oo ol e (oN e

. Q, Qo

o o

\'%
o

Pos. Trace
Defl. Indicates

Load front to Rear
Bending Up
Bending Up

Load Front to Rear

Load Front to Rear
Yaw to Left

Rudder to Right
Aileron Up
Elevator Up

Tab Up
Angle Decreasing

Plare Descending

Roll Left

Nose Up
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Table 4 provides all necessary information for reading the F-84E landing
records, on Figure 28 , Page 79.

Table 4 Computations and Sense of Traces F-84E

Weight 16,309
Tip Tanks Full
Trace No. and Computations
Designation
l. L.M.G. Vert, Sxd
Load
2. LeM.Ge Drag Sxd

Load

30 L.M.G. Sid§
Load R
L.M.G. Side
Load

be R.M.G. Vert.
Load

50 R.M.G. Drag
Load -

6. R.M.G. Side
Load
R.M.G. Side
Load

7. Nose Vert.
Load.

8. Nose Drag
Load

12. COgo Accel.
13. Left Wing
Rear Accel.
¥/ . Right Wing
Rear Accel.
15. Left Wing
F‘ﬂﬂ- Accelo

Slxd-Ssz

Sxd
Sxd

Slxd-Ssz

Sxad
Sxd

%

/s
a/s

Sensitivity

S = 16,785 1bs.
S = 6,195 1bs.

Sy = 4,019 lbs,
Sp = 0.257

S = 12,600 lbs,
S = 6,650 lbs,

Sl = 3,693 1bs.

82 = 0 0273

S = 2,826 1bs.

S = 3,450 lbs.

S = 0.975 in./g
S = 0.205 in./g
S = 0.1702 in./g
S = 0.2025 in./g

Pos. Defl.
Indicates

Compression
load Front to Rear

Inboard

Compression
Load Front to Rear

Inboard

Tension
Load Front to Rear

Neg. Accel.
Pos. Accel.

Pos. Accel.

Pos. Accel.

¥Because of large variations in size of calibration blip from
flight to flight, the data of this channel is questionable.

In calculating the side load from Traces 3 and 6, assign sense
of d as (+) or (=) and calculate the vertical force V of corresponding
main gear at the same instant,

ud" is measured in inches of trace deflection for all traces.

WADC TR 54-110



Necessary data for analyzing the C-47 Flight Test Record on
Figure 29 is provided on the following table.

Table 5 Computations and Sense of Traces - C-47

Trace No. and
Designation

1., L.M.Ge Wheel
Speed

2. L.M.Ge R/D
and Tire Defl.

5e LeMeGe Verte.
Load

6. L.M.Ge Drag
Load

70 L.M.Go Side
Load

8. c.g. Accel.
9. Pitch

10+ Roll

11’ R.M’G. mlwl
Speed

12. RCM.G. R/D and
Tire Defl.

13, R.M.G. Strut
Defl.

15. ReMoGe Vert.
Load

160 R.ll.G. Drag
Load

17. R.M.G. Side
Load

18, Tail Wheel
Vert. load

Computation

nxS/at, n=no. of

blips in time 4 t

R/D = Ad S/At

Tire Defl. =d x S
dxS

dx$S

Rolling Radius =
=ls2 - 4.37 arp

Sensitivity

97.5 in.
21.85 in.
14310 1bs.
18240 1lbs.

S1 = 102800 in.lb.

Load = d'Sy/RR S = 16290 in.

dxs 7015 g‘s

8= (4 - 82) Sy = 16.65°

d = Distance from Sy = 32.6 in.

trace 1 :

® =Sq (d ~ S2) 51 = 14.10°

d = Distance from So = 35.5 in.

trace 1,

Same as trace 1 97.5 in.

Same as trace 2 20e4 ins.
dx$S 1406 in.
dxsS 11800 1bs.
dx$ 15090 1bse

Same as trace 7

dx 8

S1 = 142500 in.lbs,

Sense

(") Defl. =
Airpc Desc.
(~) Defl. =
Compression
(=) Defl. =
Load Front to Rear
(=) Defl. =
Inb'd Load

(+) Def. = Nege
Acc.
(+) 6 = Nose Down

+ (@) = Roll Left

(+) Defl. =
Airplane Desc,

(-) Defl. =

Oleo Compress.

(=) Defl, =
Tension

(=} Defl. =

Load Front to Rear
kgo Defl.
Inboard Load

With the following exception ®d" is the trace deflection in inches

from the no load position.

17, d g
is’to béDreado

WADC TR 54-110

On trace 2, "4t for tire deflection is measured
from the position of the trace at instant of tire contact. On traces 7 and

is the deflection of trace 2 or 12 at the instant the side load
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Table

Record
and
Trace

I-1
I-3
I-5
I-7
1-9
I-13
II-1
II-2
IT-5
I1-13

the pre-contact position of the trace.

6

Computaticn and Sense

Designation

Right Main Column
Vertical Load
Right Main Column
Side Load

Right Oleo Strut

Cege Accelerometer

Right Wain Column
Drag Load

Right Fwd. Wheel
Tachonmeter

Left Main Column
Vertical Load
Left Main Column
Side load

Left Main Column
Trag Load

Rear Aft Wheel
Tachometer

of Traces - B-36

Sensitivity (S)

395,000 1lbs.
41,400 1bs.

12.5 in.

8.4/ g's
53,600 1bs.

25.7 rad./Sec.
35,500 lbs.
45,700 lbs,
55,500 1bs,

25,7 rad./Sec.

— e

Trace Defl.
Indicates

Neg. Defl, =

Load Upward

Neg. Defl. =

Load Outboard

Neg. Defl, =
Compression

Pos. Defl, =

Acc. Downward

Neg. Defl, =

Load Front to Rear

Neg. Defl, =

Load Upward

Neg. Defl, =

Load Qutboard

Ikgo Defl. =

Load Front to Rear

Miltiply sensitivity (S) by Deflection (d) of the trace from

WADC TR 54~110
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Sunmary of Tegt Resulte

A total of 42 landings were made varying the following

conditions:
1.
2,
3.
be
56
6.
Te
8,
9.

Rate of Descent

Symmetric Loading

Symmetric and Unsymmetric Landings
Roll

Pitch

Yaw

Stall

C. G. Location

Landing Speed

Only four of the landings were actually symmetric with the
other landings having various intervals of time between contact of the
first and second landing gears.

Complete rebound occurred in 25 of the 42 landings.

Stall landings were attempted, but full stall was not attained,
and relatively low rates of descent were the only results of the attempts.

The ground landing speed was varied intentionally but would
have varied anyway due to different loads and different wind velocities
thiroughout the landings.

The range of all these parameter variances can be seen on Table 7.

WADC TR 54-110



The units of measurements and definitions of quantities in

Table 7, are as follows:
l. Weight
2. C. G. Location

3. Wind Velocity - Wind Direction -

Runway Direction
4e Fuel Loading

5. Ground speed - immediately following

contact

6. Roll - at instant of contact

7. Pitch - at instant of contact (Nose up

always)

8., Yaw - at instant of contact

9. Acc Fuselage c.g. - max acc and time at

which it occurs

10, Order of Gear Contacts

Left Main Gear:

11. Time of contact, rebound & recontact

lbs

percentage MAC

knot/degrees/degrees

1bs x 10 =3
left tip tank/right tip tank

f£t/sec
degrees (L) or (R)

degrees
degrees (L) or (R)

g's/sec

L = left, R = right, N = nose

gear, L/R = both gears contact
similtaneously, (N) omitted =

no contact by nose gear

sec/sec/sec

If only one time occurs there is no rebound

12. Rate of Descent - immediately previous to

contact

13, Oleo Position - max deflection and time

it occurs

14, Torsion - max 1d and time it occurs

15, Oleo Ax Ld - max 14 arnd time it occurs
16, Aft 1d - max 1d and time it occurs

17. Outb'd V Axle - max 14 and time it occurs
18, Inb'd V Axle - max 1d and time it occurs

19, Outb!d D Axle ~ max 1d and time it occurs

WADC TR 54-110
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f't/sec

in/sec
lbs x 10‘3/bec

1bs x 10~3/sec
1bs x 10~3/sec

1bs x 1073 /sec
1bs x 10~3/sec

1bs x 10~>/gec



20. Inb'd D Axle - max 1d and time it occurs 1bs x 10-3/sec

21, Axial Ld - max 14 and time it occurs 1bs x 10~3/sec
22, Side Ld Outb'd - max 1d and time it occurs 1bs x 10™3/sec
23, Side Ld Inb'd - max 1d and time it occurs 1bs x 10~3/gec
2. Swivel Arm Pos - max pos and time it occurs degrees/sec

25, Tire Deflection - immediately after initial
contact with time for tire to deflect in/sec

Right Main Gear:

26. Time of Contact - rebound and recontact sec/sec/sec
- 27. Rate of Descent - immediately previous to
contact ft/sec
28, Oleo Pos - max deflection and time it occurs in/sec
29, Side Ld Outb'd - max 1d and time it occurs 1bs x 10~>/sec

30, Side 1Ld Inb'd - max ld and time it occurs

Nose Gear:

31. Time of Contact sec
32. Rate of Descent - immediately previous to contact sec¢
33, Oleo Pos - max deflect and time it occurs in/sec

34. Tire Pressure L & R Main Gear/Nose gear PSI/PSI

Where a dash (~=) occurs in a block no maximum was available as trace
deflection was increasing to the end of the record.

The time scale is on the basis of t = 0 at the instant the left main
gear contacts the ground.

WADGC TR 54-110 84




oN

oi/ol
o€*n/ah*9
0°2

08°1

MM..NH“NHQM
0°T/20°8
WU /9€°6
6°1

8°0

50°/L8°1
09°2/S° €Nt
o%*/0°st
€2°2/ai°€
gn°*/9€°9

P @

£1°/1°92
65°/8°0€
6€°2/0°62

£1°/0°S
mﬁ.\o.ma
21°/se°lL
9°2/82°L
18°2

e 1/€2°1/0

F-u=~1
m.ﬂo \QM.
¥ ,96°0

om.:.
T 0°2
g wﬁﬂ
g8°2/9°¢e
08/sl /ot
1°1€
oTh99

1

3

ON seg ON -1°) ¢ punoqey ey eTdwon
ot/ol ot/olL ot/oL ot/oL samssedd OJLL
™m*n/20°¢ - 39®¥3u0) O UOTqT80d 0910
G2t 0°t 39®vquU0) O juedseq JO e3ey
oL*€ ST°€ 39®3uU0) OFR é343u09 JO ewyy
Jeen ocOoN
66°1M/9M N Sn°/68°1 SC°8/1°1 s'9/2°2 *Piqur ‘pwOT OPTS
g 1/6°2t 08°/€2°1 mm.\\m;. of*/26°9 *P1Q3N0 ‘pEOT OpIS
2°9/m1°01 12° /91 T€°/SL € 2ne /o€ 2 UoT3TE0d 0970
: 0L°0 Tt L9°T 0€°2 quedseq JO o'y
0°1 St°1/€g*/so° 0 gs°1/29°/11° *313U0D *PyQeY °3,3U0D JO oWyl
Jean UTEN YITY
90°/69°1 st/ 1 80°/21°1 S0°/6%°1 UOT}0eTIeq OITL
on* /Mt = 08°2/9°9NMT  S€°/9°est UOT3[E0J WY TOATMS
S€°/5°61 0°€/g°2 se 1/Mel € /L6 *DiQUI PEOT ®PTS
nLec/on sL*/9L*0 85°/1°T 59°/0°¢ *P4Q3N0 PeOT OPTS
2L°/g8*8  Soz*/me°z €°/2*N 21 /6°L1 PEOT TETXY
¥ X q9 T T ® 0 3 O N oTXY d PsqQuI
n2*1/6°62 S61°/0°9 02°/5°9 91°/€°01 eTXY d P4QIT0
L9°/0°m 91°/€°S1 €/ e gee/Le 1€ OTXY A PyquI
2L°€/g € 8T*/0° 1T gT°/2%21 86°/S°91 OTXV A P:A3TO
11°/0°9 12°/96°€ €°/9L°1 /s PeoT 43V
T1°/0%L1 9T /€01 ST*/M €T 21°/2°ST peoT Telxy 0910
we/L ot gEe/ee - 0z*/L°¢ uoYsI0y,
one/leL - 08°2/%°s SE°/91°Y UOT3 T804 0870
S6°t 680 ge°T LEe quedseq JO 3=y
0  SS°T/S€°/0 9T°T/S8°/0  85°T/65°/0  “HiAUCD } *Piqey 3EIUOY JO eur]
Jeep UTBN 3JOT
CN=¥T Red~1 1 > $3084U0) Jeep JO JISPID
Lo°/Le® 9€°/69° o€*/on* Se*/ss’ *p*p e3eresny °ody
¥ ,98° T oE1° T o98° T 02l* Mex
54 ol1*9 oc'8 L6 Yo id
T ,89°0 Pe®3BIQTIRD 30N Ty
o1t €°9TT geL1T 6°MT1 peadg pumoxyp
6°2/s8°2 S6°2/6°2 G°€/56°2 S0°€/0°€ Buppeo] Tond
06/021/0T 06/0L/TT 06/0€/8 06/55/6 Leuuny-IC-TOA PUTM
1°1€ T°1€ T°1€ 1°1€ UOTIBOOT °5*)
01599 01999 0TL99 01899 Illuw“l!&ﬁ

1 € 2 T Joqumy

SpI000Y 3890 AYSTLd HGLT-0 JO SUOTITPUOD TBTRTUL PUS Sen[e) WNMHTXeN L eTqel

omﬁ
oﬂm
°€€
.Nm

*0€

85

WALC TR 54-110




oN

29/TL
26°7/89°6
T2°1

$6°0

06°/S1°1
7€ 1/9°%21
6°G/c 2t
712
$8°0

0T* /972
00°S/3T1
06° /o€
80°/T(°1
9z*/z* ST
0€°1/0°91
D* /09
0°T/8°1¢
71 /0012
1L°5/9%9
88°6/3°9¢C
9z* /05" L
0°5/0° 7T
ez

0

N-u-1
SET/SY*0
Yo GE°T
omo4\
T.6°¢
VA
gez/le
0lz/oE/L
T°12
00SYL

0T

oK

29/1L
LE*E/ L2 S
B8S*2Z
051

09°T/96°6
07°/€0°1
£8°1/1°€
e

88°2/8°2/2°1

ot*/Le e
89°/S71
9G5°1/86°0T
o2 T/68°1
Lzt )8 11
09°*1/7*0¢
ZI°1/9°6
¥9°1/5°2€
71/l
zz Sy
VASTASAN
02’ /8L L
85°/20°L
Ve
25T/ /0

=
27 /8€°0
To7L°0
057
T,8"€
87T
6°z/8°2
04z/51/6
T°12
00 LY7L

6

oN-

29/1L
61°9/2€%9
02T

SE°T

85° /260
8Z°1/2°€1
§5°5/88° L

0s8°z
85°0

60 /TLT
09°9/0€T
YO'T/7TT
2L /779
T9°/8°T1
7L/ %02
23 T/7°5T
ol*i/E2Z€
0T /8°€z
ANV AN
Tl /z°S1
12° /709
06°6/8°1T1
o R

75°T/€0°T/0

H=~1
VASE VAL
To78*T
0SG7%Y
TollE
S*871
0°€/6%2
0LZ/CEC /6
T°12
006Y L
g

ON

29/1L
09°9/19°8
88°C
08°1

SE°/E0°T
69°/6L° L
69°9/1°%1
6g°€
£€°0

80°/06°T
0L*9/0zT
€ /8° 1T
20°/95°0

€ /9°11
TAVALAS
zZz2* /08T
9zt /Sl L
00°/5€z
S L/9°T1
T /781
££° /569
L*9/C" LT

1T°g/0°¢C
0L2/SEE/6
T 12
00TSL

L

oN

ov/oL
92°2/9L°S
261

041

oLz/E
0L*V/L* 1T
8L /768
04L°0
G2 1

S0°*/90°2z
ZL/1ET
66°7/€8°6
L2 z/l9°€
97 /8EY
*TeD 30N
gt/ ot
g7 /262
Gz /i1t
Zr /8y
£T°/T°91
60/ g
Lt /01T
18°¢
3°1/17°1/0
=41
71 /62
U, £% 0
L el
Tob'Z
L T2t
3*z/SL*e
06/41/0T
T°1¢
0T€99

Q

Z

punogay eqeTdwey
axunssaxd aay]
W T3180d 08T
QU80S Jo a3®y

343U0) Jo suyj

Jedr: SSON
PyQuI ‘peoT 2p1§

P1q3uQ ‘peoT eptg

Uo T4 1504 037C

4Uavs8J jo ajey

"343U05 *pyydy °*3,3uU0) JO 8w
Jeal UTTH YSTy

UcTSSaTJeg oayy

U0 T3 FSOd ULy ToATMC

9 QU PROT O9PYG

PQINY peoT anic

PeOT Teixy

STX¥W=~([ Dy QUL

ITXV=1 Q3

8TXV=A D;quI

SIXY=A D410

EBOT 4JY

PEOT TBIXY OaTp

U0 TEIOT

U0 T3 T80 030

1Usdser; Jo oley

*13U0D pue DGSY $oBFNOH JO 2wyl
Jgon: UTew 3JeT
STOBLUDD JBS  JU 8D

‘e odelesng o0V

MEL

19%1d

] TTow
cel.y puncar,
UIpeo] Tohy
LEMLUQR-TY-ToL PULM
U0 {18007 * 0

1y Ten

Joqun;] SUTpUE T

2/ e]

(Pi3U0D) SPI0ORY 389 3IUTTLH Holl-D JO SUOTILPUOH TRI4TU] DUB SeULE;, WIWIXY, [ STQEL

WADC TR 54-110



8381

o7/19
28°2/25°%6
£e°C

G7°1

So*1/17°2
90°7/29° L
g5 1-/Le° L

¥8°z

=) §
07/19
€0*9/8%6
0°T
04L°T

86°/ST°T
65° /Lo b
§1°9/T°0T

0E"z

L2 /76°-/6°T- 91°1/56° /52"

VARV A

gébte/Lle L

0
9€°/€0°S
9g* /e el
VeATOMSY

YAV Vi iS

Y3 1/1E°C

€z /77
£€°/I°€1
gee /o708

L*T-/9€°

£t
£°1/8°2
0Lz/00E/ LT
7°1€

0z8" 7>

¢t

o0°/06°T
£€0°9/821
1€ /6°¢T
TO*1/95°2
TE* /2 €T
06 /z LT
g91° /202
€°/3°6¢
1E°€/5°12
gL /19
YASTARAE AN
1et /2L
€0°9/7°€T
gz
g95°1/cé* /C
N-4~1

et /9"
T,0°E
09°¢E
To5E°T
1t
7°1/6%2

oLz/oLz/LT

7°1¢e
02059
VA

saf
07/99

GG €/65%0
Tk

YA

2S 1/8%Y
GG /8e1
06°1/6°0T
S0z

£0T

-/z3°t
€e /17t
oz /o

0T /2 °fT

71 /73

62* /681

BL* /72t

9re/50 e

ST° /509
ST°/0*L

£T°/0°12

G1°/98°%6

er/LLg

AR
$*¢/80°1/0

H=8-T1
S AVEVA
4,02
09°¢€
Tet*?
121
3°z/3°¢
0z/s82/ST
T°1¢
35299

€T

S8}

oY /55
TLE/LL B
gy

GE°T

Z5 /T TL
98°€/1°€
$8°T/1°1T
85°¢C
12T

6 /52%e
£€c*/2aT
6L°€/99°¢
L1 /88°6
Q6 /L6
71 /0°€T
oz /1 L2
R E/3°€Z
€1°/3°87
£1°/0°L
I1° /2ol
oT* /TLeo
ces /ey
TARS

z7 1/76° /o

N4
QT /s€”
WDy
o W * m
Tot°2
81T
6rz/o%e
0z/00€/9T
1°1€
03799

4

sax

o7 /59
60°T/1E%0
3C° 2

19°T

15°/9°T1
S g/
Wz/TL 3

YA

G7*1/€0 /2E"

93°/25°¢
T7° /071
BOT/55"
5z /091
ore/szl
8L /v T2
yi/0tez
€1/ le
TT*/L*Y9
1T .\@.mu
1T /L2
0T /7Sy
IWAFAN ALY
@O O.N
£3°1/C6° /0

1=~
OE" /65"
,rm\,:

e
o O

Te0"2

221
og/nc€
0Z/STE/T
1€
AN

1T

punogay 93 sTAWoOY,
aJIussadd 9JdY],

U011 T50] 0970

1uUa2sa{{ JO 93¥d
*343U0) Jo suyr

' Jear ascM
P quUI ‘peoy pTg

P 4aTQ ‘peOT 8PTS

U0 T4 S04 03T(

qua0s3(] JOo 8%¥Yy

*3,3UCD *PyQEH *3,3U0) JO SUITE

aesn UTE; YA Ty
WTFOBTIST LT
UO T} TS0 WIY TOATMSG
P(4uI PeOT 8PS
L1370 PROT 921§
PEOT TEIXY
9TXY-0 Pyuul
TXY( 0,0
STXY~L PiQUL
STLT=f P30
PEOT G3¥

peOT TEWXY 0370
U0 TSJIO,

uo 13 [504 0310
U308/} JO 9EY

3,3U03 DUE PyoY 30E9U0D JO QWL

Jes!, Ut 34571

.« 89023U00 JESL JO J3pID

*5)*n BPBTHSN] *00V

Hef

oSt

Tiox

peaadg punoan

Fuipeo] Teng

Lemunai-I17-T8L PUTH
UOTIBOOT L

UL Tal

©

Jaquiny T UTpueg

:

(P43UO5) SPIO

g

% 388l 3U. TTZ LGLL-D +0 SUOTTIPUO) TBT3LIT PUEB SONTE;, WIMIXE: L 8T4YR]

*s€
oaNm
*€e
43
*1€

.Oom

*5Z
14
‘Lz
"9¢

OMN
Ve
‘€T
*ece
‘12
‘oz
61
*81
oFH
"oT
*5T
"7t
*€T
A

T

WADC TR 54-110



sox

, o%7/59
71°2/96°8
§1°€
99°1T

$9°/0°9T
90°€/61"°
92°2/2T*Y
£e°t1
*1/88° /€2

T /Lot
1€°2/est
v6°2/87° L
8€*/9° L1
§2°0/£Y°9
92 €/ 71
0£° /S 61
€€ /961
€€t /o s
g7°/8°S
Gz /69t
6z° /8% °8
TE Z/O0L*Y
8S°T

YL 1/78° /0

N=4~1
NM.\ +\‘ .
TeS°€
09t
TeT°0
2 60T
0*€/0°€C
0zZ/ST/7t
€°1¢
Cc7.499
0C

ssx sox ON 59} putoqey e9e1dwoy
o%/99 0%/59 07/59 o7,/19 aanssald oIl
LEz/er L 0°S/T°01 107 /1°6 0°*7/8°0T U0 T3 T804 0310
oLz gere 12°¢ 96°T qUa0Ea(Q JO 9% ey

8°1 0$°T St S9°1 3,3UWQ) JO swy]

I8 ©SON

T6°T/L0°9 G8°1/0*Y1 9€* /06°€ 99°T/S*€T P.,QuI ‘peoT 9PTS
S¥*/26° 9L*7/95° L 8G°S/TT L 0°1/67°1T P3N0 “peoT OPIS
6C°2/L6%6 92°S/€ 11 ST /L6 0T°2/L°01 WT3Ts0d 0910
88°T bz T9°2 8z juaose Jo ajey

£6°0 02°€/08°2/82°T T7°T/9L*/6€"~ €€°T °3,3U0) pue p,qay °3,3U0) JO SWTYL

Teen UTEN FUSTY

£1°/6°T €T°/0L'T 80°/€1°€ 01*/78°2 UoT308T o OJIY]
8€°/€ST %*6/911 €Y /71 7 /5°9%1 UOTITE04 WY ToATMG
SE€/9 T 0$°5/9°8 9s°1/7°2 06°/TL*Y PiQUI PeoT oPIS
2 /56°S LS*/0°ST Lz*foz 2 61° /761 P1Q370 PEOT °PTS
S6°T/6L°S oL* /628 oL /€01 89°/50°6 PeOT TRTXY
6 1/%°11 1€ /80€ 8T*/0°ST 91°/8"€1 STXY~I P+ QUL
92 /861 v€*/8°92 0L*/6°1T gzt /0°9¢ 8TXY-0 P, Q30
gev/8€CT 09°S/€ 1TV €1 /sz (8°€/2°0Z aTXV-A P,GQUI
26 /8% €€ ZE /168 gz /o°ee e /e TL aTXV=A P;Q3M0
L*1/G°S Y96/6° L oL*/€%9 €8°/0°9 pPeOT AJV
Lt /eyt aATAARAS Y1 /281 €es /et Lt peoT TEIXY 0870
/s L €2 /29 L /zz*9 VASYTAF AL UOTSI0],
8€°/19°€ YeS/6° LY TEY/EL8 o7/l L UOTqTE04 09T0
S1°t LL°T 80°€ 89°2 juadseQ Jo ajey
6°1/8L° /0 S8°1/€L* /O Se1/cL° /o 0€°1/$8°/0  %,3U0) pue p,;qay 3De3UOD JO SWTL
Jesh utey 9JOT

N=¥-1 N-u~1 N=1~4 R=9-1 §70B3UO) JE8D JO J8PJID
LEet/or” FAR VAT §0°*/67° T2 /oy *5*p ederesny °0dYy
Ho€°O0 ToSG2°0 ToL°0T ¥oG°0 mex
087 00°€ 06°2 08°S Yoy d
T.7°2 ToS7°T *5°N ToS7°%0 1104

S ITL 61T 9°eet ozt peadg punoan
1°€/1°€ 6°0/6°¢ Z0°1/€0Y 2T/l Jupeo] Tong
0Z/ST/€T 0z/01E/02 0LZ/0TE/6T 02/00€/91 Lenuny~IYI-T8A PUTM
€°1€ ve1€ y*1€ S 1€ UOT4B00T °5°0
o7699 0€$59 §SLS9 029%9 Y3 TepN

61 8T LT 91 JaqunyN Juipue]

(P,3U0D) SPI0DBY 3Sa] 3UJTI4 HELL~D JO SUOTFIPUOD [ET3 TUT PUE Saniep Wiwixey [ O1qel

*S€
*v€
2
*zE
°1€

*0€
‘62
‘8¢
‘Lz
OQN

°qe
*7e
*€e
K44
‘T2
4
*6T
‘8T
L
OOH
*sT
71
*€T
K4:
Tt

‘ot

‘8
*L
‘9
S
*Y
*€
‘T

88

WADC TR 54-110



ON
0%7/%9
/T L
€0°T

8L°

6£°2/70°¢
6°-/Trz
8L°6/63°6
82T

60° /25 /5T T~

60°/€€°T
89°6/271
16°€/L0°¢
2 2/95°2
62°/81°9
82°/9°2t
§6°2/2°01
o7*7/7°92
€e°2/9° €2
wt/zes

S T/7°€T
61°/3°T
89°6/82°8
G0°T

0

Zlqmm
82 mmmﬁ
o7°¢
ToT°'T
60T
9°2/9°2
oz/0/6
AR %

(Py3u0)) ®pI0d3Y 39 IYSTTL H

sax
07/99
EL°L/0O°6
0L°T
87°¢

68°7/52°8
zhoe/es e
LL°L/6°0T
99°0
¥3°T/LS* /0

€2°/6°1
6°L/GET
™ /1Y

s /T°L
67°/25°6
86°€/€°ST
18°1/0°Y2
80°Y7/5° Y2
T6°1/5°62
1c /e
6z°/1°21
oY*/9s°Y

T 6°L/5"8
L8°0
¥9°1/65° /0

N-¥/1
e
o8

°D °N
20T
2Lee/l9ce
oz/et/eT
1€
0€T99

Y2

S3x
07/99
Y¥3°2/9¢°¢
A

0°2

9L T/86°2
IT°/856°2
9T1°/9L*S

08°¢

rAAR Vi /AN A v AL

Zro/L't
/651
YAV NS
6z°2/2°L
9T°/€5°¢
oY /9°€T
8T°1/8°01
rASYAdoY4
2°1/0°02
91°/6°¢
YAAFL M AL
62° /8¢y
2°/10°2
r4Ak %
0°1/9°/0

mwmqmm
o L] [
WA
of

21

rA4
gLez/sL2
0z/0/21
£°Te
07299

£

sax oN pumoqsy 93eTdwo)
0%/99 0%7/99 axngsard oIT]
£€9°9/96°8 T.°z/75°8 UOT3TS04 0310
ALE 8L°2 que083] 9394
9°T £°0 3933uU0) B punoqey ¢3933u0) JO WLl
, wac 980N
LET/ET Y $°1/61°9 2,qul peOT OpPTS
78°/69° 9%°~/56°2 219300 P®OT 9PTS
e /et L0*€/39°8 UOT3F80J 0970
° 202 juedsa(] Jo 33%Y
0°T JT° T~ 1083uU0) % punoqay ‘3033u0) Jo oWyl
I9sh UTON 340 Td
6°0/6°'T 8°0/6°T uo308TIaJ aITL
L°9/0€T 99 /LT QOTITSOJ WY TOATMS
£€8*/61°9 ST Y/19° ?,quI‘pBoT OpTS
X (AVAS 4 TLT/1°% P1qIn0 ‘peoT 9PTS
61°/77°9 9z°/80°L peoT TeWY
61°/9°1T L2 /7ot eTXV d p,qul
IXATLARY G2 1/8° 1T oTXY d P,;93M0
LS T/S T2 ge* /e 12 OTXV A P:qQuI
6T°/7°0¢ €e /€92 oTXY A PyqIn0
61° /S L2 /6°% peoT WV
61°/0°9T Lz /2°ST peOT TBIXY 0870
LE*/T°9 8z° /8¢ uogsIol
L°9/€°0T g9°/L2°9 uot3¥sod 0970
91'2 §9°0 quedse] Jo 93wy
$°1/99°/0 0 30®'1U0) B punoqay ‘30BIU0) JO W]
Jesh) uyel 3Jo1
N-4—-1 N-T-4 9083U0) X8O JO IOPIQ
o¢*/o¢* Ye jee *p *) adwtesny o0y
ToT"0 Yo¥°0 nex
09 ol YortTd
To7°'T 4pG°0 TTod
¥°GoT 2°60T paedg pumnoxy
8°z/8°2 6°2/6°2 Butpevo1 TonJ
0zZ/ST/1T 0z/sT/7T Lemuny-ITq~To9A PUTM
€°T¢E £ TE uo38O0T °H o
o7€99 0%$99 IU3ToM
A4 T2 JoqunN Jutpuv

TL-0 JO SUOTFTPUO) [SF3TUL Pus sonlvj WEHIXSR [, 01q8]

*SE
*ve
12
°TE
°T€

o]
62
K4
‘Lz
QON

°62
(4
*€e
‘ez

‘oz
61
‘8T
LT
‘91

89

WADC TR 54-110




: o
v 0'7/¢9
; Vi4 .d\dm.m
! 9¢°C
4 NuH.N

s1Uz/eee

6e°Y/2E ¢
6L°/6€°T
L02
85°0

ot /18° 1T
Gc /6%t
é1° /e ¢
STAVA N
28t /62 g
0c° /8 1
0°2/0°2T
AR Vi hi
e /1°TE
€3°/0°¢
9T°* /8T
T2 /€5°¢
ge*/18°¢
83°1
26°1/98° /0

N~
6z°/9c”
Up'7*0
oS Y
112
(AN
0T ¢/sT°¢
0z/$ST/M
£°1¢
09699

o€

sax §871 Ol so) puncqe’! e4e 7o)
o%7/¢e 0%7/59 0%/%9 0%/59 eanseax,] 8ITy,
Zrc/ec eere LT°z/1°6 16°g/eT 8 UOTATSO] 0910
90°T 90°T 88°0 e h quecsar IO 893
A Lz ¢ L6°T LT "343U0Q JO ST,
I8N 9coN
§0°/2°0T Lee6/q¢°¢ 08* /T6°L LEJT°€ET "DIGUI ‘pwoT 8pTC
§9° /8L ¢ 8L°z/a5°Y 06°2/05°9 T6°2/09°2 ‘D900 ‘pROT ODPTC
93°2/0°L N18°2/65°9 KAL) 9c° /TS UOTAISC] 0970
6z L2 28°T Lite 4usosa J¢ o3ey
89°1/€9°/e2° Lz L$°0 £$°T1/20°T/0 "349U0D *PyGSY *3,3U00 JO euT]
JesH UuTel! qU.TY
TT1°/6°1 Lo* /s8¢ Lo* /poce ST /67T UOTY08TII( AITL
L6 T/6%T §9°2/5¢T N¢M\5¢H £0°2/6%T UOT3TSOJ UIY TOATMC
85°/99°2 bez/e8  SL°2/92°9 60°c/0°% *PIGQUI DRCT SPIC
T1€°/89°L IASAA 0ct /1 cT S5 T/66T PNy peo] sOTE
St /el 6 ST°2/5° YT 6°/86°L Wgt /06 PeoT TRTHY
LT /9T 61°2/0°22 92°/0°8T 9°2/2°91 OV § DWqul
95° /61T oz /9°9T 12 /502 0$°1/0°¢€z oTXY @ P,91M0
63° 1/ 2 §hte/2°Te 29rz/etle 0L*g/T 0¢ 9TXY f ©uCUT
ger/ee8e ST /C 8¢ 81° /05" S5 T/9° 68 aTXY A P1AI0
s 1/s°¢ . 2T /09 LT /06 oz /% pLoT AIv
9T°/2°ST 0T°/2* /2 €T /<9t €L T/ CT peoT TETECY 09TA
£e/aes 2T /8E°6 LT /S L ¢2*/9°9 UoTSIOY,
L6°1/09°¢ ¢9°z/s°s Lot €0°2/9°¢ UOT4TE0g 08—
eR'e £0°¢ 92°2 0 Juedes(q J0 8wy
oY 1/T2°/0 TT°2/$9°/0 T2°1/85°/0 LYU°T/£5°/0 *94qU0D ¥ *PyqelT 30T¥ZU0Y O OETL
19D ULl 4Je]
i it N~E-1 N=a~T N/ S40R4UC)H Jrar JO JOpI)
e/ 81" /3¢" AN T /e ‘Do efwTasng 00y
ToE°0 Us9°€ ToC To8°C neyx
05°9 08" oC € of UoqTd
Yp$°0 To8°2 ToT°T- D TTou
90T Tt 1T TIT paidy punoan
Zi'e/sc e shez/ute g5 z/qe 9%z/s¢ ¢ Zarproy Teng
02/41/0T oz/shic/6 0e/se/6 0z/0/€T AenUMc=ITE-T8A PUTH
7°1€ 7°1E 1 1e it Te UOT3ED0T *5°
01559 06659 06459 06259 JYeTE
6z 82 Z 9z IsGuMy; LUTpUR]

SpI638%] 359, FUPTLd HBLT-0

JO SUCTATPUO) Tet4tul pue

sen®,, UNUWIXEY /), 8Tqe]

Adeddseldolg

WADC TR 54-110



sox
0%/<9
€0°9/aL°8
L7AR

09°2

€5°1/9°8
T C/6°€
67°€/06°6

-
%

6T°1T

st
06°$/OET
A YA
62°/62°8
6S°T/L3°S
ere/h6
€€° /66T
ee/et Lz
sz°/6°9¢
KAVA NS
9L°S/8°8T
€c /26T
06°G/6£°TT
€G°1

ot 1/¢e° /0

N=3~T
9z /¢’
Hol°€

o9

ToS° €
€T
£€8°z/e8e
0z/09/8
£°T¢E

09£99

113

ox
o%/<c9
Th°e/Léc L
00°*Y
02°T

63°/0°TT
Shee/1e e
L1*2/1°0T
L9°2
65°0

60°/o%°¢
ey /Tt
L C/élL ¢
Te/1°21
I T/M5°8
gz /61
i A ARTA
6q°c/0°se
Lz /50es
Lt /e s
€T°/6°LT

T2 /8¢’

841 /6"
oYz

£€9°T/€1°T/0

N1
gz /ahe
WoB*E
0%
Tol*2
0T°cT
6°2/6°2
0e/09/L
€1e
01499
we

oN
0%/5%
19°2/20°L
99°0

0°2

AR VA
zre/ee 1
GT°T/95°¢
L6°T
08°0

Lo* jo%°e.

9¢° /0T
o*¢fgz ¢
T2° /20T
ET°T/€6°8
TE* /L LT
0z°/0°8T
€0°e/3 e
LT /T
9T /1L
/et
9T*/9€°6
9¢° /526
L0°¢

gz z/L1°T/0

N aing!
KAFALN
Yot *2
o
To9°€
0°2YI
G6°z/%6°2
0z/06/9
£ 1€
01999

£€

oy
0%/69
£0°¢/0T°8
05°0
sl'e

GO°T/6L°L
2$°0/69°0
o6 /LE"C
261
§9°0

T /12T
8L* /8t
Y0 €/ T
AN AL
2T T/25°4
™ f2
VA MAN
T6°6/0°12
9€°/0°S%
8 z/9° W
T2 /M0 et
8zt /95 Y
8L°/20°9
60°T
90°2/2°1/0

N-u-T
gL Johe
o'
oC
ToB°T
9°CET
0°c/o°¢
0z/STT/9
£ 1e
0TL99
49

0y
0%/59
z8°G/M6°¢
o%*o
0T°€E

IANL A
98°€/08°0
0T T/9€*"

AN
65°0

80° /L1
0L* /S 6T
6£°T/28°0
S AN AN
LO°T/S 0T
LO*T/2 €T
ze/9el

06°$/6°62

9€° /862
LO°T/€°S
8T /8° VT
zEt /66N
L°/S%°9

€9°T

06°1/80°T/0

N-u-T
19° /0%
[ YARN
0t°€
T6b6°T
G 2T
So0°c/oT ¢
oz/SL/M
£°TE
09899

¢

punoqay ajaTcwon
8anssagg aJa1y]
uoTqISod 09TO
qus0s9T JO o3y
*3,qU0) JO auTy
Jeer asopN

*PquUI ‘peoT epIg
*PiqIn0 ‘peoT epIe
UOTATSOJ 0910
queose(q JO 89ey
“3JUOT *Pagey "3,3U0D JO sut]
Jeen UTe}] U<TY
UoT309TId( 8IT]
UOTATSOJ ULLY TOATAQ
‘?quUi prOT 9pIS
‘PiomQ peOT 8PTS
pPeoT TRIXY

9TXyY (I P.QUT

TXY (0 PiainQ

/TXY A Pqul

OTXY A PiqInQ

peoT 3V

PeOT TeTXY 09TQ
uoTeIo],

UOTITSOd ©9T0
qusosag JO 83y
*HOD R T, g8y JOBIUOD JO SUTY,
Jes]) uTert 4397
S908qUO) I8N JO JILPID
*ny*n afwTesny *00y
ML

UqoqtTd

TTod

poadg pumoIn
3urpeo] TNy
AeMUNY~ITQ-TSA PUTH
UOT3BOOT *5°D
WETY

Jaqumy ZUTpue]

SPIACOSY 3501 JUSTLd HGL1-D JO SUOTILPUO) T2T4TUl PUE SON[E), VOWIRel [ 6142y

§33
i
€e
*ze
1€

*0¢
62

91

WADC TR 54-110

s - om e i
e = - -



sox

*quoy ON
T3uc) ON
*quo) ON

82°G /S
8z° f2c°¢
L6 T/

28T

8E T/LL* /50"

90°/49°T
e /19T
8€° /M9*n
g2 /262
T2*/68°¢
a % I
€T /12T
g9°1/S°02
N AVA M0
LT /59
rASY/ATA
9T°* /16°€
€ce/6°Y

i
zs°1/8L° /0
a1

92 /9%
o}

“TT®D 3I°N
ToI2"0
W1 L6

oY

sz sex
98°9/0°0T 1¢°2T/98°6
LS°T g€eo

09°2 06°2

T2 /9L € gy /s2 1
6€°9/20°¢ 0L°2/80°€
€G°G/LoET  TG°TT/TCT
e Z°T
/29 /Lh= 2e°T/EL*/TO
L3°T 60°/2T°1
66°6/6°2eT  1IS°TT/RT
6£°9/95°S  oL*z/28°¢
€ /682 6z /9s"
LE°/€8°T g /69T
vV 3 9 I T ¥
geL/T6e 8z°/9°L
£€2°9/€°9¢  29°g/C°Te
99°L/8°1¢ ze /191
LT° /2 gz* /o™
9c*L/6° 9% YA A Y
92°/Té6°¢€ 6z /elee
66°5/T° T T1S°eT/2 €T
9¢°T L6°0
€1°T/88°/0 SS°1/%9°/0
N~1-4 Rgtiad|
0°T/Th* ger/le:
Hof*0 Yot O
OH-N ON.H
Y91 T
G°S0T 71T

6¢ 8¢

saf me
%9°9/TT°Y  90°L/%0%6
8°0 ¢*0
09°2 08°¢
A A TL* /LS
h9* /28T LUT/L9H
13T 9T'T
L0%2/85° /80 M0°1/91" /69°~
80°/5°T T°0/T°T
68°2/0°¢ LO*T/9°%
T16°/9¢€°¢ k(AT
A AVAVAR g€et /182
0 I 0 N
w6 /2L 12 ]9%L
SL°z/E 02 90°T/8° T2
16°1/5°8T ge /a8 Lt
oc* /L€ g /o°s
%9°2/96°TT €1°/99°6
N19°2/88° T 92°/6L/2
99°T 62T
%e 1/8L° /0 96°/L*/0
it N N-T~"
s/t 95 T/62°
Yo0°'T 0
05°¢ 09%L
Y6°0 Y6°0
0TI oTT
L 9

punogsy 939T7dwod
sanssagj 8IT]
UOT4TS04 03TO
queoss( JO 992U
*q,3uU0) JO sut]
I8an) ocSON

*pyqul ‘peo] opIS
'PaIng ‘prOT 9PIL
UOTqT80J 0970
quedsa JO 91Ty
*3,9U0D *P,Q8Y *343U00 JQ STl
Jeay urel UITY
UOTRO3TIS( OITL
UOTATSO4 WaY TOATMC
‘P, QUI PeOT 8PTS
‘PO PO 8PTS
pROT TRTXY

8TXY @ P, qul

oTXY d ©,a3M0

8TXY A P.quUI

8TXY A P1QIN0

peOT WY

peoT TeTXY 0910
UoTSIO,

UOT3TSAg 0870
queosag JO o938y
*9,3U0D B *P;qey 30BIUOCD JO OLTL
Jes) Utel 3391
§q0B3UCH IBSY JO JIOPIQ
*nep efvrosny *00Y
meyx

yo3td

) 110U

peedg punoayn
Surpeo] ToNg
Leaumn~aTg~ToA PUTM
uotT3ed07 Py
JuETON,

Jagumyi sutpue]

SpX005T 3951 TUTTLS HGTT-0 JO SUOT3TPUO) [PLATUl pue semfef UNULNEH [ 9Tqe],

[

ﬂmdiddmmmg

s

WADC TR 54-110



sag sox punoqel 9qoTdwon *¢E
- - sanssaxd aaty "Y€
- q0@qU0) ON UOT3TSO0d 09T0 €€
L6°0 40BJUO] ON quedsa( JO o%ey ‘¢
81°¢ 30BqUOY Ojj *3,3U0) JO SULl °TE
Jedlf) 3SON
TG T/CT 7 95°7/69°¢ *p,quT ‘prOT 9PTIC *0OF
o c/61T°T 0% /80°9 ‘PyqIng ‘peOT BDTE ‘62
- 6L°S/L°S UOT4TSOJ O8TO ‘82
LTe LT quedssq JO 938y °LT
T$° /26 /T 27*1/99° /0 *9,qUOD *P,qeY *3,3U0J JO SUTL *9Z
Jed) UTEN 34sty
o1°/8c* /e 1 UOT308TIeq 8T] °GZ
- 65°6/26T UOTQTSOJ Uy TOATMS *%Z
€1°¢/91°2 ge/ebe *PiQUI peo] 8pIg ‘€2
98°T/8¢" ¢ 0£°%/65°2 *DQIMQ PO IDTE *ZT
92°/09°¢ 2E° /96N peo] TeTy ‘T¢
QI IVEEITITYD LON 9TXY @ P4qUI °02Z
€L L/o e 6T°/0°L ATXY (0 P1aIMO 5T
0L°€/9°0¢ 8¢°T/2°92 eTXY A P.qUI 3T
69°¢/6°92 18 /102 9TXY A P10 ‘LT
Gt /LS AL peOT 4JV 9T
6°8/° T 09°S/9°€T peoT TRTXY 0970 °ST
Tt /229 TE feet woTSIOT, *HT
- 65°S/EL M uoT4TS0d 09TQ °€T
89°1 LO°T qUe0s9(] IO 9%y ‘2T
29°1/9L° /0 9e°1/L° /0 *9,3U0n B °P,qdY 302UOD JO OWL] °TT
Jeap Uurel; 3J91
N-g~T 1/4 §3089qU0) JBSH JO J8pI0 ‘0T
AL L LT /%€ *D*o eeTesN *00¥ *6
To2T°0 0 #neyx °g
AEIYYEITYD IOXN yoqtd °L
1,TC°0 o0 TIo¥ *9
M.qoﬁ T°0CT psadg punoasn °¢
- - Jdurpeo] Teng Y
- - Lemumy-aT(-TOA PUTH *€
- - uoT3=2007 *H°D °T
- - uITey T
Al T Jaqumy SUTpUe]

93

WADC TR 54~110

Epa00sy 3561 JULTLd HALI-D JO SUOTALIPUO) TET3TUl pue Senrej VNWIXer [, o1Gey




=K

0L°/8L°T
6L°/81°2

cer/ee
62°/66°2
T€°/59°¢

NH. 3.
/ot

T /795

M.H . \wm .
N-¥~T
LT
69241

-8

L6°/99°T

i foe
/992
44N

67 /1€°
cr/eece
€7 /LS

oY /sg*
N-T-Y
™™g

- 60€9T

=L

*Ino20

£oyy goTyM 3@ euty ey 4q petuedwooow eaw pus BONT8A WNWXOW ©J8

SUOT3BISTOO08 pUB SPRWOT oy
*3°0 eyq pus

65°T/9L°T
sL°T/12 e

18° /¢
6L°/8€°2
T8°T/5L°S

0°2/5€°

T /tet
0°2/9¢°s

9°1/0¢°

4843, U} peanswew ST WOT3BIETEOOR

*8qT U ST Ju3ten eyy ‘¢-0T X °eqT uf o speol TTV

10°T/07°1
TT°T/2¢° 1

8L°2/19°
/692
e /Y5°Y

92°/19°
75°/80°¢
QNQ\N‘VQW

(T AYY (%
N~T~¥
™ §
st

1900

€€°2/80°1
€1°c/98°

95°/55°1
¥s°/09°2
¥5°/08° €

$6°2/8¢"
geefere
rAANL ¥l

wo * \3 °
N<1+4
Lydwg
65621

Cats

SpIodey 389 IYITLI T ¥78-4 JO sUOTIIPUOD

68°T/S€°T
61°¢/15°1

26 e/9s°
€8°/0€° T
95°T/s1°€

20°z/10°1
T°/e8°1
Ho\Non

1°/8¢°
N-¥-1
Lydwy
6ECET

24

TSTITUL pue senTe) unmixey

oTqel Jo 3Tun
peoT Beaq 2T
PROT TeOT3I6A T
89D esoN
pPuoT epPFS  °0OT
peo] Beag 6

PEOT TBOTRIe °8
I30) Upey IYSTY

PeoT 0PI L
peoT deag °9
PeOT TBOTI0p °

Jwen upEy 3JeT

ROT3IBIOTEOOY °*H°) °¥
30WU0) JI¥ED JO JOPI) °€
Sutpeo] yuey dyp 2
43N °T

Butpuey

8 erqer

WADC TR 54-110



T2°/e10°
rAAVLAY)
Lo /1LY
TT°/€°20t

-4

€9

002
g¥°/0°L
1 /9°¢e
62°/08°%
61°/SY°L
2e /92t

¥€°/6°8T
9%°/0°0T
™°/5$9°€
9%°/8°99

9z

T4

26T

LLT
6£°/0°9
KASTAR)
gz /116
AL AL AN
2*/9°011

26°/5°SS
SET/T1°6
ey /8%°s
€5°/2°1¢

4

*puodes Jod 3903 UF pBed 8T JejoWOYdw} Teeyn 8Y3 WoIJ peeds punoas
pepIooaX PEOT 38y} JO ©0USIIMPO0 By} JO SWT} SUI UITA o OT X SqT U} aI® 8pWOT TTV

9¢-g ‘6 9Tq®l J0F 3TUN

T4

961

8T

1€ /0y
rASY{ 4
£Y°1/08°¢
9¢°/2°81
€2* /20T

8°/L LE
8L°T/Y7°91
25°/87°%
9L°/5°8S

(44

T4

802

961

27 /0%
6€°/y°02
87 /116
22 /29°9
9¢° /0Tt

AN
69°/87°$
Y6°/65°S
95°/8°59

8t

T-q

oct

61T
Tv*/0°8
/e
81°/2°8t
G0°/8%°2
LT°/8°%76

oY% /LoLE
62°/99° ¢
97°/6°0T
LE*/8°S9

1T

*gpuooes uf

10W3UCY JO IepI0 2T

Jsjeuoyoe] TooUM PAJ IUIR  °TT
Jejemoyos], TOeUM 3JV JUST  °OT
e)Yoals IS 08TD 6

Pl 3eag TOQ UIBH °8

P,QUI PT ®PTS 10D UTeW °L
PiQ3IN0 PI 2PTS 10D UTBH °9
PT 3deA 10D UTe °§

Jeen upwy UITY
PI 8evaq 10D UpeW °Y
PiQUI PI ©PTS 10D UTeH °¢
Piq3I00 PI OPFS TOD UTeH °2
peoT 3a0A TOD UFe °T
JIeen utey 3Jo1

Butpue]

SpI0o0Y 350], JUSTLd 9¢-d WOZIJ SON[UA WNMXeN JO o145l 6 eldvl

WADC TR 54-110




n f able 1
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2, C. G. Acc

3. Wind Velocity - Wind Direction - Runway
Direction

4 - 6. Yaw, Pitch, Roll
7, 17. Rate descent
| 8, 18. Rolling Radius
\ 9, 19. Ground Speed
10, 20. 0Oleo Deflection
11, 21. Tire Deflection
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