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Directional Stability and Control During Landing Rollout

Malcolm J. Abzug¤

Paci�c Palisades, California 90272-4428

Directional stability in landing rollout of the tricycle landing gear arrangement used in light airplanes is shown
in a computer replication of a 1935 demonstration. Stability derivatives of aircraft tires are developed based on
rolling tire experimental data.A small perturbationanalysisusing the tire stability derivatives provides a simpli� ed
model of the rollout problem, for better understanding and for checks on complete simulations. Eigenvalues in
rollout are found for three cases, a sailplane, a light plane, and a large jet transport. A nonlinear transient analysis
is used to verify the small perturbation model, for the sailplanecase. Castering wheels are found to make negligible
contributions to the eigenvalues. The position of the main gear with respect to the c.g. dominates the problem, aft
gears being stable. Large airplanes with noncastering nose wheels appear to be stable in rollout over their ranges of
airspeed and relative main gear to nose gear loadings. In transient analysis, banking into the swerve, a nonintuitive
strategy for avoiding running off runways in side winds, is shown to be effective for bicycle gears, and in particular,
for advanced sailplanes with main wheels ahead of the c.g.

Nomenclature
bw = aircraft wingspan
CL = lift coef� cient
Cnr , Cyr = aircraft yawing derivatives (no tires)
Cn¯ , C y¯ = aircraft sideslip derivatives (no tires)
Fx , Fy , Fz = forces applied by the ground to the tires: traction,

lateral, and vertical
Iz = aircraft moment of inertia in yaw
LY, SQ, ¿ = intermediate dimensional variables
Mz = tire self-aligning torque
m = aircraft mass
N = aircraft yawing moment
Nr , Yr = dimensional yawing derivatives
Nv , Yv = dimensional sideslip derivatives
n® = derivative of Mz=Fz with slip angle
PS = tire steering angle
R, r = yawing velocity, perturbation R
S = tire longitudinal slip ratio, ratio of forward speed

less tire peripheral speed, divided by
the forward speed

Sw = aircraft wing area
U , V = aircraft velocity components along X and Y body

axes
u, v = tire longitudinal and lateral velocities relative

to the ground
XN, YN, ZN = tire contact point locations relative to aircraft X ,

Y , and Z body axes
y® = derivative of Fy=Fz with slip angle
y° = derivative of Fy=Fz with camber angle
ZLG(K) = Z -body force applied by landing gear to airframe,

positive downward, K is the tire index number,
see Fig. 4

® = angle of attack, or lateral slip angle, dependingon
context

¯ = sideslip angle
° = camber angle, or tire bank angle
1 = increment as a result of tire forces
³ = castering damping ratio
µ = pitch attitude angle
¹ = normalized traction force, ¡Fx =Fz
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’ = perturbationbank angle
! = castering natural frequency

Subscript

0 = reference steady-state condition

Introduction

T HE modern light plane tricycle landing gear has main wheels
behind the c.g. and a castering nose wheel ahead of the c.g.

That arrangement put an end to the ground loop, which had been
a problem with tail wheel landing gears. The ground loop is a loss
in directional stability during ground rolls, which if uncorrected,
causes a rapid yaw from the runway heading and a swerve off the
runway.

The � rst castering nose wheel was most likely used on Weick’s
W-1 pusher of 1934.1 Weick reported that castering the nose wheel
improved directional stability in ground rolls. Weick demonstrated
the directional stability advantage of the tricycle landing gear the
following year, during an NACA aircraft engineeringresearch con-
ference at Langley Field, Virginia. He built framework models of
both tailwheel and tricycle landinggear arrangements,and launched
them down a ramp onto a concrete � oor. The tail wheel model
ground looped every time. The tricycle model ran straight, even
when launched at yaw angle to the direction of motion.

Neither drawings of Weick’s models nor movies of the demon-
stration have been located at the NASA Langley Research Center.
However, modern pneumatic tire force and moment data, and com-
puter simulation technology have made it possible to replicate the
Weick 1935 demonstration.This same data and technologyare used
to revisit the rollout directionalstability subject, to put it on a � rmer
basis than previous qualitative explanations.2

Assumptions and Limitations of the Analysis
The landingrolloutdirectionalstabilityand controlproblemstarts

when the aircraft’s landing gear � rst touches the ground and con-
tinues down to low taxi speeds. Aerodynamic forces dominate at
� rst, then tire forces dominate the rollout. A complete six-degrees-
of-freedom analysis, which adds the dynamics of the wheels and
struts to the aircraft equations of motion, is usually needed to deal
adequately with this very complex problem.

Yet, it is good engineering practice when faced with complex
nonlinear problems to derive as many simpli� ed system models
as possible, both for better understanding and for a check on seg-
ments of the complete analysis. The underlying assumptionsof the
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simpli� ed models must be understood, to avoid misleading rather
than helping the design engineer.

The well-known principles of small perturbation analysis are
applied here to derive a class of simpli� ed models for the land-
ing rollout directional stability and control problem. In addition to
the small-perturbationassumption,the followingsimpli� cationsare
made:

1) The bank angle is controlled to zero, reducing the lateral per-
turbation degrees of freedom to just sideslip and yawing velocity.

2)Wheelandstrutmasses are lumpedwith the restof the airframe.
That is, wheel and strut dynamics with respect to the airframe are
neglected.

3) Multiple tires in a bogie are lumped as an equivalent single
tire.

Braking and nonzero tire slip ratios can be accommodatedwithin
the analysis by choice of parameters.

The small perturbationanalysis is thought to apply well at all roll-
out speeds to sailplanes,which usually have unsprungbicyclegears.
Light planes, with only three wheels, are equally well represented
by the small perturbationanalysis. However, small perturbationap-
plications to heavy transports are considered to be approximations,
best at the low airspeed end of the rollout.

A complete six-degrees-of-freedom analysis is used to verify the
accuracy of the small-perturbation analysis for the sailplane case.
The complete equations are also used for the replicationof Weick’s
historic rollout stability demonstration.

Tire Force and Moment Data
The equations of aircraft motion are usable in the study of direc-

tional stability during rollout, if one adds the external forces and
moments transmitted from the ground to the tires. These forces and
moments bear a similarity to the aerodynamic forces and moments
acting on an unyawed wing at angles of attack. Figure 1 shows
the analogy, using standard Society of Automotive Engineers tire
de� nitions.3 ® in the tire case is the lateral slip angle, rather than
angle of attack.

As in the aeronautical case, tire forces and moments can be re-
duced to dimensionlessform. Dimensionless force and moment pa-
rameters are of most utility when the parameters apply over wide

Fig. 1 Forces and moments acting on wings and tires: a) wing section
and b) tire, top view.

Fig. 2 Representative tire side force5 and self-aligning torque6 data.

ranges of design variables. For wings, a particular lift coef� cient
gives the wing lift for geometrically similar wings of any area, air
density, and � ight velocity, provided that Mach and Reynolds num-
bers are not too different.

Dimensionless tire parameters, such as the ones derived by Radt
and Milliken,4 apply reasonably well over ranges of tire diameter,
construction type (radial or biased ply), camber angle, slip ratio,
in� ation pressure, load, and surface friction coef� cient. However,
for the limited purposes of this paper, we use tire data based on a
simpler formulation.5

In the simpler model, tire traction and lateral forces Fx and Fy ,
respectively,are normalized by dividing by the tire normal load Fz .
The yawing moment Mz , a self-aligning torque for small lateral
slip angles ®, is also divided by Fz , giving it the dimensions of
length. Zero longitudinal slip ratio S is assumed. Zero slip ratio is
appropriateto the landing rollout application,up to the moment that
brakes are applied. Slip ratio is negative for traction, when power is
applied to the wheels, and positive for braking.

Numerical data on Fx =Fz , Fy=Fz , and Mz=Fz are available from
a number of sources.5¡7 These data are based on measurements
on speci� c tires rotating against moving belts. Figure 2 provides
representative examples of tire force and moment data. Except for
the transientanalysesof this paper, tire data are linearized,assuming
small lateral slip, camber, and tire-steering angles. In the analysis
that follows, shorthand symbols are assigned to the dimensionless
traction force and to the derivatives with respect to lateral slip and
camber angles of tire force and moment, as follows:

¹ D ¡
Fx

Fz
; y® D

@.Fy=Fz/

@ /
(1)

y° D
@.Fy=Fz/

@°
; n® D ¡ @.Mz=Fz/

@ /

Tire Forces and Moments Applied to Airframe
Figure 3 is a plan view of a single tire relative to aircraft X- and

Y -body axes. From the � gure

u D U cos PS C V sinPS C SQ £ R sin.PS ¡ ¿ /
(2)

v D ¡U sin PS C V cosPS C SQ £ R cos.PS ¡ ¿ /

u and v are tire velocities relative to the ground, and U and V are
aircraft velocity components on X and Z body axes. By the usual
approximations in small-perturbationaircraft dynamics

U D U0 C dU; V D V0 C dV D dV ; R D R0 C r D r

The steering angle PS is taken as a small angle. With these con-
ditions, Eqs. (2) reduce to

u D U0 C dU ¡ SQr sin ¿; v D ¡U0PS C dV C SQr cos ¿
(3)
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Fig. 3 Plan view of single tire, symbols, and de� nitions.

With U0 À dU ¡ SQr sin ¿ and with the small-perturbationside-
slip anglede� ned as¯ D dV=U0 , the tire lateral slip angle® reduces
to

® D v=u D ¯ C rXN=U0 ¡ PS (4)

From Eqs. (1)

Fx D ¡¹Fz; Fy D y® Fz® C y° Fz°; Mz D ¡n® Fz®

In this simpli� ed analysis, tire and strut masses are lumped with
the mass of the rest of the airframe. Thus, the tire vertical load Fz is
the negative of the Z -body axis force acting on the airframe. Also,
from Fig. 3

LY D SQ sin.PS ¡ ¿/

which by the small perturbation assumptions reduces to

LY D PS £ XN ¡ YN

Finally, aircraft bank angle adds linearly to tire camber angle, so
that perturbationcamber, or ° , can be replacedby perturbationbank
angle,or’.The previousresultslead to the followingexpressionsfor
the perturbation(� rst-order) side force and yawing moment applied
by the tires to the airframe:

1Y D ¡Fy cos PS C Fx sin PS

D ¡y® Fz.¯ C XNr=U0 ¡ PS/ ¡ y° Fz’ ¡ ¹FzPS

1N D Fx LY ¡ Fy .XN C PS £ YN/ C Mz (5)

D ¡¹Fz.PS £ XN ¡ YN/ ¡ Y® FzXN.¯ C rXN=U0

¡ PS/ ¡ y° FzXN’ ¡ n® Fz.¯ C rXN=U0 ¡ PS/

Tire Stability Derivatives, Noncastering,
Nonsteering Cases

Tires that are � xed in yaw, i.e., noncastering or nonsteering, are
typical of main landing gears. Their contributions to rollout direc-
tionalstabilityare foundby extractingtheir stabilityderivativesfrom
the general force and moment Eqs. (5). The noncastering,nonsteer-
ing case corresponds to zero values of the steering angle PS.

Takingderivativesof tire forceandmomentwith respectto ¯ andr
leads to the followingresultsfor the stabilityderivativecontributions
of noncasteringwheels:

1Yv ´ .@Y=@¯/

U0m
D ¡

y® Fz

mU0
; 1Yr ´ .@Y=@r/

m
D ¡

y® FzXN

mU0

1Nv ´ .@ N=@¯/

U0 Iz
D ¡ .y®XN C n®/Fz

U0 Iz

(6)

1Nr ´ .@ N=@r /

Iz
D ¡ .y®XN C n® /FzXN

U0 Iz

Note that the lateral wheel location YN does not appear in Eqs. (6).
The absence of the dimension YN means that rollout directional
stability is the same for multiple tires as that for a single tire at the
same longitudinal location. That is, the linearized equations cannot
distinguish between bicycle gears and normal left and right gear
pairs at the same fuselage station. Derivatives with respect to bank
angle (equivalent to camber in this case) are not needed because the
rollout perturbation stability analysis that follows is limited to two
degrees of freedom, sideslip, and yawing velocity.

Tire Stability and Control Derivatives,
Castering and Steering Cases

An equilibrium castering angle PS is found from the condition
of zero tire sideslip velocity relative to the ground v and lateral
slip angle ®. Equilibrium in this context means that high-frequency
castering rotations have died away after changes in tire velocities
relative to the ground. Most castering gears have either friction or
hydraulic dampers that produce this type of equilibrium in times
that are short relative to aircraft responses.

For small wheel angles relative to the X -body axis and with the
usual small perturbation approximations for aircraft motion vari-
ables, the v D 0 condition applied to the second of Eqs. (3) yields
the castering wheel angle as

PScastering D ¯ C XNr=U0 (7)

Because the lateral slip angle ® is taken as zero, so are Mz and
n® . Applying the castering condition Eq. (7) to the force and mo-
ment Eqs. (5), and taking derivatives with respect to ¯ and r , leads
to the following results for the stability derivative contributions of
castering wheels, in their equilibrium state:

1Yv ´ .@Y=@¯/

U0m
D ¡ ¹Fz

mU0
; 1Yr ´ .@Y=@r/

m
D ¡¹FzXN

mU0

1Nv ´ .@ N=@¯/

U0 Iz
D ¡¹FzXN

U0 Iz

(8)

1Nr ´ .@ N=@r /

Iz
D ¡¹FzXN2

U0 Iz

Comparing the castering derivatives in Eqs. (8) with the noncas-
tering derivatives in Eqs. (6), the side force slope parameter y® is
replaced by the traction (in this case, friction) parameter ¹. Also,
terms involving the self-aligning torque parameter n® are absent.
¹ is about two orders of magnitude smaller than y® , as is n® . The
interesting conclusion is that the rollout directional stability contri-
butionsofcasteringnoseor tailwheelsarequitenegligiblecompared
with those of � xed wheels.

Tire control derivatives give a measure of linearized steering
power and are needed for tire-implemented stability augmentation
studies. These are derived from the force and moment equations
[Eqs. (5)] by taking derivatives of tire force and moment with re-
spect to steering angle PS:

1Y± ´
.@Y=@PS/

m
D ¡

.¹ ¡ y®/Fz

m
(9)

1N± ´ .@ N=@PS/

Iz
D ¡ .¹ ¡ y®/FzXN

Iz
C

n® Fz

Iz
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Replication of Weick 1935 Demonstration
The 1935 demonstration by Weick of the rollout directional sta-

bility advantagesof tricycle, or castering nose wheel landing gears,
is replicated with a standard six-degrees-of-freedom aircraft tran-
sient response analysisprogram,10 when tire force and moments are
added to the equations of motion. Tire side force is represented by
the linearizedparameter y® , with the force truncatedat a tire slip an-
gle ® of 10 deg. The demonstration model, a triangular framework,
is shown in Fig. 4.

Geometric model parameters are given in the � gure. The vertical
forces ZLG.K / correspond to the static equilibrium condition, and
are the negatives of the tire vertical load. Additional simulation
parameters are y® D 7:20 (truncatedat 10-deg slip angle), ¹ D 0:10,
m D 0:3106 (10 lb), n® D 0:0, ! D 10:0, ³ D 0:30, and Iz D 0:0776.

In the simulations, the model is launched at a heading or sideslip
angle of 10 deg to the direction of motion, at a speed of 20 fps.
Figure 5 gives the time histories of the subsequent nose wheel and
heading angles for the tricycle gear case, in which the model is
launched point forward. Heading angle damps to zero in less than
2 s. The model rolls straight ahead, stably.

Tail wheel and heading angles for the tail wheel case are shown
in Fig. 6, after a launch with the model’s point aft. The castering
tail wheel quickly goes to its negative limit of 30 deg. The model
diverges to the right from its 10-deg right yaw launching attitude,
and executes a complete 180-deg ground loop in less than 1 s. This

Fig. 4 Dimensions for computer replication of the 1935 Weick demon-
stration.

Fig. 5 Time history of replicated demonstration run, nose wheel land-
ing gear.

Table 1 Parameters used in the linearized analysis

Parameter SGS 1-34 Cessna 182 Boeing 747-100

bw 49.17 35.8 195.68
CL 0.18 0.46 0.90
Cn¯ 0.055 0.06455 0.184
Cnr ¡0.074 ¡0.05924 ¡0.360
Cy¯ ¡0.40 ¡0.3086 ¡1.08
Cyr 0.24 0.2103 0.300
Iz 2600 1967 45:4 £ 106

m 26.0 90.14 17,515
Sw 151.08 164 5500
XN (nose) —— ——a 76.8
XN (main) ¡0.49b ¡1.3b ¡5.3
y® 7.2 7.2 7.2

aCastering nose wheel, not used in the calculation.
bDesign value, varied in the calculations.

Fig. 6 Timehistoryof replicated demonstrationrun, tailwheel landing
gear.

puts it into the tricycle gear con� guration, and it damps to a stable
heading, rolling backward.

Effect of Landing Gear Location on Rollout Roots,
Sailplanes, and Light Planes

While the Weick demonstration gives convincing proof of the
landing rollout directional instability of tail wheel gear arrange-
ments and the stability of tricycle, or nose wheel arrangements, it is
instructive to examine the effect of gear location for actual aircraft
con� gurations.Two example cases are chosen, the Schweitzer 1-34
standard-classsailplane,and the widely used Cessna 182 four-place
light plane.

The sailplane case is of special interest because there is a strong
incentive for designers to use the equivalent of a tail wheel-type
landing gear, with the main gear, a single wheel, located ahead of
the c.g. This arrangement avoids the need for a nose skid or wheel,
and makes it easier to get a low drag forward fuselage shape. A tail
wheel used in such an arrangement is generally noncastering, but
it does not provide stability until it carries weight, which is at very
low airspeeds.

Rollout eigenvalues or roots are found for a two-degrees-of-
freedomlinearizedmodel, with sideslip and yaw rate variables.The
noncastering wheel stability derivative contributions [Eqs. (6)] are
used.Elements of the LOCUS program of Ref. 10 are used to calcu-
late eigenvalues for the system de� ned by the state matrix equation
Px D Ax , where

x D fv r g; A D
Yv C 1Yv Yr C 1Yr ¡ U0

Nv C 1Nv Nr C 1Nr

The symbolsprecededby deltas are the noncasteringderivativecon-
tributions of Eq. (6). Numerical values for the parameters used in
the calculations are given in Table 1.

The rollout stability eigenvalues for the Schweitzer 1-34 are
shown in Fig. 7, as a function of fore and aft main gear location
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XN. The ground speed is 40 fps. There are two real roots. Diver-
gence is predictednot for all wheel positionsforward of the c.g., but
only when the wheel is more than 0.7 ft ahead.The tire contributions
dominate the aerodynamic terms at 40 fps.

Stability results for the Cessna 182 are shown in Fig. 8, at three
rollout speeds. The nose wheel is assumed to be unloaded in these
calculations. Eigenvalues are stable complex conjugates at 40 and
60 fps, for aft main gear locations. As with the previous sailplane
example,one realunstablerootemergeswhen themaingear location
is slightly ahead of the c.g.

Rollout Roots, Large Airplanes
with Noncastering Nose Wheels

Large airplanes, such as jet transports, require nose wheel power
steering. Their nose wheels are noncastering,7;8 except for ground
handling under tow. The noncastering tire stability derivative con-
tributions of Eqs. (6) apply to all wheels during landing rollout.

A simple result is obtained for the directional stability derivative
1Nv for the noncastering case where tire loads are distributed be-
tween nose and main gears inversely to their respective lever arms.
This condition, called “balanced wheel loads” in this paper, is of
course the situation when the airplane is at rest on the ground. The

Fig. 7 Effect of main gear location on lateral roots in rollout,
Schweitzer 1-34 at 40 fps.

Fig. 8 Effect of main gear location on lateral roots in rollout, Cessna 182 at 20, 40, and 60 fps. Roots within circle not shown.

following analysis supposes that the balanced wheel load distribu-
tion occurs during rollout as a result of the pilot’s use of longitudi-
nal control. With index K D 1 for the nose wheel and K D 2 for the
lumped main wheel reactions, the balanced wheel load condition is

ZLG.1/XN.1/ C ZLG.2/XN.2/ D 0 (10)

Using Eq. (10) in Eq. (6), assuming the same values of the di-
mensionless tire force parameter y® , and neglecting the small tire
alignment torque term n® , the tire contribution to static directional
stability 1Nv vanishes.

The tires still contribute to yaw damping through 1Nr , and the
overall small-perturbationmotion is stable, just as for the classical
tricycle gear with castering nose wheel. This is shown in Fig. 9,
which presents rollout roots for the Boeing 747-100 airplane, as a
functionof airspeed.Numerical values for the calculationsare given
in the last columnof Table 1, basedon Ref. 9, for themaximumgross
weight landing con� guration.The balanced wheel load distribution
of Eq. (10) applies.

For comparison,Boeing 747-100 rollout roots are also shown for
the loading shifted aft entirely to the main wheels. Aft wheel load-
ings would occur as a result of landing spoiler deployments or aft

Fig. 9 Effect of airspeed on lateral roots in rollout, Boeing 747-100.
Large real root for nose wheel unloaded case off scale negatively.
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controlcolumn positions.The large real root is increasednegatively
off scale in Fig. 9, while the small real root is only slightly changed.
The conclusion is that aft loadings are somewhat stabilizing in roll-
out for noncasteringnose gear con� gurations.

Locked Tail Wheels and Tail Skids
The previous results for noncasteringnose wheels with balanced

wheel loads apply as well to tail wheel airplanes with locked tail
wheels. That is, the tire contribution to static directional stability
is zero. Tail wheels must caster for maneuvering around airports at
taxi speeds of a few knots, but directional instability during landing
rollout and takeoff roll is avoided if the tail wheel can be locked
and is bearing weight at least in proportion to its moment arm to
the c.g. Because the tail wheel is not usually loaded at the higher
ground speeds, lockable tail wheels are not a complete solution to
the directional stability problem. From the stability standpoint, tail
skids are equivalent to locked tail wheels.

Transient Response Results, Sailplane
(Bicycle Gear) Case

Transient response calculations10 are made for the Schweitzer
1-34 sailplane for the actual main wheel location of 0.49 ft behind
the c.g., and assumed locations of 0.49, 1.00, and 1.50 ft ahead of
the c.g. The latter cases represent the class of sailplanes in which
ground handling stability is compromised to get rid of drag produc-
ing devices such as the 1-34’s forward skid. A small noncastering
tail wheel is located 16 ft behind the c.g., making the arrangementa
bicycle gear. However, these calculationsconsideronly main wheel
forces, applying to the portion of the landing rollout that is made at
near level attitudes, with nose or tail skids or wheels not hitting the
ground.

The simulationsstart justafter touchdown,at an airspeedof 70 fps,
or 41 kn. Aileron and elevator feedback loops are closed, repre-
senting a pilot’s assumed activities in holding the wings level and
keeping a reasonable pitch attitude. The runs are made with neutral
rudder angles, as a check on the eigenvalues previously found. A
10 fps side wind doublet at the start of the ground roll serves to
excite lateral motions.

Figure 10 shows the effects of main gear position on heading
angle. Rollout is stable for the two rearmost gear locations, but
progressivelydivergent with more forward gear locations, agreeing
with the linearized analysis. Additional runs, not shown, verify that
closing the rudder loop to the runway centerline, as would be done
by a pilot, prevents divergence for all gear locations, up to the point
of full rudder de� ection.

Bank into Swerve Strategy
As airspeedbleeds off during landing rollouts, sailplanesor other

airplanes with bicycle or tandem landing wheels cannot maintain
straight courses in the face of side winds. At some low airspeed,
the rudder goes to its stop, or saturates, in countering the yawing
moment caused by static directional stability Nv . A swerve starts
into the relative wind. This is true regardless of whether the main

Fig. 10 Effect of main gear location on directional stability of
Schweitzer 1-34 sailplane, rudder locked, roll and pitch atitudes con-
trolled to zero, lateral gust doublet from 1 to 5 s.

Fig. 11 Bank into swerve strategy; Schweitzer 1-34 with main gear
ahead of c.g. Left bank into left crosswind when rudder saturates to the
right and aircraft starts left swerve at 21 s.

wheel is ahead of or behind the c.g., although simulation shows an
earlier rudder control saturation in the former case.

With the common high-performancesailplane con� guration of a
main wheel ahead of the c.g., straight ground courses can be main-
tained after rudder control saturation by the counter-intuitivestrat-
egy of banking into the swerve direction, or into the relative wind.
This is illustrated in Fig. 11. When a 10-deg left bank into the left
swerve is started at 21 s, divergence is avoided.

The correctivemoment is the yawingmoment about themain gear
of the wing lift componentparallel to the ground.With aft main gear
locations, banking away from the swerve maintains straight ground
tracks in crosswinds. Allowable bank angle is limited by ground
clearance, and is as low as 7 deg for some sailplanes.

Conclusions
1) Lateral-directionalstabilityderivativecontributionsfor aircraft

tires can be developed for both castering and noncasteringwheels.
These derivatives can be added to conventional aircraft stability
derivatives to treat cases of aircraft in ground rolls.

2) Tire yawing moment and side force derivatives for caster-
ing wheels are negligible as compared with those for noncastering
wheels.

3) Tire yawing moment and side force control derivativescan be
derived for studies of stability augmentation systems implemented
by wheel steering rather than control surface de� ection.

4) For the linearized analysis, rollout directional stability and
control are the same for single tires as for multiple tires at the same
longitudinal (fuselage) station. Tire spanwise location is also not a
factor.

5)For both sailplane(bicycle) and lightplane(three-wheel) cases,
linearized analysis predicts directional divergence for main gears
slightly ahead of the c.g.

6) Within the limitations of the linearized analysis, the Boeing
747-100, typical of large airplanes with noncastering nose wheels,
is directionally stable over the landing rollout airspeed range, for
a range of relative loadings of main and nose gears. This class of
stability occurs also for tail wheel airplanes with locked tail wheels
that are carrying load.

7) Nonlinear transient response analysis con� rms linearized
eigenvalue analysis results on the effect of main gear location rela-
tive to the c.g., for the sailplane example of this paper.

8) For bicycle gears, or advanced sailplaneshaving forward main
gear locations, a bank into swerve strategy for avoiding running
off runways in side winds, after the rudder reaches its stops, is
validatedin simulation.The lateralcomponentof the tiltedlift vector
provides the necessaryyawing moment about the main gear contact
point.
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