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THEORETICAL DYNAMIC ANALYSIS OF THE LANDING LOADS
ON A VEHICLE WITH A TRICYCLE LANDING GEAR

By Richard B. Noll and James M. McKay
Flight Research Center

SUMMARY

A theoretical analysis is presented for the landing dynamics of a vehicle equipped
with a tricycle landing-gear system. The equations are simplified in order to provide
a more convenient yet adequate analysis for most vehicles. The adequacy of the sim-
plified analysis for simulating the landing dynamics and loads of a vehicle is illustrated
by comparing results of calculations with flight-test data from the X-15 research air-
plane. The feasibility of using the modified analysis for investigating off-design landing
contingencies is demonstrated by examples of studies performed for the X-15.

INTRODUCTION

The dynamics of a conventional tricycle landing-gear system are generally well
understood. However, unusual dynamic problems may arise if the basic gear system
is modified for use on special types of vehicles where considerations such as simplic-
ity, ease of stowage, resistance to thermal loads, or directional stability on the
ground are major design factors. The X-15 research airplane is a prime example of
a vehicle with unique landing dynamic problems caused by a modified tricycle gear
system (refs. 1to 4). Although a dynamic analysis had been used in the design of the
X-15 gear, it was apparent from flight-test results that the landing dynamics of the
complete vehicle system had not been satisfactorily simulated (ref. 4). In order to
study the landing dynamics and parameters affecting the landing loads of unusual con-
figurations, the six rigid-body degrees of freedom plus a degree of freedom for each
gear were programed for analysis on an analog computer.

A simplified form of the analysis, which is described briefly in reference 2, has
proved to be successful in uncovering problems of the X-15 landing dynamics (refs. 2
and 3), in predicting landing loads and simulating actual landings (refs. 2 and 3), and
in determining the effects of design changes on landing loads (ref. 4). This paper
presents the extensive analysis as well as the simplified X-15 landing-dynamics
equations in detail and assesses the validity of the simplifications by comparing them
with flight-test results. Analytical predictions of the effects of wing flaps, horizontal-
tail loads, and weight on the X-15 landing loads are discussed briefly.



SYMBOLS

Measurements used in this investigation were taken in the U.S. Customary System
of Units. Equivalent values are indicated parenthetically in the International System of
Units (SI). Details concerning the use of SI, together with physical constants and
conversion factors, are given in reference 5.

an normal acceleration, g
b wing span, feet (meters)
Cp drag coefficient, %%a—lg
Cp, drag coefficient at zero angle of attack
CDa rate of change of drag coefficient with angle of attack, %—Q, per
degree (radian)
CD(3 rate of change of drag coefficient with respect to horizontal-tail
h Cp .
deflection, ﬁl—l—, per degree (radian)
CL lift coefficient, I"_lft
qs
CLq rat;cof change of lift coefficient with pitching angular-velocity factor,
- —_L, per degree (radian)
qc.
%v
Cq, 0 lift coefficient at zero angle of attack
Cy, o rate of change of lift coefficient with angle of attack, o’ Per
degree (radian)
CL& rate of change of lift coefficient with rate of change of angle-of-attack
factor, % , per degree (radian)
92v
Cy, 5y rate of change g(f: lift coefficient with respect to horizontal -tail

deflection, —58_1% ., per degree (radian)




Rolling moment

rolling-moment coefficient,

asSb
aC;
damping -in-roll derivative, _Tp_lt_)—’ per degree (radian)
d
2V

rate of change of roélé?g—moment coefficient with yawing angular-

velocity factor, —5 > Per degree (radian)

v
L G :

effective dihedral derivative, -aB—, per degree (radian)
rate of change of rolling—morgérllt coefficient with rate of change of

angle -of-sideslip factor, S per degree (radian)

v

rate of change g(f: rolling-moment coefficient with respect to aileron

deflection, —%—Z , per degree (radian)
a

rate of change of rol(%mg -moment coefficient with respect to vertical-

tail deflection, —ag—v , per degree (radian)

Pitching moment
qsc

pitching-moment coefficient,

rate of change of pita%ling—moment coefficient with pitching angular-
velocity factor, %, per degree (radian)
9
2V

pitching -moment coefficient at zero angle of attack

oC

——IE, per degree (radian)

longitudinal -stability derivative, 5o

rate of change of pitching—xggment coefficient with rate of change of
angle -of-attack factor, ——&Ig—, per degree (radian)

o2v

rate of change of pitching-moment coefficient with angle of sideslip,

—Ln, per degree (radian)

9B



rate of change of pitching-moment coefficient with respect to

horizontal-tail deflection, , per degree (radian)

~¥m
90n

Yawing moment
qsb

yawing-moment coefficient,

rate of change of yawing-moment coefficient with rolling angular-

. n .
velocity factor, ob per degree (radian)

9ov
aCy
damping-in-yaw derivative, —5 ° Per degree (radian)
2V
aC,

directional -stability derivative, , per degree (radian)

9B

rate of change of yawing—moxgent coefficient with rate of change of

angle -of-sideslip factor, 3 , per degree (radian)

2V

rate of change oé' yvawing-moment coefficient with respect to aileron

deflection, 8—6—1-1 , per degree (radian)
a

rate of change of y%Vézing—moment coefficient with respect to vertical -

tail deflection, %—vl’ per degree (radian)

Side force

side-force coefficient,
qS

rate of change of side-force coefficient with rolling angular-velocity
factor, —X, per degree (radian)
pb
92v

rate of change of side-force coefficient with yawing angular-velocity

9
factor, ——I:g— , per degree (radian)
%2v

oC

side-force derivative, —éB—-, per degree (radian)




rate of change of side—zf,%rce coefficient with rate of change of angle-
. . Y
of-sideslip factor, ——E_ » per degree (radian)

a2V

rate of change of side-force coefficient with respect to aileron

o
deflection, WY, per degree (radian)
a

rate of change of side-force coefficient with respect to vertical-tail

aC
deflection, % Y , per degree (radian)
A\

mean aerodynamic chord, feet (meters)

distance between center of gravity and ground reaction point of gear,
measured in y-z plane parallel to z-axis, feet (meters)

distance between center of gravity and gear point of attachment,
measured in y-z plane parallel to z-axis, feet (meters)

landing -gear airspring (pneumatic) force, measured normal to the
ground plane, pounds (newtons)

landing -gear friction force, measured normal to the ground plane,
pounds (newtons)

landing -gear hydraulic force, measured normal to the ground plane,
pounds (newtons)

friction force on the landing gear, measured in the ground plane,
pounds (newtons)

main-gear shock-strut force, pounds (newtons)
landing -gear reaction normal to the ground plane, pounds (newtons)

force measured parallel to x-, y-, and z-axes, respectively, pounds
(newtons)

landing-gear bending or deflection load, measured normal to ground
plane, pounds (newtons)

acceleration due to gravity, feet/second? (meters/secondz)

change in vertical height of point of attachment of gear due to rigid-
body rotation about the point of gear contact, feet (meters)



My, My, M,,

pP,q, T

Vi, Vg, Vg
V/ V/

Xo’ Yo

6

moments of inertia referred to the x-, y-, and z-axes, respectively,
slug—foot2 (kilogram-mete r2 )

product of inertia referred to the x- and z-axes, slug-foot2
(kilogram—meterz)

distance between center of gravity and ground-contact point of gear,
measured in x-z plane parallel to the x-axis, feet (meters)

distance between center of gravity and gear point of attachment
measured in x-z plane parallel to the x-axis, feet (meters)

moments about the x-, y-, and z-axes, respectively, foot-pound
(meter-newton)

vehicle mass, slugs (kilograms)
rolling, pitching, and yawing angular velocities, respectively,

measured about the x-, y-, and z-axes, degrees/second
(radians/second)

dynamic pressure, %pV2 , pounds/’ foot® (newtons/ meterz)

distance between center of gravity and gear point of attachment,
measured in the y-z plane parallel to the y-axis, feet (meters)

distance between center of gravity and ground-contact point of gear,
measured in y-z plane parallel to the y-axis, feet (meters)
wing area, foot? (meterz)

translational components of relative velocity vector parallel to x-,
y-, and z-axes, respectively, feet/second (meters/second)

components of center-of-gravity translational velocity parallel to the
x-, y-, and z-axes, respectively, feet/second (meters/second)

magnitude of vehicle relative velocity, feet/ second (meters/ second)

magnitude of relative-velocity vector measured in the ground plane,
feet/second (meters/second)

sink speed (vertical velocity), feet/second (meters/second)

magnitude of wind velocity, feet/second (meters/second)

components of center-of-gravity velocity, relative to x-, y-, and
z-axes, respectively, feet/second (meters/second)

components of center-of-gravity velocity parallel to the x,- and
yo-axes, respectively, feet/second (meters/second)




XY, Z
X,¥,2

X0 Y02 %0

z/) ’9 3 ¢
P
Subscripts:

D

vehicle weight, pounds (newtons)

inertial cartesian coordinate system

cartesian coordinates of body-axis system

cartesian coordinates obtained by rotating X-, Y-, and Z-system
through Euler angle #; distances measured parallel to these axes,
feet (meters)

angle of attack, degrees (radians)

angle of sideslip, degrees (radians)

flight-path angle, degrees (radians)

landing -gear vertical deflection, feet (meters)

aileron deflection, degrees (radians)

horizontal -tail (elevator) deflection, degrees (radians)
main-gear shock-strut deflection, feet (meters)
vertical-tail (rudder) deflection, degrees (radians)

angle between the xy-axis and the friction force on the gear, degrees
(radians)

coefficient of friction
density of air, slugs/cubic foot (kilograms/cubic meter)
Euler yaw, pitch, and roll angle, respectively, degrees (radians)

angle between wind-velocity vector and X-axis, degrees (radians)

design value

body position or gear being considered
maximum value

both main gear

nose gear



o initial condition at main-gear touchdown

1,2 left and right main gear, respectively

A dot above a quantity denotes the first derivative with respect to time; a double
dot denotes the second derivative with respect to time.

ANALYSIS

Equations describing the landing dynamics of a vehicle equipped with a tricycle
landing-gear system and unpowered during landing are presented in this section. Ve-
hicle geometry, body-axis coordinate system, landing-gear force vectors, and
velocity-vector orientation are shown in figures 1(a) to 1(c) in which the x~, y-, and
z-axes are the vehicle body axes and the x-z plane is the vehicle symmetry plane.

Yo

Vg Fva
A2
Xg —— F
_ﬁ S N
Fay 3 i
Vw FV]_ Fhl
Xo g Ground plane X 3
1 Fhy cos Ay r Fhy cos A2
Fuy ! Fip
Z %o

Ground plane R ¥

d2
/W?[

(c) Rear view, ¢ plane.

Figure 1.— Vehicle geometry and gear loadings.




The transformation from an in-
ertial coordinate system, X, Y,
and Z, to the body axis system,
as illustrated in figure 2, is
achieved through the Euler angles
in the order ¥, 6, and ¢. The
inertial axes are assumed to lie
in the ground plane with the posi-
tive X-axis in the direction of the
vehicle motion at touchdown. It
is convenient to present the in-
stantaneous heading after touch-
down in terms of the Xo™r Yoo

and z,-axis system, which is

the inertial system rotated
through the Euler, or yaw, angle
.

The translation and rotation
degree-of-freedom equations of

Figure 2.— Orientation of body axes with respect to the vehicle center of gravity in
inertial axes. body-axis coordinates are writ-
ten (ref. 6)

I Fx = -m(@+ qw -1v) - GS\(CD0+ CDaa+ CDGhGh)cos a -[CLO + Cpyo+ CL6h6h+ Ec‘-,@]_,&& + Cquﬂsin a}

+(FV1 + Fy,

+ FVN)sin ] -(Fhl cos Ay + Fpy co8 Ay + Fhy o8 J\N)cos 9-Wsing=0 (1a)
. - b .
sz =-m(v+ ru - pw) + ¢S Fyéaéa'*' CYGVGV + CYBB+ W(CYrr + Cypp + CYBE)]
'(Fvl + sz + FVN)cos ¢ sin ¢ - Fhl(cos ¢ s8in Ap + 8in @ sin ¢ cos A1)

-Fhy(cos @ sin Ay + sin 9 sin @ cos Ap) - Fpy(cos ¢ sin AN + 8in 6 sin ¢ cos AN) + W cos ¢ sin ¢ = 0 (1b)

(CDO + Cpga+ CD5h5h)5in a+[CL0 + CLg@+ CrLg,On+ ZC—V(CL(,,"I* Cqu)]cos a}

2Fz = -m(W+ pv - qu) - g8
'(Fvl + sz + FVN)cos 0 cos ¢ - Fhl(sin 6 cos @ cos Ay - sin ¢ 8in Ay) - th(sin 6 cos ¢ cos A9 - sin ¢ sin 7\2)

-FhN(sin 6 cos ¢ cos Ay - 8in ¢ sin Ay)+ W cos gcos ¢ =0 (10)



zMx = -Iip+ Ixz(r+ pg) + (y - Iz)qr+ s [Claaba+ Clavcv + Clﬁﬂ+ %(Clpxu Clrr+ Clélé>]

+Fv1(RA1 cos @ + dj sin (p) cos § - FV2<RA2 cos ¢ - dg sin (p) cos 6+ Fyydy cos 6 sin ¢

+Fh1[(RAlcos ¢+ dj sin v) sin 6 cos Ay -(RAlsin @ - dj cos (o) sin )‘1]

'th[(RAz cos @ - do sin cp) sin 6 cos A2 -(RAZ sin ¢ + dg cos cp) sin Az]

+Fhy dN(cos @ sin AN + sin 6 sin ¢ cos }‘N) =0 (1d)
IMy = -lya+ (I - Ix)pr+ Ixz(r2 - p?) + §5¢ [Cmo +Cm o+ Cmahéh + Cmpf+ %(Cmd& + Cqu)J

+Fy4(d1 8in § - 1y cos g cos @)+ Fy,(dg 8in 6 - lg cos 6 cos @)+ Fyp(dy sin 6+ liq cos § cos @)

+Fh1[ll sin ¢ sin Ay - (I} sin 9 cos ¢ + dj cos 6) cos }‘1]

+Fh2[lz sin ¢ 8in Ag - (I3 8in 6 cos ¢ + dg cos 6) cos 7\2]

‘FhN[lN sin ¢ sin AN - (I sin 6 cos ¢ - dN cos 6) cos AN] =0 (le)
My = -Ipf+ Iyz(p - qr) + (Ix - Iy)pg + qsh {Cnﬁaﬁa‘* Cn5v5v + Cnﬁﬂ"' %(Cnrr‘* Cin+ Cnﬁé)]

+Fv1(RA1 sin 6 + [, cos # sin (p) - F‘VZ(I{A2 sin 9 - lg cos @ sin go) - FyyIN cos 6 sin ¢

+Fh1[l1 cos ¢ sin Ay + (I 8in 8 8in ¢ - Rp, cos ) cos Al]

+Fh2 [12 cos ¢ 8in Ag + (Ig sin 9 8in ¢ + RAZ cos 0) cos Az]

~Fhy IN(cos ¢ sin Ay + sin 6 sin ¢ cos Ay) = 0 (1f)
where landing-gear contributions to the forces and moments are recognized as the
terms involving the vertical forces on the gear F, and the drag forces on the gear F},.

The aerodynamic coefficients included in equations (1) are those most commonly used
for aircraft stability and control analyses; however, the importance of each derivative

and the possible inclusion of others will depend on the vehicle configuration being con-
sidered.

Landing-Gear Analysis

The deflection of the landing gear, such as gear bending and tire deflection, con-
stitutes additional degrees of freedom. The importance of these deflections on the
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loads is dependent on the type of gear being considered. In addition to the deflections,
it is necessary to consider equipment provided for energy absorption. Again, the type
of gear limits generalization of the analysis; however, since most aircraft landing gear
utilize oleopneumatic shock struts, this type of strut will be discussed.

Oleopneumatic shock struts do not begin to deflect during impact until sufficient
force is developed to overcome the preload or breakout force caused by the inflation
pressure and by friction. Before this instant, the shock strut is effectively rigid in
compression and the gear load is a function of the gear structural or tire deflection,
or both, or

Fy; = F, (2)

As the vehicle descent continues, the preload is exceeded and the shock strut begins
to displace. The gear vertical reactions become

Fyj = Fa;* Fyy + Fry (3)

where the airspring load Fa is a function of the shock-strut displacement, and the
hydraulic load Fp is a function of both the displacement and the rate of displacement
of the shock strut. The friction load Fj is determined by the normal load on the
shock-strut-cylinder bearing surfaces and the coefficients of friction of the surfaces.

The overall rate of vertical deflection of the gear is related to the center-of-
gravity vertical velocity by (ref. 6)

by = hy + 2, -[ZHicos 9+ (djcos ¢ + R;sin ¢)sin 6]é+(Ricos @ - disin ) pcos § (4)

where the dimension lHi is positive for nose gear and negative for main gear; R; is
positive for right main gear, negative for left main gear, and zero for nose gear; d;
is positive for all gear; and fli is the rate of change of vertical height of point of
attachment due to rigid-body rotation about the point of gear contact. The equations
are arranged so that a positive rate indicates shock-strut compression.

The analysis of the gear loads and associated gear and shock-strut deflections
depends upon the structure and geometry of the gear as well as the characteristics of
the shock struts. An example of a detailed analysis of a gear system equipped with
oleopneumatic shock struts is given in appendix A.
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Auxiliary Equations

Additional information pertinent to the landing-dynamics equations is given in the
following relationships.

The body and Euler rotational rates are related as

p=¢ ~¢ sin ¢

= @ cos qo+zbcos 0 sin ¢

(5)
r=z/;cos 0 cos go—ésinqo
The definitions of sideslip angle and angle of attack
B = sin~1 %;—
‘ (6)
= -1v
a = tan u
yield the following relative-velocity components:
v=Vsin
u=Vcos fcos (7)

w =V cos 8sin «

The vertical velocity z, of the center of gravity, which is related to the rate of

vertical deflection of the gear by equation (4), is also related to the relative-velocity
components of equations (7) by

Zo = -u sin # + v sin ¢ cos §+ W cos ¢ cos ¢

(8)

Substitution of equations (7) into equation (8) results in the following angular relation-
ship:

sin y = cos B cos « sin 9 - (sin B8 sin ¢ + cos B sin « cos ¢) cos 6

)
12




where the flight-path angle ¥y is defined by
y = sin~1 =2 (10)

The gear horizontal load at the ground-contact point is proportional to the gear
reaction normal to the ground and is expressed as

Fp; = #iFy, (11)

The trigonometric relations for the friction force angles A; are given in refer-
ence 6 as follows:

cos Ay = i
(VG)i
(12)
(%)
— o i
sin A; =
" V)
where
Valf = ()2 + (%)
G/i Xoli Yo/
(V,{O>i = V,{i cos 0+ (Vg,i sin ¢ + VZ’i cos (p) sin 9 (13)
7\ =vy/ -V’ i
(Vyo)i Vyi cos ¢ Vzi sin ¢
and
V,fi =u/+ qz{ - Iyj
Vg =V/+ X - Py (14)

Vz’i =w/+ pyj - 0%;
13



u’ = ’V cos B - Vy (cos Yy €OS ¢ + sin P, sin z,b)] cos 8

v/ =V sin g - VWKsin Py €OS ¥ - cos Yy, sin zp) cos ¢
+ (cos Yy COS P+ sin P sin zp) sin 6 sin 90] (15)
w’/ =V cos B sin ¢ - VW[(cos Yy COS ¥ + sin Py, sin zp> sin § cos ¢
- (sin Py COS ¥ - cos P, sin zp> sin (p]

Simplified Landing-Dynamics Equations for a Vehicle
With Tricycle Landing Gear

The equations presented in the preceding section provide an analysis of the landing
dynamics of a rigid flight vehicle which is unpowered during landing. A solution of
these equations, while not impossible, becomes very complex and time consuming.
However, it is possible to simplify the solution by making several assumptions.

One approximation is that the landing is made symmetrically; that is, both main
gear impact simultaneously, the vehicle roll and yaw rates are zero, and the vehicle

has no sideslip. In addition, if there is no wind and if lateral control inputs are not
made, that is,

Vg, =0
5q =0 (16)
5y =0

the symmetry of the landing will be maintained. These restraints on the vehicle motion

imply that
B=0 B=0
=0 3 = constant (17)
=0 =0
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The symmetry of the vehicle and the assumption of maintaining symmetrical
landing conditions result in

Iy =lg =y
dy = dy = dyy

Ra; = Ray = RAy (18)
51 = 09 = Oyt

Fy; = Fy, = Fyyy

Substitution of the auxiliary equations (5), (7), (8), and (11) into the equilibrium
equations (1) and (4) yields, upon application of equations (16), (17), and (18), the
following landing-dynamics equations for a vehicle with a tricycle landing gear:

c . Al o
(CD0 + CDaa + CDéhah) cos a -[CLO + CLaa+ CL6h6h+ oV (CL&oz + CLqe)l sin a]

SF, = -m(\'/ cos a+ V y sin oz)—ﬁS
*(2Fryy * Fyg)sin 0 - (B#MFvpg * #Fry) €05 0 < W sin 6= 0 (19a)

S, -0 (19b)

R e . . - . ;
SF, = m(v sin @ - V 7 cos a) as (CDO + Cp,a+ CDGhGh) sin o + [CLO +Cp @+ CLg 8y + 5y (CLdoz + Cqu)lcos a}

< (BFuyr* Fuy) <08 8 - (2ygFy gy * hFuy) sin 0+ Weos 0.=0 (19¢)
M, =0 (19d)
My = —be'+ asc lcmo + Cry @+ Cm6h6h+ 2%, (Cm&d + cmqé)'+ ZFVM[dM(Sin 8 - up cos 8) - Iyplcos 8+ pprsin G)I
(19e)

+FVNIdN(sin 6 - uy COS ) + In (cos 8+ pysin 0)] =0

M, =0 (191)

15



Also

M hM -V sin y+(ZHM cos 6 - &M sin 6> 6

(o]
I

(20)

I

oy =hy - V siny —(lHN cos 6+ dy sin 0) 0

It should be noted that the restraints expressed in equations (17) reduce auxiliary
equation (9) to the familiar form of

a=0-y (21)

Equations (19) along with equation (21) form a set of four equations for determining
V, v, 6, and «a. Equation (3) for the gear loads is valid but remains dependent on the
particular gear configuration. The motions of the vehicle and the gear system are
related by equations (20).

Simplified Landing-Dynamics Equations for the X-15 Airplane

Landing experience with the X-15 airplane (fig. 3) revealed that once main-gear
touchdown occurs, nose-gear impact follows in a short period of time (refs. 1 to 4).

E-7469
Figure 3.— X-15 airplane during landing.

16




This fact allows two simplifying approximations to be made to the equations of the
previous section. First, the velocity of the X-15 can be assumed to be constant during
the landing phase, or

V = constant \'7 =0

Second, the pitch attitude 6 and angle of attack o reduce to small angles very
rapidly so that small-angle approximation may be used as

sin (6, a)=0, «
cos (6, a)=1

Application of these approximations to equations (19) results in

SF, = mVy - &S[(CDO + Cp,a + CDahGh) o+ Cpy+ Cproa+ Cry Op+ % (cL&d + ché)] - ZFVM(I + uMo)

—FVN(1+ MN9)+W=0 (222)

IM, = L'+ G5 [cmo + Cmg@+ Crog O+ % (Cmgé+ cmqé)]+ 2FVM[dM<9 -y -l L+ “Mf’)]

+FVN[dN(0 - “N) + Iy (1 + uNO)] =0 (22b)

Equations (22) along with equation (21) form a set of landing-dynamics equations
for the parameters 6, 7y, and . Note that the equation for summation of forces in

the x-direction, which provides information about drag forces on the airplane, has not
been included.

Since the rate of change in vertical height due to rigid-gear rotation h is normally
small compared to the gear-deflection rates, the overall gear vertical deflections
(egs. (20)) become

8M = -Vy +<ZHM - c_lMG) é
(23)
by = Vv - (b * 8N9> 6

17



Also, because of the small-angle approximation
By << 1
”NG <<1

Cpa << CL

dpngd << 1
M HM

dNoO << Iy

and the simplified equations for the landing dynamics of the X-15 become

. g . .
mvVy = §S [CLO +Cp ot CL6h6h+ o (CL&a + che)]+ 2Fyy + Fyy - W (24a)

1y'9'= qsc [Cmo + Cpy @+ Cm6h6h+ %, (Cmg,,f'! + cmqé)] + ZFVM[iM (e - nM> - 11\4 + FVN[dN (o - #N)+ ZN](24b)

éM =-Vy+ ZHMb

(24c)
6N =-Vy - lHNé
FV

=Fp , +tFy +F
M AMm Hy fM

(24d)

Fy =Fp  + +
vy - TANt FHy * Fryg

Equations (24) with equation (21) form a complete set of equations for analyzing the
landing dynamics of the X-15 airplane. A detailed presentation of the X-15 gear
vertical reactions for determining equations (24d) is given in appendix A.

RESULTS AND DISCUSSION

The landing dynamics of a flight vehicle equipped with a tricycle oleopneumatic
landing-gear system are presented in equations (1) to (4). This set of equations
describes the dynamics of a rigid-body vehicle during landing impact, including

18




rolling, pitching, and yawing motions, variable aerodynamics and coefficients of
friction, and the effects of pilot control inputs. These equations can be simplified to
the form of equations (19) and (20) if the landing is made symmetrically. For the
specific example of the X-15 airplane, the rapid pitch down at landing (refs. 1 to 4)
allows a further simplification of the landing dynamics described by equations (24).

The analysis was verified by comparing results of calculations for equations (24)
with experimental results from the X-~15 airplane. Initially, computations were made
by using the gear-load curves shown in figure 4, which are based on analytical and ex-
perimental data, rather than the procedure outlined in appendix A. The total vertical-
load curve presents the ratio of vertical load to the design vertical load at the main-
gear skid as a function of the ratio of vertical deflection to the maximum vertical de-
flection of the gear. Velocity-sensitive curves for an arbitrary range of sink speed Vy

are shown. The orifice opens at approximately the same deflection for each sink speed,

1.0 [ /
Total vertical load //
1
1S /
Orifice actuation
. /
oo’ Hydraulic load /
main-gear- -6 [ ' J/
skid vertical- Decreasing P
load ratio Yy /
/
//
- -
o N
2 - Airspring load
1 ] | ! | 1 | L J
0 1 2 3 5 4 5 6 7 8 .9 1.0
M main-gear-skid vertical-travel ratio
(GMjmax

Figure 4.— Approximate variation of X-15 main-gear-skid load with skid vertical travel and sink speed

M
resulting in the single curve to the maximum deflection; that is, b1

derived from analytical and experimental data.

¢

=1.0. It

should be noted that once orificing occurs the load is independent of sink speed and

relatively independent of deflection until large deflections occur.

As maximum de-

flection of the shock strut is approached, the airspring load becomes predominant,
since the hydraulic load is negligible as a result of decreased strut velocity.
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Flight-test results and computations based on the total vertical-load curve of
figure 4 were compared in reference 2. The comparison is reproduced in this paper
as figure 5. It is apparent that the calculated vertical skid load agrees well with the
flight-test results. The simplified analysis predicted the existence of a second re-
action as well as the magnitude of the first and second reactions, thereby verifying the
dynamic simulation of the landing dynamics.

Flight test
—— — Calculated (using figure 4

Nose-gear / \
Fy 6 touchdown / \
Fvp’
main-gear- / \

skid vertical-

load ratio 4 |- / N

| ] i | l 1 ] J
0 .2 4 6 .8 1.0 1.2 1.4 L6

Time after main-gear touchdown, sec

Figure 5.— Comparison of X-15 main-gear-skid-load time histories (from ref. 2).

The simplified analysis based on figure 4 provided extensive information on the
effects of various parameters such as gear position and sink speed (refs. 2 and 4).
After an emergency landing of the X-15 airplane (ref. 4), the landing analysis was
used to simulate the landing and to predict the results of severe off-design landing
conditions. It was at this point that the deficiencies of the load curve of figure 4 were
realized. Since the gear-load curve was obtained for conditions within the design
envelope of the gear, attempts to use the curve for off-design conditions produced
unrealistic results. Therefore, the landing-gear-dynamics equations of appendix A
were incorporated into the analysis.

In order to provide confidence in the modified analysis, the experimental drop
tests of the landing gear were simulated. The basic landing equations were simplified
as shown in appendix B. Drop-test and analytical results for the main gear and nose
gear are compared in figures 6(a) and 6(b); the agreement is considered to be satis-
factory.
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Figure 6.— Comparison of calculated shock-strut load with drop-test data.
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The results shown in figure 6 provide confidence in the analysis, but the proper
simulation of the landing dynamics of the vehicle system is required as final proof of
the validity of the analysis. Results from flight tests and the modified analysis are
compared in figure 7. The good agreement obtained in predicting the magnitudes of
the first and second reactions as well as a reasonable comparison of overall time

L6
Flight test
— —— Calculated (using appendix A}
L2
Fs
FSD'
main-gear 8[”
shock-strut- i
load ratio //
2 Nose-gear- /
. touchdown /
—
- - - /
| 4
I /1/ l i ! B
0 2 4 6 .8 1.0 1.2
Time after main-gear touchdown, sec
(a) Main gear.
L2
Flight test
—— — Calculated tusing appendix A)
FVN 8
FVND' ——
———
nose-gear e
vertical-
load ratio Y
iy //
/ \\ o~
\/
] ] 1 ] | _J
0 .04 .08 .12 .16 .20 .24

Time after nose-gear touchdown, sec
(b) Nose gear.

Figure 7.— Comparison of flight-test and calculated shock-strut time histories.
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20 - 1.06; —2 _ 0.20; W—O- = 0.99.
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history for the main gear (fig. 7(a)) indicates that the modified analysis yields accept-
able results. The nose-gear time histories, compared in figure 7(b), reveal that,
although the magnitude of the peak reaction is predicted satisfactorily, the nose-gear
dynamics are not simulated precisely. The discrepancies in the simulation are attrib-
uted to the neglect of nose-gear-tire spin-up loads and strut-bending characteristics.
Similar comments are applicable to most main landing gear. For the X-15 main

gear, however, metal skids are used in place of wheels and tires and no bending
moments are applied to the shock strut, since drag loads are absorbed by drag links
attached at the skids and vertical loads are applied to the shock strut through a bell-
crank (see ref. 1 for description of the X-15 landing-gear system).

The capability of analytically simulating the landing dynamics of a vehicle provides
a valuable tool for assessing operational problems or studying the effects of unusual
configurations as well as for evaluating design concepts. Equally important for
research vehicles, such as the X-15, is the capability of investigating off-design or
emergency landing conditions for which it is unrealistic to obtain flight-test data. The
analysis can be used to determine the severity of the contingencies and to devise pos-
sible emergency procedures for minimizing the landing loads. As an example, main-
gear loads are shown for the X-15 in figure 8 for a flap malfunction and excessive

2.0 —
1.6
Flaps up
1.2
Fy
ﬁ;' Flaps down
main-gear -
skid vertical-
load ratio
8
A
I | | | | |
0 N .8 K] 1.0 1.1 1.2 1.3
w
Wp

Figure 8.— Influence of airplane landing weight and flap position on maximum main-gear load calculated by using

V. ao
method of appendix A. <2 = 0.55; 7—=10; oh
D

VvD an = lg.

trim’
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landing weights. The normal landing condition, in which flaps are used, is presented
for comparison. For both the flaps-up and flaps-down curves, the horizontal-tail
position is maintained at the pre-touchdown trim position 6h1:rim° The critical

nature of landing without the use of flaps is evident, particularly if the design weight is
exceeded; however, the effect of excessive weight during a flaps-down landing is small
and is of less importance than a flap malfunction. The normally detrimental effects of
aerodynamic loads and weight on X-15 landing loads, which are discussed in refer-
ences 3 and 4, are thus seen to be particularly severe during an emergency landing.

It is of interest to illustrate, through the use of analysis, how the aerodynamics
can be used advantageously to alleviate the landing loads during emergency conditions.
X-15 main-gear landing loads are presented in figure 9 as a function of weight
for the severe emergency of a flap malfunction. The horizontal-tail loads are manipu-
lated during the landing to achieve the three curves shown. The Ghtrim maneuver,

which was shown in figure 8, offers only limited capabilities for the emergency landing,
and the normal pilot technique of pulling back on the control stick 5hpu11 is intolerable.

However, the push maneuver th discussed in references 3 and 4, in which the

ush’
2.0
6“pul|
L6
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main-gear-
skid vertical-
load ratio
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L A | | | | 1 1
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Figure 9.~ Influence of horizontal-tail position on maximum main-gear load calculated by using method of

Vv ao
appendix A. +—2 =0.55; — =1.0; a, = lg; flaps up.
v"D ap
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pilot pushes forward on the control stick at touchdown results in main-gear loads that
are lower or only slightly higher than the gear design load even for severe off-design
landing conditions of excessive weight and a flap malfunction. It should be pointed out
that the ineffectiveness of the horizontal tail in controlling nose-gear loads, because
of the location of the tail, results in only a slight increase in nose-gear load because
of the push maneuver (refs. 3 and 4).

Experience with the X-15 airplane has revealed that the aerodynamic loads are
extremely important to the landing dynamics because of the unusual relative location of
landing gear and aerodynamic surfaces of the vehicle. Results from the analysis, such
as those in figure 9, have further shown that by proper manipulation of the horizontal-
tail aerodynamic loads the initially detrimental effects on landing loads can be used
advantageously to expand the X-15 landing envelope to include high landing weights and
no-flap emergencies.

CONCLUDING REMARKS

A theoretical analysis has been presented for the landing dynamics of a vehicle
with a tricycle landing-gear system. The equations were reduced by simplifying
assumptions which resulted in a modified analysis consistent with the landing dynamics
of the X-15 airplane. Calculations were made with the modified analysis in order to
compare the theoretical landing loads with flight- and drop-test data. Comparison of
calculated results with flight-test data indicates that the modified analysis adequately
simulates the landing dynamics of the X-15 airplane as well as predicts the magnitudes
of the peak loads.

Parameter studies conducted for the X-15 illustrated the effects of weight, flap
position, and horizontal-tail position on the main-gear loads. The results of this
analysis indicate that it is possible to advantageously use the unusual relationship
between the aerodynamics and the landing-gear configuration to expand the landing
envelope to include higher weights and no-flap emergencies.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., May 1, 1967,
719-01-00-04-24.
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APPENDIX A
ANALYSIS OF VERTICAL LOADS ON THE X-15 LANDING GEAR
Main Gear

The X-15 main landing gear is of the articulated type, as illustrated in the sketch
below. (See reference 1 for a detailed discussion. )

The ground reaction Fy, is transmitted through a skid, landing-gear-leg, and

bell-crank arrangement to an oleopneumatic shock strut inside the fuselage. Prior to
shock-strut displacement, the vertical load is a function of the vertical skid
displacement due to leg bending. The bending load can be expressed as

Fg,; = Kop, (A1)

where K is the stiffness coefficient of the main-gear leg which relates vertical load to
vertical deflection. This coefficient can be described analytically but is obtained more
practically by static tests. The vertical-bending deflection 6g is equivalent to the

overall gear deflection described by equation (4) or equations (20) or (24c) .
After shock-strut motion, the vertical load is expressed as in equation (3). Be-
cause of the articulated nature of the main gear, the vertical load at the ground and the

shock-strut load are not equivalent; however, they can be related through the gear
geometry. Equating moments about the gear pivot (see preceding sketch) results in

Fy = %— Fg (A2)
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APPENDIX A

The gear vertical load is a function of the ratio %, which varies as the gear

rotates about the pivot, and of the shock-strut load Fg. The load Fg is given by

Fg = Fp + Fy_+ Fy_ (A3)

where the quantities are defined as for equation (3). For the X-15 airplane, the
friction forces Fi, are assumed to be negligible. The shock-strut airspring load

FAs is determined experimentally for the X-15 but can be obtained analytically (see
ref. 7). The hydraulic load FHS is related to the shock-strut velocity és by

Fi = Cgg” (A4)

where Cg is an experimentally defined hydraulic coefficient. The load does not have

a direction sign as in reference 7, since the X-15 shock strut produces hydraulic load
only in compression. During the expansion stroke, hydraulic pressure is relieved

through orifices so that the load is the result of the airspring only. This condition is
approximated by

g < (A5)

The vertical and shock-strut loads were related by equation (A2). Using the same
technique

bg = §6MR (A6)

where 6MR is the rate of vertical deflection of the main gear due to the rigid rotation

of the gear about the pivot.

Substituting equations (A3), (A4), and (A6) into equation (A2) results in

2

where
B _(B\3
FA = KFAS and CM = (K) CS
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APPENDIX A

The X-15 main-gear shock strut also incorporates a pressure-relief valve which,
upon opening, prevents a further increase in hydraulic pressure. Until the valve
opens, the strut is velocity-sensitive, but after the orificing the strut load is the air-
spring load with the pressure-limited non-velocity -sensitive hydraulic load added to it.
Therefore, as long as the relief valve is open, equation (A4) becomes

FHs = (FHS)ma.x (A8)
where (FH ) is the maximum attainable hydraulic load.
5/ max
The skid 1oad of equation (A7) is then written
F, = Fp + (FH>max (A9)

where (Fl_b max %(FHS) max.

The overall vertical-deflection rate GM given by equation (4) or by equations (20)
or (24c) is the sum of the rates of vertical deflection or

Sy = 0p + Smp (A10)

The rate of bending deflection is now obtained by considering the main-gear leg as
a single-degree-of-freedom damped spring mass. Then

K €1 . . &

mMGB - my, o+ myg

bp=¢g - (A11)

where g is the gravitational acceleration, C; is the damping coefficient, and my;
is the mass of the main-gear leg.

Nose Gear
The X~15 nose gear is a conventional-type gear (ref. 1), utilizing dual co-

rotating wheels and tires and an oleopneumatic shock strut. The vertical load Fy
prior to shock-strut displacement is a function of the tire deflection §; or

F, = Ft = £(5;) (A12)
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APPENDIX A

where F; is the vertical load on the tire. The relationship between F, and §, is

obtained experimentally for the X-15. The tire deflection is equivalent to the overall
nose-gear deflection given by equation (4) or equations (20) or (24c).

After shock-strut motion, the vertical load is described by equation (3). Since

gear bending has been neglected, the methods of reference 7 result in

0
- £ 2 s
Fy = Fp+ Cbs 3 (A13)
I S|

where the airspring load Fp and the hydraulic coefficient Cy are experimentally

determined functions of the nose-gear shock-strut deflection §g.

The shock-strut deflection is related to the overall gear-deflection rate by
Oy = 0g + 04 (A14)

The rate of the tire deflection is obtained by considering the wheel and tire as a
single-degree-of-freedom damped spring mass. Then

Fv'Ft

6t=g+ mN

(A15)

where my is the mass of the tire and wheel.
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APPENDIX B

RELATIONS FOR DROP-TEST SIMULATION

Drop tests of the X-15 landing gear were made to determine the actual gear
characteristics. Each gear was tested individually rather than as a complete landing-
gear system. Weight was added to the basic landing gear to simulate inertia loads due
to vertical motion. Thus, equation (24a) for vertical motion becomes for each gear

mZy=W - L - Fy (B1)

where L represents a simulated aerodynamic force. Equations (24c) are then re-
placed by

(@]
1
Nn
o

(B2)

where initially z, = Vy.

The equations of appendix A are still applicable for the gear-drop tests. The
mass m and weight W are the effective masses and weights computed for the
critical landing conditions.
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