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FOREWORD

This report was prepared for the Flight Dynamics Laboratory, Aeronautical Systems
Division, Wright-Patterson Air Force Base, Ohio. The research work was accomplished
by Lockheed Aircraft Corporation, Georgia Division, Marietta, Georgia, under Air
Force Contract AF 33(616)-7546, "Development of an Analytical Method to Determine
Dynamic Loads Induced by Ground Operation of Aircraft", Project No. 1367, "Struc-
tural Design Criteria", Task No. 13451, "Design Criteria for Ground Induced Loads".
The work was administered under the direction of the Dynamics Branch, Flight Dynamics
Laboratory, with Mr. Walter Dunn acting as project engineer.

This report covers work conducted from June 1960 to June 1961.
The author wishes to express his sincere appreciation for the contributions of
S. W. Robinson, C. H. Griffin, and J. W. Benson of the Mathematical Analysis

Department whose valuable assistance was indispensable to the massive data processing
involved in this program.
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ABSTRACT

Methods are developed for the prediction of ground taxiing loads for advanced
flight vehicles. The theory presented is generally applicable to determining the
taxiing response of vehicles operated on prepared or unprepared terrain with randomly
distributed surface undulations. The vehicle, with many degrees of flexibility and
nonlinearities of the shock strut, is represented in a generalized LaGrangian coordinate
system. Nonlinear solutions are obtained in closed analytical form, and on analog and
digital computers, to various degrees of approximation for taxiing over an existing run-
way profile. Equivalent linearized transfer functions are developed for comparison on
the basis of power and cross spectral densities, load occurrences, and probabilities tor
a variety of speeds and nonlinear parameters. Test data are used to substantiate
theoretical results where applicable.

PUBLICATION REVIEW

This report has been reviewed and is approved.

éé..«z o M-
HOWARD A. MAGHATH
Technicsl Director

Flight Dyaamics Laboratory
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cnq

ceq

LIST OF SYMBOLS
Amplitude of the frequency component, w, of y(t), in.
Hydraulic area of i'h strut, in.

Arbitrary constant in oleo air spring term, empirically derived from
drop test data. (Units depend upon the polytropic exponent.)

Wing area, in.

Effectivg modal area for cross coupling damping terms, kth mode
to n' mode, in.

(Appendix E only) magnitude of the linear contribution to the
differential ¢quation solution, in.

(Appendix E only) magnitude of the nonlinear contribution to the
differential equation solution, in.

Area of opening in orifice plate of irh strut, in.

Cycles off resonance of filter edge (half-power point), 1/sec
Amplitude of the frequency component, «w, of a random function, y(t)
Coefficient of tire spring term. (Units depend upon °2i')

Exponent of tire spring term

: . . : , th :
Generalized LaGrangian coordinate displacement in the n ' mode, in,

n=20,1,2,...m.
Affine transformation constant, (nondimensional).

Modal unit bending moment coefficient, n'h mode, for q'h wing panel,

Ib-in.

Modal ur}it bending moment coefficient, pitch mode, for q'h wing panel,
Ib=in.

Exponentiai coefficient in Wagner indicial delay tunction

Arbitrary constant in oleo air spring term (empirically derived from
drop test data), in.

Critical damping constant, |b-sec in.
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<4 Orifice coefficient
Cfn Aerodynamic domper on Mf of equivolent system (lineor), lb-sec/in.
ng Aeiodynamic domper on Ms of equivalent system (linear), Ib-sec/in.
Cq Wing chord length ot outboard edge of q'h wing panel
CL Lift curve slope for the wing, per rodion
<, Damping coefficient, n'h mode, ch, Ib-sec/in.
Cs Damping coefficient between M, and Mf for equivalent three mass
linear system, lb-sec/in.
c, 1/2 CLO‘,"A . VH, Ib-sec/rad-in. .
2 PR hi
CD. Coefficient of quadratic domping term, |b-sec” /in.", —
' Acy AL
q oi
d Differential operator, T
Di Coefficient of linearized damping term, lb-sec/in.
— .th .
di Orifice diameter, i gear, in.
d, Coefficient in Wagner indicial delay function
E Energy change of system (with a prefix), |b-in.
EL Energy dissipation of the linear system damper, Ib-in.
ENL Energy dissipation of the nonlinear system damper, |b-in.
Fai Air compression force in strut, i'h gear, |b
Ffi Axial friction force in strut, i’h gear, lb
Fd Ground drag load, b
F Driving force magnitude divided by the nonlinear spring coefficient.
? (Units depend upon K )
NL’
FK Spring force, Ib
. .th
F . Vertical strut force, i gear (Fs)' Ib
i
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F.. - Vertical tire force, ith gear (Ft)’ Ib
: th llass ;
Gr - Amplitude of r " cycle of oscillation of a quanriry
Grp - Coefficients in the transfer function for the linear system, Ib/in.
. th e .
GO - Amplitude of 0 " cycle of oscillation of a quantity
g - Gravitational constant, in/sec
h - Coefficient in Wagner indicial delay function
. t o q - :
Hk - Coefficient of the k h order harmonic in the nonlinear solution
. . th . 2,
| - Moment of inertia about center of gravity of @ wing panel, Ib-sec™-in.
q
: " th . : 0
le‘q - Moment of inertia of the q . wing panel about the elastic axis, |b-sec2-m.
| - Total moawnt of inertia of the airplane in pitch about the center of gravity,
4 Ib-sec”-in.
[ - Complex number, -1
ko - Statistical number of degrees of freedom
Koi - Linearized strut air spring constant, i'h gear, Ib/in.
Kbi - Linearized strut air spring intercept, (at s, = 0), Ib
|
Kf - Tire-plus=strut spring constant (function of Z generally), Ib/in.
Ki - Constant derived from drop test data to match results, |b
K - Lift ratio of airplane L
L "W
o
KNL - Coefficient of the nonlinear term far strut stiffness, |b,"(in.)n
Kp - The positive number of standard deviations from the mean
KS - Spring constant for the elastically connected mass Ms’ Ib/in.
Kt - Linear tire spring constant, Ib/in.
L. - Distance along fuselage reference line from center of gravity to landing
! gear attachment point, ( + forward), in.
L - Wing-lift force, positive up, for semi-span, Ib
ASD TR 61-177 xi




cnq

ceq

Linear part of time-wise sclution, in.

Distance along tuselage reference line from elastic axis to landing
gear attachment point, i, in.

Main mass of the simplified nonlinear system; or for the transformed
three mass system, lb-sec4/in.

Generalized mass of nrh mode, (half airplane), |b-sec2,»’in.;
n=12...m

Mass of rigid body (half airplane), |b-sec2,"in.

Exponential coefficient in Wagner indicial delay function.
po 9 Y

Number of uniformly spaced points over the frequency range at which
power estimctes are desired.

th . 2,
Mass of the @~ wing panel, Ib-sec™/in.
.th 74
Unsprung mass of i~ landing gear, |b-sec /in.
. . 2,
Elastically connected mass for the transformed three mass system, |b-sec”/in.

- - t ang c c
Wing bending moment, q : panel, positive for up bending, Ib-in.

. c t . :
Wing torsion moment, q " panel, positive nose down on left wing, ih-in.
Nonlinear part of timewise solution, in.

Number of equally spaced readings in © 1

Occurrences; the number of times per unit time that the function, y,
will exceed a magnitude of yp = KPG‘ , 1/sec

Maximum amplitude of harmonically oscillating ground profile, in.
. . .th .
Runway vertical amplitude, i gear, in.
Ratio of nonlinear to linear solution magnitudes
Magnitude, = |T|
: th th .
Modal unit shear constants, n mode, for the @ wing panel, lb

th . :
Modal unit shear constant, pitch mode, for the ¢  wing panel, |b-in.
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. .th :
Strut deflection for i strut, in.

s - Laplacian operator (Appendix D only)
qu - Wing shear at station q, positive up, |b
. th . 2
Saq - Static mass unbalance of @ wing panel, lb-sec
T = Modal unit torsion moment coefficient, nth mode, for q'h wing panel,
cnq .
Ib=in.
T - Modal uréit torsion moment coefficient, pitch mode, for qth wing panel,
ceq .
Ib=in.
TO( w) - Transfer function for vutput response from power spectra
T - Transfer function (subscript indicates the quantity)
t - Time, sec
'prelood - Time of preload, sec
TOI(i w) Transfer function for output response from cross-spectral density
VH - Horizontal velocity, fps
W - Normalized bending deflection in the n'h mode at the nominal airplane
" center of gravity.
. . . th .th .
W . - Normalized bending deflection in the n mode at the i landing gear
! location.
' . _ th th .
W - Normalized bending deflecriori in the n' mode at the @ wing parel
" or station.
W, - Weight of the unsprung mass of gear i, Ib
ui
W - Total weight of half the airplane, Ib
w - Airplane gross weight less the weight of the struts (per half airplane), Ib
0
X - Normalized amplitude of Universal Resonance Curves (Appendix D only)
x - Independent variable of transformed nonlinear system in Appendix J.
y - Wing coordinate for the qfh station, positive outward on left wing, in.
q
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static

0

vi

aM
Y9

)

at

A random function of time

e (e el sl

Arithmetic mean of y(t)

Wing lift less static weight, (KL - I)Wo, Ib

(s + Zu) A = (Incremental strut-plus-tire deflection), in.

static
s + . In
( Zu) static,
Equivalent system mass, Ms' displacement, in.

Airplane nominal center of gravity vertical displacement (also, Equivalent
system main mass displacement), in.

: . .th : ]
Vertical displacement at the i landing gear axle, in.

3 ' .th . S
Vertical displacement of the i’ landing gear attachment point, in.
Wing tip vertical displacement, in.

. .th

Incremental strut vertical force, i gear, Ib
; : th

Incremental tire vertical force, i gear, |b

Incrementel wing bending moments at station q (positive up bending), Ib-in.;

q = | (nominal wing root station)

q = 6 (inboard of outboard nacelle)
Incremental wing torsion moments at station q (positive nose down), Ib-in.

Incremental wing shears at station q (positive up), Ib

Sampling interval, sec
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GREEK SYMBOLS:

o - Square of natural circular frequency ( = wi ), l/sec2

o - The average angle of attack of airplane wing, radians

) - Skewness factor for frequency density distributions

B - KNL/MO (units depend upon the nonlinearity.)

o - Root - mean - square (subscript indicates the quantity)

d"rw - Root - mean - square level for runway amplitudes, ft or in.

0]0) - Wagrer functicn, indicial delay in lift build=up on air foil

(I) of - Torsional deflection at the center of gravity in the n'h mode, rad/in.

(D ni - Torsional deflection at the i'h landing gear location in the n'h mode, rad/in.
@ nq - Torsional deflection at q'h wing station in the r\'h mode, rad/in.

Pow :r spectral density (subscript indicates the quantity)

S
£

@ I(c.o) - Power spectral input
@o(w) - Power spectral output

(jw)- Cross - spectral densit
Ol | pe Y

v - Angular variable, see Equation 60
n - Spatial frequency, rad/ft
w Forcing frequency, rad/sec

- Resonance frequency, undamped (In Appendix H, forcing frequency), rad/sec

Lo
w - Resonance frequency, damped, rad/sec
r
W, - Resonance frequency, of Mf for equivalent system, rad/sec
w, - Resonance frequency of MS for equivalent system, rad/sec
, : e :
€ - Distance from airplane elastic axis to i landing gear attachment point,

positive forward, in.
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€
cp

qo

Distance from airplane center of gravity to airplane lift center of
pressure ( + forward) , in.

I c g - t
Longitudinal distance from the airplane center of gravity to the q
mass center, positive forward, in.

Distance from airplane center of gravity to elastic axis, alona X-axis,
positive forward of elastic axis, in.

. . L th .
Distance from airplane elastic axis to ¢ wing panel center of pressure
( + forward), in.

. . . . th . .
Distance from elastic axis to center of gravity of @~ wing panel, in.

th
Tire deflection for i landing gear, in.

S} Angular displacement in pitch about the airplane center of gravity,
positive nose up from the horizontal, radians
9T Mondimensional time (Appendix J only)
GT The stationary random time duration of a sample, sec
5 Normalized modal deflection at the nominal airplane center of aravity
12 in the nth mode
" Normalized modal deflection at the qrh wing station in the nth mode
P Air density, |b-sec2,(in.4
Ioh Density of hydraulic fluid, Ib-secz,"in.4
vy Phase angle of transfer function, degrees
w Modal frequency of the n'h flexible mode, rad/sec
X Distance alang runway; statians, ft
a Prefix, indicates incremental load or motion
Y Ratio of damping to critical damping
T Dummy variable for t; ar, delay time in Appendix D, sec
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EXPONENTS:

n - Exponent of nonlinear spring term.
‘i = Polytropic air compression exponent

SUBSCRIPTS AND INDICES:
cp - Denotes center of pressure.
f - Denotes nominal airplane center of gravity; or nominal fuselage station

of airplane.
h - Denotes hydraulic area of piston in strut.
i - Denotes a landing gear number, i = 1, 2, 3. (1) refers to the nose

(2) to the front main, and (3) to the rear main landing gear.

th - th . . . ;
k - k  coefficient of the k  harmonic term in nonlinear solution.
L = Lift; or linear.
m - Is the total number of flexible modes in coupled vertical bending and torsion.
n - Is a running index representing mode number.

: ] . th

) - Columns in the transfer function matrix; or the p  level of occurrence.
q - Is a running index representing wing panel or stations. q = 1, 2. . .u.
r - Rows in the transfer function matrix.
s - Refers to the strut; or to the spring connected mass of transformed system.
v = Is the total number of wing stations per half airplane.
v - Total number of landing gears on the vehicle.

ASD TR 61-177

xvii




ABBREVIATIONS:

B.W, Band width (of filter)
C.G. Center of gravity
N.L. Nonlinear
p.l. Preload on a stryt
w Runway
T.P. Tire pressure, psi
Also:
Denotes differentiation with respect to time.
' Denotes differentiation with respect to a space coordinate.
I Indicates the absolute valye
PSD Power spectral density
o Indicates proportional to
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SECTION |

INTRODUCTION

It is commonly recognized that structural design philosophy for aero-space vehicles
should include considerations of fatigue life as well as cencepts of critical or maximum
loading. This is particularly true for taxiing, since present aircroft design criteria are
usually somewhat orbitrary regarding taxi loads. The purpose of this research is to
develop methods for repeated dynamic loads analysis so that improvements con be
realized in ground operations of odvanced flight vehicles.

The maximum loads resulting directly from the traverse of an airplane aver a
specific runway cannot in themselves be applied as design loads for all aircroft.
Such an assumption would imply that both the runway and the airplane were "typical, *
which is highly unlikely. Specific aircraft response characteristics combined with a
particular kind of forcing function can only be used, therefore, to establish trends
with parametric variations for a given analysis technique.

Considering the variety of runways and the randomness of runway profile vari-
ations, a statistical evaluation of aircraft response parameters is assumed to offer
the most useful approach. Therefore, a very extensive aid detailed statistical study
is performed on the loads and motions resulting from accurately simulated airplane
response while taxiing over a runway having high density traffic and above average
roughness. Power spectral densities, cross-spectra, and corresponding transfer functions
are computed for several load points on an example vehicle. Although load occurrences
can be calculated for normal distributions from the power spectral functiors, the non-
Gaussian nature of the data expected from a nonlinear system predicates the use of
direct counting or integrating techniques for peak-count and probability studies. The
tedious data processing that results is considered justified by the marked skewness of
some of the data which are presented.

A detailed dynamic loads analysis is performed by either analog or digital com-
putational schemes. In each case the computer simulates the transient response of the
flexible airplane traversing the random runway profile at several speeds. Provision is
made for many degrees of freedom in a generalized LaGrangian coordinate represent-
ation of the system. Various landing gear arrangements are considered. All possible
parameters in the differential equations of motion are considered in the initial stages
of the analysis, bul where directly related effects are found to be negligible, further
consideration is omitted. In the course of the investigation, at least three nonlinear
properties of landing gears are found to be relevant to the dynamic analysis.

Manuscript released by the author 5 May 1961 for publication as an ASD Technical
Report.
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Both analog and digital computer solutions were obtained, but the analog techniques
proved to be most successful for handling the non-linearities and the large amounts of
random data required for power spectral analysis. A few comparisons have been made,
however, indicating good agreement between analog and digital methods. The analog
computer results are essentially complete, and these data are used in evaluating the
analytical methods presented.

A closed-form elliptic function solution of the nonlinear system has been derived
in an attempt to reduce or eliminate the need for machine computations. The mathe-
matical forms are valid for boundary value problems only, however, and further re-
search is recommended to determine more complete, forced solutions.

A prime objective of this program is to determine simplified approaches, where
possible. Linearization of the nonlinear parameters of the system provides the most
inclusive simplification that could be anticipated from an analytical point of view,
but oleo-pneumatic shock struts are usually considered to be highly nonlinear devices
not conducive to accurate linearization. This concept probably arises from numerous
unsuccessful attempts in the past to achieve adequate results through linearization of
landing gear systems for landing impacts. Landing loads design requirements include
rather large initial conditions of velocity, which in turn generate rather high rates of
strut closure. At these high telescoping velocities, the orifice resistance or damping
force is highly nonlinear, and simplified analyses are inadequate.

There has been some evidence that the dynamic response of advanced flight
vehicles during taxiing may be susceptible to linearization. Anticipated strut
velocities are considerably lower for normal terrain operational conditions and shock
struts are designed for maximum efficiency during landings, with the result that
orifices are usually too large for effective damping during ground operations. This
should be particularly true from a statistical, or fatigue loads viewpoint, according
tc known data on the random characteristics of runway roughness.

Under these assumptions, as part of this research program on ground handling
loads, an investigation has been made to determine the optimum linearization procedures,
and the adequacy of loads produced from such analyses. Standard techniques of non-
linear mechanics have been applied for this purpose where practical. However, general-
ization is often difficult because the mathematics of nonlinear systems is still in an
immature state of development, except for a limited few classic cases. Therefore some
unusual statistical and analytical techniques have occasionally been employed in
developing simplified approaches.

An affine transformation of the linearized system is found to simplify the problem so
that a closed form solution can be obtained. The linearized solutions are compared with
the more exact nonlinear analog computer data, and good agreement is indicated in

general .
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Comparison of test and theoretical data is made where such data are available.
Fully anolyzed and substantiated taxi test data for the example vehicle, obtained
from a dynamic response flight test pragram, are anly meagerly available at this
time. Profilameter data for one runway is available and a portion of the ground loads
data fram the corresponding tests has been included for camparison.

ASD TR 61-177 3




P2ipniS juswabubiiy
1099 Buipup ay; Buimoyg sup|diiy a)dwbx3 ayy jo malA

"1

J4NOI4

ASD TR 61-177




paipniS juawabuoiy 1036 Buipuo 30O Ys133s 1z 3¥NOI4

m.D

ﬁ.D« pu— ND\‘

- N v - - -

AL n
. I, _*
Ln i
Z
o
A
\,:ZUR,U 40 134uaD)
l
u)
SIXY 214sD|3 INSSaIg JO 194u3dD)
1

R
T
)
o
—
(&)
v
<




5 -
qth Panel nq nq T9'M

Center of Gravity

Assume Symmetry

About q_

FIGURE 3 : Wing Chord and Modal Coordinate Sign Convention

ASD TR 61-177 6




w

“
"
N
'
N
b *

—
w
E =

N
N—JC 1t
\\\ sg '*,W
Nz |
§i s :Yc
N K
N To
QL C.G c AL
\ L
N |
N\ .‘
\ "
“T N ¢ i
NI <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>