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 ABSTRACT

During flight test of the AV8B.nose wheel steering system, gyroscopic
precession was inadvertently encountered. Following a touch and go landing
with a 180 degree turn to downwind, the spinning nose wheel caused the nose
" landing gear strut to precess away from a centered conditioned. The physical
properties of nose wheel's angular momentum coupled with the pilot’s technique
" can easily be seen to have caused the precession however, this phenomenon

had never been seen during the previous 13 years of the Harrier's existence. To .
quantify this behavior, a study of gyroscopic precession as it applies to aircraft
landing gear is presented. Understanding how the aircraft nose landing gear
system works in conjunction with the operational procedures employed is critical
“to understanding why this precession had .not previously been detected in other
aircraft either. Accordingly, a discussion is presented. Following that, a data
presentation section describes the test aircraft and limitations to data collection
. during the flight test events. A mathematical. model was also developed to show
how the flight test results conformed to gyroscopic theory.

Analysis of the test data and the mathematical model provided insight. .

' about gyroscopic precession in'the AV8B nose landing gear system. The data
indicated that gyroscopic precession of the nose strut was a function of several
variables. Contributing factors were.the nose wheel rotational velocity, the
aircraft roll rate, and the aircraft roll acceleration. The gyroscopic precession

“appeared to be mostly due to high rotational wheel speed velocity at the point of
aircraft maneuver however, it was discovered that there was a large dependency
on aircraft initial roll rate and roll acceleration. The data also revealed that

~although precession trends can be predicted, an absolute solution is quite

unpredictable. The single most important factor during this study of nose wheel ’
gyroscopic precession was pilot technique since this defined the aircraft roll rate,
roll acceleration, and nose wheel rotational velocity that generated the
precessional moment on the nose strut, "It is highly recommended that landing
gear design engineers find a method to inhibit nosé landing gear strut precession
thereby ensuring that pilots do not have to contend with this dangerous
phenomenon.



.PREFACE

This thesis is written to help the reader understand how the mechanics of
a gyroscope apply to the castering nose strut of an aircraft in flight. The nose
strut is typically mounted to the fuselage of an aircraft at or near the top of the
strut while the lower half of the strut is able to rotate about the strut’s longitudinal
axis. The ability of the nose strut to rotate is what allows the aircraft to be
controlled directionally during ground operations, but this freedom of movement
airborne can result in the spinning nose wheel influencing the strut’s angular
displacement through gyroscopic precession.

Section 1 is an introduction to the problem and provides background
information to understand how this phenomenon manifests itself. For a review of
solid mechanics and its application to rotating bodies, section 2 is presented.
Design and use of several different nose landing gear/steering systems are
discussed to aid in understanding why gyroscopic precession is not seen in all
aircraft (section 3), and the specific design of the AV8B Harrier nose landing gear
system is presented in section 4. Large differences in pilot technique were noted
during analysis of flight test data so these are presented along with the results of
the data reduction in sections 5 and 6. To quantify gyroscopic precession and
present a tool for analysis of it, the mathematical model of section 7 was
developed. This model is intended to give the design engineer an analytical

- method for use in predicting gyroscopic precession. Section 8 offers some nose

wheel! steering design recommendations to aid in understanding what type of
system will work best given the manner in which an aircraft will be used.

As a conclusion to this thesis, major contributors to gyroscopic precession
and recommended techniques to deal with this phenomenon are presented '

‘(sections 9 and 10). Finally, several data strip charts and spread sheets have .

been included for review in the appendices. The strip charts in Appendix A are

from the series of flight tests and are the basis for the data reduction contained in .

section 6. The spread sheet in Appendix B is the supporting data for section 7. -

Vi
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1 INTRODUCTION
Recent flight test results indicate a propensrty for the Harrier's castering

nose landing gear to torque away from a neutra| angle dunng pitching and rolllng
flight which follows touch and go Iandlngs Never before noticed in the AV8B and
fairly uncommon to the Iandlng gear desrgn world this-gyroscopic torquing
presents a unique desrgn requrrement that must be considered by the design
engrneer - |
“The concept of gyroscopic precession in aerodynamic vehlcles has beéen
" well established throughout this past century. In a vehicle that is free to move
throughout six degrees of freedom, any component undergoing a high rate of
rotation will exhibit the classic gyrodynamics,o'f a spinning body. 'fhe study of jet
engine and propeller gyrodynamrcs receives the most attention, but the body of
-the alrcraft ltseIf too has some gyroscoplc tendencres During departures from
controlled flight, the aircraft can couple its pitch, roll, and yaw rates and develop
into a steady state spin. This is due to the large moments of inertia of the aircraft -
and the fact that relatively high roll and yaw rates can be generated.
Of a lessor known degree is the gyroscopic tendency of the aircraft
wheels These ltems generally have small inertia assocrated with them in
. comparison to the entire aircraft or even a jet engine. During flight test of the
AV8B nose wheel steering system, gyro'scopic precession was inadvertently
encountered. The high rate of nose wheel rotation during high-speed _Iiftoffs in
“the Harrier can generate sufficient angular momentum that may result in the nose

wheel exhibiting classic gyroscopic effects.
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The properties of‘the:AV‘BB nose wheel, the nose Ianding gear strut
deslgn the steerlng system and the operational flying techniques used all
contributed to the acmdental discovery of gyroscopic precession. On atest
sortie, the aircraft Iifted off at approx1mately 160 knots ground speed The test
pilot turned the aircraft downwmd to set up for landing, using the caster mode of
the nose wheel steering system and found some very undesirable handling
characteristics at touchdown When the aircraft touched down the nose yawed
left and the right wing tip dropped as the aircraft responded to what appeared to
be an uncommanded nose wheel steering input. Crosswinds were non-existent
and the pilot touched the aircraft down on the runway centeriine with no crab
; angle. The ensuing few seconds on the runway were quite eventful as the test
pilot managed to add full power and regain directional control ot the aircraft while
flying it into the air. Not knowing the extent of his landing gear problem, the pilot
performed a vertical landing—an option only available to this type of.iet aircraft.
Post flight analysis of the landing gear system revealed no anomalies with the
castering nose wheel steering system and the test team began to review the
flight test data to discover the cause of the uncommanded input. |

itis easily recognized that the nose wheel acted as gyro mounted ina
strut free to rotate about the aircraft directional body axis. The flight test data
revealed that the nose strut precesSed out 18 degrees from neutr‘a.l during the
180 degree left turn to downwind after a high speed touch and go. This angle far
eﬁ(ceeds any stee.ring angle that would ever be used on the runway at high speed |
and was the obvious cause for the side force generation on the aircraft at .-
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touchdown Even though the wheeI castered and aligned with the runway within

Y% second of touchdown srgnlfrcant a|rcraft dynamlcs occurred in this very short
t|me The side force caused the nose'to yaw Ieft atb degrees per second, but
more dramatic was the r|ght wrng down roll rate that peaked at 22 degrees per
second. Th|s type of excursion is an obvious undesirable ground handling
characterlstrc that must be av0|ded in-all aircraft designs. |

To quantlfy titis gyroscopic precessron effect that had not been seen in the :
prevrous 13 years of the Harr|er S eX|stence some specific fhght profiles were
pIanned A matrlx of fhght test events that: wouId allow comparlson of slow to fast
liftoffs using dlffenng turn rates to downwrnd was developed and executed The -
sections that follow 1def|ne the mathematlcal theory that predicts such behavior,
the deslgn of nose wheel steerlngv systems, and piloting techniques whlch all
affect this.gyroscopic tendency. ,These things help to understand why gyroscopic
precession of nose landing gear struts is seldom seen‘i-n any light civil, military,
or commercial aircraft. Flight tesst results and supporting data are presented, a
mathematical analysis conducted, and the factors affecting nose strut precession
in flight are discussed. As a concIusion, :piloting techniqiue and design
recommendations are offered in an attempt to help minimize the dangers of this

phenomenon.

¢



2 GYROSCOPICTHEORY
2.1 BACKGROUND

To understarid the nteehenid'al"pteberties';ot a gyroscope, a brief review of
solid mechanics is eppreeriate. Neti\;t‘d'n’sﬁfirst law. states', “Every body persists
in its state of rest or of uniform motion in a straight line unless it is cempelled to
change' that state by forces'impressed en it.” Newton’s first law is referring to the
momentlemef an'object and the behavior of the gyroscope is an extension of this
law for a rotating’b'ody. A gyroecope trvill maintain ite rotational rate and
orientation unless acted updn by an external force. Onee an aircraft nose wheel
is rotating and the aircraft is airborne, there are only a few factors influencing the
- nose wheel’s behat/ior. It is acted upon by the frtction of the bearings, the axle
(which is mounted to the nose strut), gravity, and the free air stream. For the
purposes o.f this thesis, air stream and gravity effects will be neglected as they
are negllglble in companson with the- beanng friction and strut forces.

Bearing fnctlon serves to reduce the angular rate of the nose wheel and is
only present in one of the three coordinate d|rect|ons of the nose wheel. Beanng
friction effects are dlscussed and a mathematical model for this friction is
developed in section 6.2.3. It will be shown that the nose wheel general exhibits
an exponential decay of its rotational rate.

Aircraft roll rate, pitch rate and yaw rate are transferred to the wheel axle
by the nose strut and will change the nose wheel's angular rate in any or all three

axes. The nose strut will impart forces and moments to the nose wheel axle in

! Physics: David Halliday and Robert kesnik, John Wiley & Sons 1978
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five of the six degrees of motion and hence influence the path of the nose wheel.
The sixth degree of motion (torque about the strut longitudinal axis) can not be
‘transmltted to the nose wheel Hence, the rotating wheel functions as a

gyroscope and attempts to retain its initial orientation and plane of motion.

2.2 CONVENTIONS
Throughout this section, both vector and scalar equations will be used.

~ Bold font will be used for vector quantities and italics for scalar quantities. Al

. sign conventions will be in accordance with the “right hand rule” of mathematics.

- 2.3 MOMENTUM
Linear momentum is defined as the product of the body’s mass and

velocity. Consider a body composed of h mass elements m each with a discrete
velocity ‘vector‘v. The linear momentum of each particle is p = mv and the total
system llnear moment is P = va Figure 2-1 shows a partlcle with mass m,
-located at point A, and moving with an angular velocity ® about its instantaneous
‘axis of rotation OB. ‘The linear veIocny of the particle with respect to point O is

defined as v = ® x r and hence the linear momentum is mv=m®x r.




Figure 2-1; Particle Angular Velocity

The moment of momentum h of this mass about the point O is the product of the
orthogonal moment arm with respect to the axis of rotation (r sin ¢) and the linear
momentum mv (Equation 2.1). It is customary and less cumbersome to refer to

moment of momentum as angular momentum?.

Equation 2.1: Angular Momentum

h =rXmv =mrX(®xr)

The angular momentum of an entire body of n elements is expressed as

~ the sum of the individual elements and is given in Equation 2.2.

Equation 2.2: Total Body Angular Momentum
H= Zr Xmy = Zmrx((x)xr)

? The Gyroscope: James B. Scarborough, Interscience Publishers 1958
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Computation of the vector triple product reveals H = CEmrt)m— Tmr(r « o).
In general, r = xi +yj + zk and @= @i+ af + k. Substituting these vectors into
the triple product and solving for H in the three component directions gives the

scalar equations of.angular moment for the rotating.body (Equation 2.3).

Equation 2.3: Scalar Components of H

H,= w@m? y2+z2 ) — OZmxy — 0, Zmzx
Hy = a))-Em(x2+z2 ) — w,Zmyz — W Xmxy
H, = a)zEm(x2+y2 ) — O Zmzx — Enyz

The summations that appear in each of the scalar equations are readily identified

as the body’s moments and products of inertia with respect to the moving frame

of reference.

Equation 2.4: Moments of Inertia
I = Em(y2+z2)
Iy = Em(x2+z2 )

I, = Em(x2+y2)

Equation 2.5: Products of Inertia

Ly = Tmxy
Iy, = Zmyz
I, = Tmzx




Substitution of the moments and producfs‘o'f inertia into Equation 2.3'gives the
general solution in seeler form for a three dimensional rotating body (Equation
2.6).

Equation 2.6: General Scalar Angular Momentum Equations

) Hx = Ixxwx_ Ixya).\‘ - IZ,\'COZ
Hy = Ly = T2, = Ly s

H, = L,w, - I;(: — I,;0,

By setting the rotatlng axes in comcudence W|th the principle axes of the nose
wheel's geometncally symmetnc body, all dependency on the products of inertia
can be eIiminated3 and't'he total s':c'a‘l'ar 'ahgular' momentum equations simplify to

those of Equation 2.7.

Equation 2.7: Nose Wheel Scalar Angular Momentum Equations

' HA = 5y
Hy'= Lo,

N Of interest is how the change in angular moment of ;the rotating body
. produces tofquing moments. Thie torquing momerit shows up as nose strut
precession in the case of a rolling, pitching, and yawing aircraft. The first time
derivatvivev of the total angular momentum vector H is found to be equal to the

moment vector M by the differentiation shown in Equation 2.8.



Equation 2.8: Rate of Change of Angular Momentum*

dH  d e dv . dr
E_;;Z(rx;nv) ‘Z(FX’I"Z'*'ZX’"V)

where

mﬂ = 1;1a =F and EE><mv =0
dt dt

hence

%:Z(er):M

Equation 2.8 is the basis for the discussion of gyroscopic precession. One

can either study the rate of change of angular momentum given an applied

moment or the resultant moment given the applied rate of change of angular

momentum. The precessing nose strut example uses both these relationships.

Since the strut is confined to maintain position with respect to the aircraft body in

two of its three moment directions, aircraft angular rates affect the angular

momentum of the nose wheel. Because the strut can not resist a torque in its

third moment direction (the castering axis), the rate of change of angular

momentum for the nose wheel imparts a precessional torque that is seen as an

uncommanded nose wheel steering input.

? Gyrodynamics: Ronald N. Amnold and Leonard Maunder, Academic Press 1961
* The Gyroscope: James B. Scarborough, Interscience Publishers 1958
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To study the interaction of the nose wheel's angular momentum and the
strut’s precessi‘on with respect to the‘tmaneuvering aircraft, we must define some
coor-dinate systems. It isv desirable to compute angular momentum ina |
Newtohian based referenée frame (inertially fixed). For the purposes of this
thesis, the earth can be treated as a Newtonian referenp‘e frame since
insignificant changes in the earth’s rotation angle or aircraft position occur during -
" the 20-30 second time of aircraft maneuver. The air;:raft, ﬁose,strut, and nose
wheel éach have their own axes. The changes in angular momentum and torque
must be computed' taking the aircraft maneuver into account and referring to a
common axes system. This is accomplishéd using Euler‘angle projections

(section 2.4) and direction cosines (sepiion 2.5).

2.4 EULER'S ANGLES.

Becau‘se the aircraft, the precessing -nose strut, and the nose wheel all
have independeht frameé of reference, a common reference frame must be
established. The Newto'nian referéncevframe remains fixed throughout and
hence is the ideal base axes éystem’. A vecfor that is contained within the fixed
axes system can be referred to a fotating axes system by a series of angular

displacements that, if carried out, wbuld bring the original axes into coincidence

with the rotating axes. .




Consider the fixed axes system XYZ shown in Figure 2-2 that undergoes a
rotation vy, about its Z-axis within the XY plane to the new position x,y1z;. A
second rotation, 9, ‘ébout th‘ev y1aXlS brihgs the system to x,y,z>. A third and final
rotation, ¢, about the xz-axis bringé ;the ofigiﬁal a‘Xes to xyz, the location of the
rotating aircraft body éxes. Tﬁe alnglesi\y, 0, and‘q) are known as Euler's Angles®

and correspond to the aircraft yaw angle (heading), pitch angle, and roll angle

with respect to the earth (assumed to be a Newtonian axes syétem).

Za 2,

Figure 2-2: Axes Rotation

* Dynamics: Lawrence E. Goodman and William H. Warner, Wadsworth Publishing 1965
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The projections of the aircraft body axes onto the earth axes are found by
applying these rotations. Section 2.5 describes how these projections can be

computed by using direction cosines.

2.5 DIRECTION COSINES

A vector can be defined in the fixed reference frame XYZ and then
projected into the rotating axes system xyz (Figure 2-2) noting that the rotation
angles of section 2.4 are measured from the fixed axes to the rotating axes. In

doing so, a matrix of direction cosines is constructed (Equation 2.9).

Equation 2.9: Euler Angle Projections (Direction Cosines)

X (cosWWcosO) (sinW cos®) (—sin® X
y | =] (cos¥sin@sin®—sinWcos®) (sin¥sinO@sin®+cos¥cos®) (cosOsin®) | Y
z (cos?¥sin@cos® +sinWsin®) (sinWsin@cos®—cos¥sin®d) (cosOcosd) | Z

If the vector is represented in terms of the rotating axes system, it is found
that transposition of the direction cosine matrix will give the solution in terms of
the fixed reference frame. The Euler angles of Equation 2.10 are measured from

the fixed frame to the rotating frame as in Equation 2.9.
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' ,Eq>uation 2.10: Direction'Cosine Matrix for Rotating Reference Axes

X (cosWcos®) (cos‘l’sin@sincb—‘sin‘l’cos@1 (cos¥sin®cos® +sin¥sin®P)
=| (sin¥cosO): (sin‘I’sin@sinCI)+cos‘I’cosd>) (sin‘l’sin@coséb—cos‘{’sinGD) y
Z (—sin®) (cosOsin®) . (cos®cosd) |z

These direction cosines apply to the scalar components of any vector
when referenced from one axes system to another The importance of
malntalnlng proper srgns on the rotatlon angles is obvious. Direction cosines are
used to represent all angular motlons of the aircraft, nose strut, and nose wheel
: systenws in one common reference system. Si‘nce' it is desired to study the

magnitudeof the torquing moments,on the nose strut, these moments must be
' expressed in terms of the strut axes. In sectlon 7, the change in angular
"momenturh of the nose wheel is demonstrated by mathematical analysis. Before
this however, it is important to stu’dylsteering system designs, look at the various
piloting teonniques that contribute .to gyrosco.pic precession, and investigate

some empirical flight test data
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3 NOSE WHEEL STEERING SYSTEMS‘
3.1 GENERAL '

Several nose landing gear and steei'ing systems have been employed
since early this century. These systems are employed on aircraft that have

tricycle or bicycle-outrigger landing gear systems and they are discussed here to

explain why gyroscopic precession does not occur with all aircraft nose wheel

steering systems. Steering systemé play an important role in whether or not a

nose strut can precess.

3.2 CASTERING NOSE WHEELS
While not a nose wheel steering system, the castering nose wheel

deserves an explanatién of its function in steering an aircraft. The castering nose
wheel is free to caster—usually through a full 360 degrees. It is set on a nose
strut and usually has a small trail angle to facilitate stability as the aircraft moves
forward.

The castering nose wheel provides no means for steering inputs and
tracks along with neutral directional stability. It is usually employed with a set of
fixed main gear in a tricycle configuration—which provides directional stability.
The castering nose wheel’s function however, is noticed during landing. In nearly
evefy case, a landing occurs with some amount of aircraft longitudinal axis
misalignment with respect to the velocity vector at touchdown. In significant
crosswinds, a crab-angle approach can result in as much as 10-15 degrees of
heading misalignment. The castering nose wheel will align itself with the velocity

vector at touchdown while the main gear provide a stabilizing moment and tend
14




to align the fuselage with the velocity vector. Without a castering nose wheel, the
pilot would have to achieve zero crab angle prior to touchdown or accept a nose

gearskid condition.

3.3 FULL TIME STEERING

A full time steering system employs a mechanical or ellectrioal nose wheel
steering control meoltéoish and the associated linkages to command the .oose‘
strut angle as a function of the steering controller. The simplest systems, such
as employed on the Cessna 172, are tulltirﬁe linkageconnections th'at move the
nose strut in response to rudder inputs whenever the strut is not fully extendedL
More sophisticated systems incorporate fade-in logic that keeps the steering
system from engaging\during tlte high-speed landing touchdown phase. Inthe
case of the FA-18 Homet the alrcraft s mission computer limits the pilot’s inputs
to the nose wheel as the ground speed of the aircraft increases. At touchdown,
the system senses a weight-on-wheels transition and delays pilot lnputs, virtually
o beheving like a castering'nose wheel system. .As the aircraft slows and the
aerodynamic control power of the rudders reduces, thesystem increases the
~ nose wheel steering authonty until full steenng control is available.. This type of
' system provndes a seamless transmon from aerodynamlc directional control to

- nose wheel steermg dlrectlonal control and is an excellent nose wheel steenng

- design.




3.4 CASTER-SELECTABLE NOSE'WHEEL STEERING

When budget constraihts orxreduced system co’mplexity are requirements,
a deS|gner W|II usually opt for a caster-selectable nose wheel steering system.’
This system is used in a wide. range -of, alrcraft such as the A-4, the Learjet, and
the C-141. This steering system can be deS|gned without the need for aircratft
speed sensors or electronic fIy-by—wire control logic. A selectable nose wheel
steeriné system combines t_hie{simplicity of a castering nose wheel with the
a'dvantages‘ of a steering system. - Most often,>the nose wheel steering system

engages the nose stfut with a hydraulic or electric selector valve. The nose strut

is then positioned throughout its-range of motion (upwards of +/-75 degrees) by .

hydraulic or mechanidal means. The pilot engages or disengages the system

through cockpit switches and usually lands the aircraft with the nose wheel

~ steering disengaged. On landing rollout, as the rudder becomes ineffective, the

pilot selects steering mode and then limits the control inputs manually. This

requires changing the amount of rudder pedal deflectiqn at the moment of

steering engagement and can be a'signifigant challenge with a strong crosswind.
Since this type of steering éystem is used in the majority of aircraft, it must

be properly designed. A study of thié system in the AV8B Harrier will show that

even under normal pilot operations, some unpredictable results can occur. The .

design engineer must ensure that the potential for undesirable ground handling

characteristics is kept to a rinimum.
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3.5, NOSE STRUT DESIGNS

Nose strut desrgn plays a sugnlflcant role in gyroscoplc.precesswn Since
all nose wheels must be mounted to the nose strut fork, transfer of the
\ gyl’OSCOplC precessnon torque to the strut ln two of the three nose wheel body “
axes occurs. It has been previously stat,ed that this torquing moment is a
‘ functlon of the aircraft roll rate, pltch rate and yaw rate with respect to the nose
| , wheel s rotational frame of reference and the nose wheel rotational velocity at the

point of moment (roll, pitch, yaw) application.

" For-systems that employ a relatively straight nose strut with a nose wheel

mounted directly in line with the strut’s axis of rotation, a less significant
precession effect will be seen. Even though nose wheel rotational velocities are

comparable between the AV8B and the A-4 or T-38, these straight hose strut

designs tend to develop less gyrosoopic coupling at the nose strut when torquing

moments are applied. Figure 4-1in section 4.1 however, shows how the AV8B
nose wheel principle body.axes are located aft of the strut centerline axis. Strut
design requirements driven by the engine mount location in the Harrier predicate
a nose w‘heel located-0.9 feet aft of the strutaxls centerline. This design
increases the likelihood of g)lrosoopic precession since any strut angle other than
zero establishes a moment arm in the aircraft ovitch axis. Thls moment arm’s
Ienoth gives the absolute nose wheel velocity vector an increased rate over a
conventional strut that remains fixed under the fuselage and increases as-a
.pendulum effect while\the aifcraft maneuvers. The larger the nose strut steering

angle, the more significant this effect becomes. For aircraft designs with a nose
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wheel system mounted-in-liné with the strut centerline, deflection angles do not

result in off axis alignment and changes to the strut's moment arm do not occur.
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4 AV8B CASTERING NOSE WHEEL DESIGN
4.1 BICYCLE-OUTRIGGER LANDING GEAR DESIGN
Most conventional tactical aircraft have the engine(s) mounted in the nose

or tail section of the fuselage. In the case of heavy transport aircraft, the engines
are typically mounted in wing nacelles. In each of these designs, significant
structural members can be used to absorb the forces of landing and distribute
tﬁem throughout the fuselage. Addit¢ionally, cavities exist for retractable tricycle
gear. Since the Harrier airframe is built and balanéed around the power plant, a
conventional tricycle landing gear system was not used. Instead, a bicycle-
outrigger landing gear design with a single, small, stubby main mount was
designed and outrigger landing gear positioned at mid-spén for lateral stability.

Figure 4-1 shows the Harrier landing gear arrangement.

Figure 4-1: AV8B Landing Gear Arrlelngement6

¢ Photo courtesy of Naval Air Systems Command. Reprinted from Al-AV8BB-NFM-000 NATOPS Manual.
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4.2 STEERING REQUIREMENT

The AV8B aircraft was deslgned for V/STOL operations from prepared

sites, grass strips, forward bases, and shlpboard environments. To accompllsh

the close air support mission, the Harrier has to be taxied in close proximity to

fixed structures and other general aerodrome hazards that are not encountered

by alrcraft that operate exclusrvely from prepared alrflelds During operatlon

aboard an aircraft carrier, Ilttle more than 100 feet of shlp deck wrdth exists for -

turning the aircraft and taxiing fore or aft. Here, the p|Iot wrll taxi under aircraft

power and will steer the airoraft with the nose wheel steering system. -

At a forward base site constructed along side a strip ot asphaIt road, the

Harrier maneuvers in and out of hide positions using its 10 foot turn radius.

Ground support personnel construct expeditionary airfield ramps from aluminum

mattmg, but certalnly are incapable of constructing a robust airfield. Taxi around

this expeditionary airfield requires precise steering control. During takeoff or

landing from a two-lane road, the 17 foot landing gear span only leaves “

approximately 3-5 feet of clearance from the outrigger landing gear to the edge of ‘
the prepared surface. The Harner pilot is unable to accept any lineup deviations ‘
or excursions at touchdown—for the fragile outrigger struts can not withstand the

impact of ruts or holes often assocrated with roadway ditches. For roll-on,

landings the aircraft must touch down in the caster steering mode. Ina | |
_crosswind, the aircraft is flown in a crabbed approach condition. This is done so : v
the landing impact forces are distributed uniformly amongst the two outrigger_

landing gear and to limit lateral loads on the delicate struts. Any crab angle at
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"touch down-will result in rh:iéélignr'hent.“of‘the longitudinal axis of the aircraft and ‘

 the velocity veetor. Wher{'.the’.'r‘na-i'n?a'hd eutri‘gger wheels come in contact with
the groqed, their stebi_lizingeffe'et‘duickly aligns the fuselage with the aircraft
velocity vec;tor so the pilot ean mainteih a straight track down a narrow runway.
As the airplane slows below rudde‘r effectiveness speed (50-60 knots), the pilot
must engage the nose wheel steering buttoh, on the control stick grip and steer
the aircraft as it slows to taxi Speed. These operational handling techniques
drive the need for a nose wheel steerlng system that is well behaved at all
speeds. Slnce the Harrier uses a caster—selectable steering system its design

 is critical.

4.3 STEERING SYSTEM DESIGN

The aircraft nose strut (see Figure 4-2) _incorporates a hydro-electric nose
wheel steerin'g control valve solenoid. This solenoid disengages the steering
drh)e metor from the pivoting portion of the etrut when electrical power is
apprepriately applied. The lower half of the strut is free to rotate Ieft or right +/-

‘ 179 degrees. When the pilot engages the nose wheel steering system through
depression of the nose wheel steering eutton in the cockpit, the solenoid opens
the control valve and allows. 3000 PSI hydraulic fluid pressure to act on the
steering motor. A steering ratio changer sets the control to either low gain or
high gain dependent on pilot switch position. Ie low gain, full rudder deflection

results in a 14 degree steenng angle at the nose strut. When high gain is

selected the nose strut can achleve a4b degree angle, allowing the aircraft to
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Figure 4-2: AV8B Castering Nose Landing Gear Strut’

attain a minimum turn radius. During a typical takeoff or landing, nose strut angle
deflections do not exceed approximately 3-5 degrees and this is accomplished
with approximately % rudder pedal deflection. Since the operator generally does
" not need more than % rudder pedal defléction at high speed, low gain control is
satisfactory for runway operations. - During ground taxi, the pilot typically selects

" high gain steering for the required ground operations inherent with forward
based, iimited space operations.

1

4.4 NOSE WHEEL MASS CONTRIBUTION

An obvious contributing factor in the science of nose strut precession is
the mass moment of inertia of the nose wheel. The gyroscopic theory preéented

in section 2 highlighted the importance of this inertia. Since the Harrier is

7 Photo courtesy of Naval Air Systems Command. Reprinted from A1-AV8BB-130-300 Harrier Maintenance Manual
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‘ designed for all-terrain operations it .employs a low pressure; heavy nose tire. |
Tactical jet aircraft desngned for lmproved runway conditions only, use high
pressure rated tires that are |anated to roughly twice the pressure of the AV8B's.
'As a result, tire size and weight are slgnlflcantly smaller yet carry the same
alrcraft Ioad The F16C belng aImost |dent|cal in size, weight, and planform
design as the AVSB has a much Iower |nert|a nose wheel. Table 4-1 lists the

’# l'

nose wheel propertles for each alrcraft Notlce that the F16C nose wheel has an
inertia value that is 60% Iower than the Harrler s. ThlS is largely due to the
decreased mass of the high pressure. wheel/tire combination but a significant

factor as well is the decreased nose wheel radius.

Table 4-1: Aircraft Nose Wheel Properties

Aircraft | Avg. Mission ~ Nose Wheel Properties®
Type Gross Weight | mass m | diameter width pressure | moment Iyy
(Ibs) _(slug) (inches) (inches) (PS)) (slug- -in?)
AV8aB 25,000 1.49 26 8.75 150 95

F-16C 25,000 - 0.36 18 5.7 300 36

# Data courtesy of Boeing St. Louis, Lockheed Ft Worth, AVSB ISSA China Lake, and F-16 CTF Edwards AFB.
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5 PILOTING TECHNIQUES
5.1 GENERAL _ _
The single most impo‘rtant factor in the study of nose strut gyroscopic

precessmn is pilot techmque Pilot technique defines the angular rates that
appear in the equations of sectlon 2 The roll, pitch, and yaw rates as weII as
nose wheel rotational velocity and Whethef or-not the landing gear is extended .
during turning flight after Iiftbff all bpntribute to the phenomenon. The fdllowing
sectioné illustrat.e‘why- gyroscopic precession has most likely not been a large
factor l:n‘aircraft vdesign over the past century. Landing patterns and techniques
are generalized into three categories: t‘h“ose of private pilpts in light civil aircraft,
commercial and military transport, and military tactical jet aviation. Tactical jet
aircraft are fldwn. by the United States Air l;'qrce, Navy, and Marine Corps. The
differences in Air Force and Navy/Marine Corps are so significant that they have

each been given separate sections.

5.2 LIGI;lT CIviL LANDING PATTERNS

Nose wheel mass propeniés were disc;uésed in section 4.4 and since the
majbrity of light civil aircraft are in the 3000-8000 Ibs gross weight ran'gé‘, their
nose Wheels are significantly émaller. These wheels havé far less mass moment
of inertia than a Harrier's nose wheel. More importantly hbwéver, is aircraft
aerodynémic design which is thejnumber one contributing factor to stall speed—
and Hénce takeoff speed (classically 1.2 times 'aircraft stall spéed). Since the
aircraft are light and wing loading is low, takeoff speeds are ;typically in the range

of 60-100 KIAS. This results in a significantly lower nose wheel rotational
24




velocity é’t liftoff. Climb perfo’rmancle is usually no greater than a couple
thousand feet per miﬁute whfch implies that the pilot must climb af least 30-60
seconds on a straight flight p;ath‘ prior to turning the aircraft downwind, and roll
performaﬁce is such that aircraft body axes rates are never substantial. These
factors combine very importantly in the equations of section 2 and it can be seen
that virtually no gyroscopic moments are generated by these aircraft nose

: wheels.‘ As a final note, several of these type aircraft ehwploy a full-time steering

system in which nose strut precession can not occur.

5.3 COMMERCIAL AND MILITARY TRANSPORT

Commercial aircraft spend a-very limited amount of time in touch and go
landing patterns bécause their existence réquires sound business judgement. To
expend millions of gallons of jet fuel as 777 pilots practice landings is nbt
- practical. The air carriers of the world have developed excellent flight simulators
that allow their pilots to stay profiéient in the takeoff and landing phases of flight.
_"Not always though does a pilot undergo total simulator training, especially during
maintenance check flights or new aircraft deliveries. In theée cases, an airliner
may actually enter a touch and go landing pattern and spend several hours
conducting touch and goes. In addition to this, all military trahsport operational
squadrons will likely have Itheir pilots conduct touch and go landings on a routine
" basis. Since these afrcraft are much larger than a tactical jet (with corresponding
larger nose wheel moments of inertia) and takeoff with nose wheel rotational‘
velocities as uhigH‘lor 'hi‘éh,ér t:ha'r; the H‘érrier can experiencve, why do they not
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experlence nose strut precession’7 That answer can again be found after.
inspection of the transport p|Iot s technique e i
Transport prlots raise the Ianding gear between takeoff and landing as a

matter of routine course. This is to save fueI as well as to develop the strong
hablt pattern of properly lowering the landing gear and completing the landing
checklist before each landing. The process of retracting the nose landing gear,
includes a method of nose strut centering and usually, disconnection from the |
controlier. This is required so that the nose strut is not activated while inside the
wheel well. Because of this, the nose wheel spins down and maintains a
centered po’sition. On future extension, the nose strut is centered. As with light
civil aircraft, if the‘piiot of a transport aircraft was-to leave the gear down, he
could not reasonabi)r generate high.enough roll, pitch, and yaw rates and would
- have to climb straight ahead to ensure wing tip clearance before turning

downwind. These two practises also 'serve to reduce any gyroscopic tendencies

and the transport pilot will rarely if ever find the nose strut precessing due to

gyroscopic behavior.

5.4 USAF ToucH AND GO PATTERNS :
.The Air Force teaches the|r tact|cai jet aircrew to raise and Iower the

landing gear during the process of each touch and go landing. Since the Air
Force flles jets in this manner, no amount of roll, pitch, or yaw rate WI|| cause the
nose strut to precess. Even the classic Air Force pitch up to downwind,; where

the piiot executes a full power cIimb and roll using as high as 15 degrees per
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second pitch rate a,nd,:180 degrees per second roll rate; can cause an up and

[+]
locked nose strut to precess.

5.5 USN/USMC TOUCH AND GO PATTERNS

The United States Navy and Marine Corps must operate from aircraft
* carriers and amphibious landing ShIpS The carrier environment is very
unforgiving and preC|SIon landings are an absolute requxrement to get aboard.
Since the majorlty of USN/USMC jet aircraft Iand using a tail hook and hook skips
" or misses are common place accepted wisdom within the community is to teach |
its jet aviators to complete the Ianding checklist and leave the gear extended
once the Ianding pattern is entered. This drives a touch and go pattern at the
field where the Ianding gear are Iett extended for each pass. Since Harrier pilots
are tralned through the Naval Alr Trainlng Command, this technique is used and
. the Harrier is flown w1th its Iand|ng gear extended while in the touch and go
pattern. |
o During a touch and go, the pilot adds full power and begins a climb.
Accepted piocedures are to climb straight ahead to approximately 300 feet |
~above ground lei/ei-and then execute a turn to downwind. However, the rate of
climb and-roll’ rate used are not specified. Since time to roll, pitch; and yaw
application predicates the nose wheel’s rotatio‘nai velocity at the point of torque'
application and the actual bodi/ rates applied define the 'to.rque moment,

drastically different résults can and will be realized.
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6 DATA PRESENTATION
6.1 METHOD OF TEST

6.1.1 Instrumentation

Prior to flight test, an AV8B Radar variant aircraft was fully instrumented
so that dedicated state parameters éould be recorded for post flight analysis of
the nose wheel steering control system in support of a flying qualities evaluation.
Of particular concern for this test was the relationship of nose strut angle to
rudder position with steering control engaged and the behavior of the nose strut
during castering operation. The emphasis of flight test was to determine if
adequate open and closed-loop control existed with the Harrier nose wheel
steering system. The aircraft’s MIL-STD 1553 Mulitplex Data (MUX) Bus
contained significant data parameters in addition to the enhanced Digital Data
Acquisition System ('DDAS) instrumentation package that was installed
specifically for flight test. These parameters were used in the post flight analysis

of the data. A list of aircraft parameters is contained in Table 6-1.

6.1.2 Data Collection

Data was collected and analyzed for 9 test sorties. Sorties 1-4 were
ground handling and characteristic gathering events that were completed prior to
the first flight. Sorties 5-9 were actual airbome sorties with data being collected.
Three individual test pilots were used during the tests. The first test pilot flew

sorties 5 and 6, the second flew 7 and 8, and the third flew sortie 9.
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Table 6-1: Flight Test Aircraft Parameters

Parameter Name Description
(Units)
NZ Body Axis Normal Acceleration (g)
NY Body Axis Lateral Acceleration (g) -
NX . Body Axis Longitudinal Acceleration ()
{-RUDDERPO Rudder Pedal Position (inches)
NWANGLE Nose Strut Angle (deg)
AIRSPEED Indicated Airspeed (KCAS)
PRESSALT Pressure Altitude (feet MSL)
RADALT RADAR Altimeter (feet AGL)
LATACCEL Body Axis Lateral Acceleration (feet/sec”)
LONACCEL Body Axis Long Acceleration (feet/sec®)
NRMACCEL Body Axis Normal Acceleration (feet/sec )
ROLLANGL Aircraft Roll Angle (deg)
INSHDG INS Platform Heading (deg, sets alignment axis) |
PTCHRATE Aircraft Pitch Rate (deg/sec)
PTCHANGL Aircraft Pitch Angle (deg)
ROLLRATE Aircraft Roll Rate (deg/sec)
TRUEHDG INS True Heading (deg) :
VERTACEL Earth Axis — Vertical Acceleration (feet/sec®)
INSXVEL INS X Velocity (ft/sec, along alignment axis)
YAWRATE Aircraft Yaw Rate (deg/sec)
I INSYVEL INS'Y Velocity (ft/sec)
VERTVEL INS Z Velocity (ft/sec)
WOw Weight on Wheels (binary, alrborne O)
GRNDSPD Ground Speed (KGS)
FLTTIME Time since lift off (secs)
OMEGA Nose Wheel Rotational Velocity (rad/sec)
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For'eaCHl'ééﬁié, &a;ta' w';a":s‘.:hc.oilécted usmga pulse code modulated
telemetry stream & 300 daiézédiﬁfs per second that was transmitted to a
telemetry room where the strefam was ca‘ptured on an analog magnetic tape.

' From there, the analog tape was read into' a computer where the parameters

were scaled in the format of Table 6-1 and saved as binary files.

6.2 . DATA REDUCTION
6.2.1 Sign Convention |

Throughout this section, sign convention will be in accordance with Figure
6-1. Using the right hand rgle; this resuklt’s in positi\}e values for aircraft pitch
nose up; aircraft roll right wing down, and aircraft yaw nose right. The gircraﬁ
nose wheel was assumed to Have ifs own axes and was‘initially aligned with.the
aircraft's éxes an liftoff. The parameter OMEGA represents the nose wheel ‘
rptétional velocity and is a ppsitive véer on the st_rip charts of Appendix A.
Because it is desirable to maintain consiétency with the aircraft body rates for
B computation in the equations of seéti‘on'2,v' forward motion produces negative spin

direction.. When body rates and wheel rates are combined in section 7, a

negative v'alue for OMEGA is used.




x

W

\\\\\ (Longitudinal
Axis)

(Directional Axis)

(Lateral Axis)

Figure 6-1: Aircraft Body Axes®

6.2.2 Data Accuracy

4

To make the data more manageable during post flight reduction, the
stream was reduced to 20 samples per second. Angular measurements taken
from the 1553 MUX bus are considered to be very accurate and within 0.1
degree. For the DDAS nose strut angle parameter (NWANGLE), the
potentiometer installed on the ’steering rod proved to be accurate to within
approximately 1 degree. Ground speed measurement was also obtained from

the MUX bus and was accurate to within 1 knot.

¥ Reprinted with permission of AIAA from “Introduction to Aeronautics: A Design Perspective.”
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6.2.3 Nose Wheel Rotational Velocity Computation

Prior to flight test, it was nqt anticipated that nose wheel rotational velocity
would be a required parameter. The purpose of flight test was intended to qualify
and quantify the behavior of the nése’ wheel steering system during takeoff,
landing, and ground handli‘ng’. | The diécovery of gyroscopic precession
highlighted the need for the nose ;/vhee[ rotational velocity parameter, but it could
not be collected or recorded once actual flight test had commenced. In order to '
analyze gyroscopic precession, an artificial parameter for nose wheel velocity
had to be generated. Given the aircraft ground speed v and nose wheel radius r,

the rotational velocity w can be computed as shown in Equation 6.1.

Equation 6.1: Nose Wheel Velocity on Deck

o=v/r

This equation is only va‘lid for the nose wheel when in contact with the
ground. Once the aircraft becomes airborne, the nose wheel rotational speed
decays to zero. To create a time history trace that represents the nose wheel’s '
characteristics, a mathematical model had to be produced“’. Newton’s second

law for rotational motion (Equation 6.2) states:

Equatioh 6.2: Newton’s Second Law

Z T= I."."a

1% System Dynamics: Katsuhiko Ogata, Prentice-Hall 1978

33






Upon inspection, it can be seen that Equation 6.4 is a first order linear differential

equation. By setting A =-b/I,,, Equation 6.4 can be rewritten and solved as a

time history. Equation 6.5 shows a solution for this first order system where axt) .

is the time dependent variable and ay is the value at time zero. The

characteristic root of this first order equation is A.

Equation 6.5: Linear Differential Equation for Rotational Motion

w(r) = wee”

To verify the validity of fhis mathemétical model, several test runs were
accomplished using different size and mass bicycle wheels. A video camera
capable of recording 30 frames per second was mounted in a position that
allowed video taping the wheel’s rotational rate. The wheel was given an initial
velocity and allowed to slow down naturally without being influenced by other
than the wheel bearings. As the wheel’s speed decreased, samples of the
angular velocity were recorded.

Inspection of the sample data revealed very well behaved first order linear
differehtial equations for each of the wheels tested. Regression was performed
on the data and the characteristic roots for each of the first order systems were
" found. Since Equation 6.5 is of linear differential form, the initial velocity was of
no interest. More‘ impoﬁantly, by knowing the characteristic root, the differential

equation can be written in the general form.
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Due to the excellent results obtained with this test method, it was proven

to be a suitable alternative for obtaining a plot of the aircraft nose wheel velocity
during the rotational decay phase. An aircraft was placed on jack stands and thé
nose wheel was given an initial angular rate so that the decaying motion could be
recorded. Unfortunately, high values of b/, for the aircraft wheel, coupled with
the inability to spin the wheel up past approximately 28 rad/sec, did not permit
collection of data beyond 3-1/2 seconds. Theory predicts however, that any time
slice of data will conform to the exponentially decreasing function. The data was
gathered 30 times per second and srﬁoothed by averaging the rotational velocity
over each 0.1 second period. Two separate data runs were recorded and are
shown in Figure 6-3. Both runs conformed to the first order linear differential
equation theory with each data having no more than 3% error from the regressed
equation. The average characteristic root for the two separate data runs is
approximately A = -0.18. The nose wheel differential equation is shown in

Equation 6.6.

Equation 6.6: AV8B Nose Wheel Differential Equation of Rotational Motion

(D(l‘) = a)oe—o.lBI

This method yielded usable results in a cost effective approach and
verified the behavior of the nose wheel as a first order system. Additionally, the

author's operational experience while flying next to another Harrier and observing
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Figure 6-3. AV8B Nose Wheel Rate of Decay

the wheel speed decay indicates that the analytically derived rate is

approximately the same as that seen in flight.

6.2.4 Computer Analysis

Post flight data reductio‘n was completed using the United States Navy
Test Pilot School Post Flight Data Reduction program version 1.0. Aircraft data ,
was formatted in a time history chart to investigate the takeoff portion of selected
flight test events. The data stream was modified during post'flight analysis to
include the nose wheel rotational velocity parameter (OMEGA) that was created

as described in section 6.2.3. Appendix A contains the time history plots for all

flight test events investigated.
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Low speed, medium speed, and high speed rolling takeoffs were

analyzed. Within the five flights, data was selected to investigate particular

takeoff evolutions. Table 6-2 is a summary of flight test number and events used

during analysis.

The post flight data reduction program allowed several parameters to be

displayed on each page of strip charts. Two pages per flight event were used so

Table 6-2: Flight Test Events Investigated

Flight Events Event
Number Analyzed Numbers
5 1 5.1
6 1 6.1
7 1-3 71-7.3
8 1-2 8.1-8.2
9 1-6 9.1-9.6

that the necessary parameters could be viewed with respect to a single time

reference. Table 6-3 lists the page number, parameter, and charted color.

Table 6-3: Strip Chart Parameters

Page Parameter Abbreviation Color
Nose Wheel Angle NWANGLE Red
Nose Wheel Rotational Velocity OMEGA Blue

1 Weight On Wheels WOW Green
Aircraft Roll Angle ROLLANGL Red

Aircraft Roll Rate ROLLRATE Blue

RADAR Altimeter RADALT Green
Nose Wheel Angle NWANGLE Red

Rudder Pedal Position RUDDERPO Blue

2 INS True Heading TRUEHDG Green
Aircraft Pitch Angle PTCHANGL Red

Ajrcraft Pitch Rate PTCHRATE Blue

Aircraft Yaw Rate YAWRATE Green
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Detailed analyéis of the flight test data indicated that the gyroscopic
preceésion of the nose strut IS a function of several variables. Contributing

factors are nose wheel rotational velocity, aircraft body rates, aircraft roll-

t

' . acceleration, and total platform heading change (coupled pitch and yaw rate). A |

summary that compares the influencing parameters to the maximum precession

-angles follows,

6.3 * DATA SUMMARY

The flight test data confaine_d in Appendix A.indicates that the nose wheel
and strut do notAgenerate motion due to aircraft maneuvering caused by inertial
effects when the rotational rate of the nose wheel has significantly decayed. Nor

do air stream effects cause the nose strut to weathercock or fair into the relative

'wind. Once the nose strut attains its maximum precession angle, it maintains

that bosifion regardless of airéraft maneuvér (for a continuous direction of turn).
Thepry suggests that the nosé strut should continue to precess at a constant rate
(see sectioﬁ 2.1) but thé existence of air flow as well as minor changes in aircraft
body rates apparently cause the strﬁt to stop precessing.

The phendmenon of précessioﬁ was primarily due to high rotational wheel
speed vélocity coupled with hiQh aircraft roll rates ahd it was discovered that
pitch rate and’yaw rate had a much smaller influence. Because large variations ﬂ
in roll acceleraﬁon were noted, during post flight analysis, this variable was also
analyzed. Table 6-4 summari;es the nose wheel velocity,' body rates, roll

acceleration, and total precession angle for each event. The data suggests that



for every turn to down wind, magnitudes of pitch rate and yaw rate are nearly
equal. Roll rate and roll acceleration are highly dependent on pilot technique.
Roll acceleration appears to be the major contributor to precession when nose
wheel rotational rates are below approximately 100 radians pér second. With
rotational rates below approximately 30 radians per second, little to no
gyroscopic precession occurs. Events 7.1 and 7.3 represent identical nose

" wheel energy states. In event 7.1, it is clear that the absence of high roll

acceleration and high roll rate allows the nose strut to remain centered. Event

7.3 represents a roll rate that is three times larger and roll acceleration that is six

times larger than event 7.1. The result is a precession angle of 10 degrees.

Table 6-4: Aircraft Data Summary

Aircraft Parameters
Event | OMEGA ROLL - PITCH YAW ROLL A NW
(rad/sec) RATE RATE - RATE- ACCEL ANGLE
(deg/sec) {deg/sec) (deg/sec) | (deg/s/s) (deg)
5.1 25 -10 4 -4 -3 -1
6.1 15 -30 3 -4 -28 -2
7.1 50 -5 5 -5 -1 0
7.2 100 -15 5 -5 -10 -16
7.3 50 -15 5 -4 -6 -10
8.1 125 -12 4 -4 -5 -3
8.2 160 -18 5 -4 -5 -15
9.1 113 -48 3 -4 -31 -7
9.2 65 -50 3 -3 -45 -8
9.3 75 -48 3 -3 -37 -7
9.4 75 -35 3 -4 -35 -6
9.5 32 . -5 3 -4 -5 0
9.6 68 -23 3 -4 -22 ’ -3
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6.4 -CONCLUSION |

i

. Since the Harrier is a \(}STQL aircraft, liftoff speed is highly technique
dependent. Slow Iiftof_f or long extensions upwind before turning result in
reduced angular velocity for thle nose wheel at the point of torque application. If
tum's"aré commenced with high nose wheel energy states, lower roll
accelerations will result in smalvler precession angles. This in part, is due to the
fact that the nose wheel veloci’ty is rapidly decaying, and any delay in attéining a
maximum aircraft angular rateﬁof change will resultlin a smaller overall torquing
moment. Events 7.2 and 8.1 substantiate that total precession'is not just a
combined function of aircraﬁ roll rafe and nose wheel rotational velocity but that
roll accelerétion is also a significani factor. The aircraft body rates and nose
wheel velocities for these two }events‘ are nearly equal, but by doublihg the roll
acceleration on eveﬁt 7.2,a resultiﬁg precession angle five times as large was

attained. This large increase in precession shows that roll acceleration effects

- are extremely non-linear.. This amplifies the uncertainty that exists in trying to

predict the outcome of nose strut precession in castering systei'ns and highlights

the requirement for a better solution.
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7 MATHEMATICAL MODEL:ANALYSIS
7.1 GENERAL :

To assess the 'potenti'al‘ f;or gyroscépic precession in aircraft nose wheel'
st'eering systems, a mathematic:;al model was used. Since the nose wheel’s
angular momentum is the combination of the nose wheel angular vélocity and the
avi'r'c;raft vangular velocity, compu;tation of total nose wheel angular mome‘ntum
must first-be accomplished.'»Fo‘llowing that, thé nose whéel angularl velocity
vector (in the nose wheel reflerén'ce frame) is usgd to find the angular momentum
vector (in the earth based referencé frahe). The momentum vector will be
differentiated to find the mom‘eﬁt vector, and then thé morﬁent vector will be |
expressed in terms of the no’sezs'trut coordinaie system. Refereﬁcé tothe
direqfiqn cosine matrices (Equalfion 2.9 and Equation 2.10) is made through out

these coordinate transformations.

7.2 COORDINATE TRANSFORMATION

To complete all Qo'ord‘inate transformations from the nose wheel frame _of ,
reference, the stjr'ut frame of reférenée, the aircraft body frame of reference, and
the earth frame of reference, th‘e angles of "ro'tation listed in Table 7-1 wére used.

‘Note fhat the nose strut is'mouhted to the aircraft and free to rofate about its z- |
axis only. As a result, the strut:is only free to rotéte in the xy;t, plane, which is
coincident with the aircraft xy,. plane. Since ';he aircraft nose wheel axle is
mounfed‘td the strut and coinciaenf with the strl.;t’s y-axis, it is convenient to take

the axle as the nose wheel's y-axis. Because the nose wheel is mass balanced

and geometrically symmetrical about its axle, this also places the nose wheel's y-
42

|



axis in coincidence with one of the nose wheel's principle axes. Selecting the
nose wheel's x and z axes anywhere on the orthogonal plane that bisects the
wheel, keeps the remaining two nose wheel body axes in coincidence with the

other principle axes (éée section '2.‘3).

Table 7-1: Coordinate Transformation Angles

Axes System Rotation Axes Rotation Angle
(positive angle) Notation First Second Third
earth to aircraft body XYZ t0 XacYacZac ] 0 )
aircraft body to strut XacYacZac 10 XsuYsuZstr E none none
strut to nose wheel XsurYsuZsi 10 XnwYnwZnw none Q none

The nose wheel rotational velocity vector is the combination of the nose
wheel's spin rate, the aircraft body rates, and the strut precessional rate. For
solution of this total vector in the nose wheel reference frame, tWo direction
cosine matrices are applied. Initially, the aircraft body rates (p, g, and r) are

operated on by Equation 7.1.

Equation 7.1: Body Axes to Strut Axes Conversion

i (cosE) (sinE) (0) i
j| =|(-sinE) (cosE) (0)J
(0) 0 @k

str ac
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The. body rates referenced to the strut axes system are then operated on

|

by Equation 7.2.

Equation 7.2: Strut Axes to Nose Wheel Axes Conversion

T [(cosQ) (0) (sin T
O 0 © |
(~sinQ) (0) (cosQ) |k

nw str

The solution for the two coordinate transformations can be directly
- computed by substituting Equation 7.1 into Equation 7.2. If the unit vectors are
replace with the scalar values for the aircraft body rates and the matrix algebra

* carried, Equation 7.3 is obtained.

Equation 7.3: Nose Wheel Referenced Body Rates

D (cosQcosE) (cosQsinE) (sinQ) | p
lg] =| (-sinE) (cosE) ©) |l q
(~-sinQcosE) (—sinQsinE) (cosQ) || »

ac

The nose wheel angulaf velocity vector measured with respect to the nose

wheel reference fr'ame.is only free to rotate about the nose wheel y-axis. This

|

L

~ rotational rate can be represented by the variable wy.. The variable . is the
time dependent value from Equation 6.6 and is the major contributor to the
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1

angular momentum of the nose wheel. The absolute nose wheel rotational
i

velocity vector can then be defined as ® = Powinw + (Gawt Onw)inw + (Fawt E, K -

and represents thé rotational rate of the nosé wheel’s trihedral reference frame in
relation to the earth fixed-axes system.. Noting that w is of the form ® = axinw +
vw,,jnw + w,kqw and recalling Equétion 2.7, the total anéular mdmentum vector H,
which is referer;ced to the ear‘tﬁ fixed é*es system, is defined. Differentiation of
H, noting that the unit vectors in the nose wheel frame are not constant with

respect to the earth fixed frame, produces Equation 7.4.

_ Equation 7.4: Nose Wheel Angular Velocity Rate of Change
(dH,
fﬂ": dHX y Uz z nw+ __)—+Hx0)z—Hz(Dx .nw+ de Xy yUX nw
e\ der 7 IO de dt -

Recalling Equation 2.8, the scalar values of the moment produced through the

i

change in angular momentum of the nose wheel can be written (Equation 7.5).

Equation 7. 5: Nose Wheel Torquing Moments
dH dco

M =——-—Hco +Ha) =1, I. -1 Yo,w
> dt dr (” )0y,
A/;"dH a)y+.(1 1.)0.0
y \dt XX zz x"7z
L dH da) . .
M. = “—Iyy)a)xcoy

'-Z:'dt-.‘ 3 dr.




The remaining step required to express the moment vector in terms of the strut
axes system is trivial and can be achieved by one more direction cosine matrix

operation. Equation 7.6 defines the strut referenced torque produced by the

nose wheel.

Equation 7.6: Nose Wheel Axes to Strut Axes Moment Conversion

M, cosQ2 0 —sinQ|M
M| = 0 1 0 M,

M i sinQ 0 cosQ | M

z ; Z Jnw

X

The only torquing moment of interest in the strut axes reference system is
M,. M, has previously been identified as the torque of the nose wheel bearings
and M, is opposed by the nose wheel axle to struf mount. Equation 7.7
describes the moment produced on the strut by the nose wheel. It is a complex

time dependent non-linear differential equation whose solution is not trivial.

Equation 7.7: Strut Precessional Torquing Moment

M, =M, sinQ+M, cosQ

z
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7.3 PRECESSIONAL TORQUE. COMPUTATION

Appendix B contains an Excel generated spread sheet for tabular
investigation of the prevrous mathematics discussion. Solution of the time
dependent gyroscopic torquingiequation requires an iterative process that is
beyond the scope of this thesis{ dde to the requirement for simuitaneous iteration
on four variables To compute the nose wheel rotational velocity vector requires
knowledge of the steering angle ( ) but knowledge of the steering angle s time
dependent non-linear behavior requires solution of the moment equation To
aIlow anaIyS|s some parameters from flight event 9 2 were used. The initial
a|rcraft maneuver at the point of gyroscoplc torquing was analyzed over a 20
| ‘second time period to observe the build up of torquing moment in relationship to
the aircraft maneuver and strut:prece'ssion. Included in Appendix B is the first
11.5 seconds of this time history. Only the first 11.5 seconds are included since
no moment or precession dynamios occurred beyond that time.

| Since the iterative process oould not be used, a stepped algorithrn was
developed. Initially, the moment (Mzsyy) was computed ' given an initial strut
A‘posrtion (Eo) and the aircraft roll rate (pac) pitch rate (qac) and yaw rate (rac) from
flight test data. This was accomplish'ed by transforming the flight test aircraft
body rates (Body Axes Referenced p, ,q,) into the nose wheel frame of reference

(Nose Wheel Axes Referenced p q,r) by appllcation of Equation 7.3. The body

rates were then added to the nose wheel rate (wn) and strut rate (E,, ) to define

~ the absolute nose wheel rotational velocity vector (w). This vector was tabulated

in'scalar form, creating the variables ay, @y, and @,. These scalar variables were
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then differentiated and entered into Equation 7.5 which allowed computation of

Mzt directly from Equation 7.6'and Equation 7.7. Knowledge of the moment

vector then prodﬁced a predicted precession rate (F). This precession rate was
integrated and a new value er the computed nose strut angle (F) obtained.
Figure 7-1 depicts the flight test strut precession angle (E) over the 20 second
time period as well as the computéd angle (F) derived by the stepped algorithm.
The sharp edges of the computed angle plot in Figure 7-1 were generated
by the inclusion of strut breakout moments which were evident from the flight test
data. The plot of actual strut precession shows smoothed corners and this is

most likely due to the inertia of the strut and nose wheel system which tends not

2 4 6 8 10 12 14 16 18 20
time ~ sec

Strut Angle ~ deg

—-Flight Test Angle
—&i—Computed Angle

Figure 7-1: Nose Strut Precession Angle
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to comply with such simplificatidns. Results using this m,ethod were highly
dependent on analysis of the flight tesf data. The actual precession rates for
several data runs were found to correlate directly with the computed moments.
In several cases, the strut precession rate and moment exhibited parabolic
shaped curvés. These curves represented the initial acceleration of the strut to
its maximum precession rate followed by deceleration to zero precession rate.
Figure 7-2 and Figure 7-3 indicate the relationship between precession torque

and precession rate for event 9.2.

time ~ sec

0
2‘} 4 6 8 10 12 14 16 18 20

4

4

L 4

L

p
{
—4@— Computed Moment

Strut Torquing Moment
&
-:.——*—— ¢ ¢

-10

e

Figure 7-2: Precession Torque
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! time ~ sec

4 |

-2. —— Co_"mputed Precession Rate

Precession Rate ~ deg/sec

Figure 7-3: Nose Strut Precession Rate

1

Although the event analyzed here shows a precessioh angle that only
bdilds to épprokimately'? degre:es and 6iher'events were much more dramatic
(outto 18 degrees), this flight tést event prbyided the smoothest aircraft
manrevq'ver_’fpr\ an‘alysisr .“S‘evc.-':‘r‘la*l events hgdydata drop outs that occurred within
the region Qf daté‘desired»forAanaIysis., ’T.his is evident in the plots of Appendix A
By several flat line segments in‘the data. Even though this data was filtered to

smooth the drop outs, they could not be completely removed.
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7.4 COMPARISON TO FLIGHT TEST RESULTS
The mathematical solu_tién of the torquing moment and the resultant

prediction of the nose strut predeésion angle produced results that are consistent
withlthé. behaviqr identified in fligﬁt test. Unfortunately, no two flight events are
the same which makes it difficult to separate the contributors of gyrosbopic
precession for independent study. Adding to the uncertainty within this analysis
is the fact that the nose wheel rotational velocity was approximated and not
actua‘lly measured in flight test.. Additiénaliy, the mathematical model developed
‘does not account for thé nose Whéél being mounted approximately 0.9 feet aft of
the strut centerline and slightly displaced from the aircraft center of rotation. |
EQen though these simplifying assumptions were made, this study has identified
a few key points. The most obvious point to be taken from this thesis is that the
fastér the nose whee! rotationavl velocity at the point of aircratft roll, coupled with
large mégnithdes of initial roll responée, the larger the resultant strut precession
angle will be. This is readily prédicted byv Equation 7.5.

‘Roll rate and roll accele;ation prqvide t_he first change in angular
momentum for the nosé wheel, and there is a high dependency on pilot
technique wi.t‘h this parameter. -The piteh rate and yaw rate parameters are smaIII.
and nearly equal for each furn to doanind regardless of nése wheel velocity or
roll rate since the aircratft is flown in a common configuration at. neér equal
airspeeds for each landing pattern evolution. Hence, pitch rate and yaw rate
tend to have a smaller influenc‘e in relation to the others. Of significant note is

that wheel rotational velocities that occur with takeoff speeds less than

i
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approximately 100 knots ge_nérjate less than 1-2 degrees of nose strut precession

regardless of aifcraft maneuver pefforfned._

‘ Becéuse the aircfaﬂ Qpérates iﬁn‘shi‘s dynamic environment_, nose wheel
steefing designs mus,t‘}ap‘;prqpriivaﬂtely a‘c;bSunt for gyroscopic behavior. Pilot
procedures can be implerhented to reduce this effect and it is highly
recommended that 18(C-J degre‘e'tu'rris to downwind be performéd with a mihim_um
’amount of energy ‘present in‘ the- nose wheel. Since the objective of good éystem
design is to alleviate pilot comp:ensa'tionl, several design ideas foliow. They a’ré
ihtended to help the Iahding ge!arr.des-;ivgr‘i éngine'er understand what systems
provide a pilot the capability to 'avo"i<‘j precession or deal with it when it occurs.

Ultimately, the nose wheel must be céntered prior to touchdown and the pildt :

must be assured that this conditiqn ekists.
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8 NOSE WHEEL STEERING DESIGN CONSIDERATIONS

8.1 STEERING SYSTEMS THAT COMPENSATE FOR CRAB ANGLES AT TOUCHDOWN -
In section 3.3, full time steerrng systems were discussed. With this type of

system, the nose strut is continuously controlled and not free to-precess. This
solves the gyroscopic torquing{prob‘lern,z but current full time steering systems
can be improved. With the use o,fgthe onboard computers and inertial navigation -~

systems that exist in all butthet smallest of general aviation aircraft a design

I
14

engrneer can create a system that is mtellrgent enough to compensate for crab
angIe at touchdown. By calculatmg the aircraft side shp, the desngner can predrct
the nose wheel angle requrred Ito create no side force on Iandlng As the aircraft
fusellage is aligned yvrth the ground track, the nose strut can be commanded to
center. VUItimatel_y, the pilot will slow the aircraft, and to maintain directional
control, both nose whee! stee‘ring. andaerodynamic controls should be used. A -
sophisticateo fade in logic that limits :nIOSe wheel lsteering gain as a function of

- ground speed can provide the smooth transition a pilot' desires. Obviously, this
type'of-system is very expensive to design ano'implement; A comparison.of i
cost, complexity, ano reliability'must I:;e done to ensure the airframe is. worthyl of
such a design». If not, a simpler approach is required. |

!

8 2 CASTERING SYSTEMS WITH SELF CENTERING MECHANISMS
B Most every retractable Iandrng gear system has a center|ng mechanism

that prevents retractlon of a nose strut when it is out of alignment. This is a
necessrty since Irttle fuselage area exrsts for storage A mechanlsm such as thrs

couId be desrgned so that when the a|rcraft is not in contact W|th the ground the
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nose strut is commanded to center‘ Unfortunately-, this type of system has a very
undesirable fallure mode. lndlcatlon of an airborne state usually comes from a |
| welght-on-wheels contact swntch If this switch falls on the deck the nose strut
will be commanded to center, and the’ plIot W|Il not have dlrectlonal control of the
alrcraft System safety could be greatly enhanced with some control logic that
Iooks for Welght on-wheels trans|t|on and nose wheel rotational velocny Also,

" the pllot could be given a control in the cockpit that allows h|m to command the
'strut to center.. In the case of a caster-selectable nose wheel steering system,
this can '_be accomplished with a short engagement of the nose wheel steering

button*while airborne. That however, requires the pilot to be able to assess the

center_ing of the directional controller (rudder pedals or wheel). Such a system is .

- a design of its own.

. 8.3 'CASTER-SELECTABLE NWS SySTEMs WITH CENTERING INDICATORS .

A~centering'mechanism fcan be simple or complex, but in either case it will
| give the pilot knowledge of his steering angle The most basic centering indicator
will likely be an lndlcator Ilght or digltal readout that is energized when the nose
strut is W|th|n some acceptable range of center. For alrcraft landing with a
_castering nose landing gear, that number tends to'be around +/- 2 degrees of
center‘ Beyond that, the pilot vyill definitely notice a side force at touchdown and
the Iarger the centenng error the Iarger the undeswed side force.

An |nd|cator that shows the entire range of motion of the nose gear

provides the pilot with far more; information. In the case of the current AV8B
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'Inose‘ whvee'l steeriné system, a :cér’\fer,ed rudder pedal condition does not

- neciéséarily me'an. a centered ﬁé)sé Iandihg gear strut—even with nose wheel
-steering eﬁri‘gaged. An ex;:ellénit solution to ihis problem is‘a small linear scale
located near the bottom of the Heads Up Displéy. It could show ‘actual strut
position in relation to the bentéf indicator. This would allow fthe pilot to engage
nose wheel steerir_lg and drive the strut to center without régard for pedal
position. Once the strut has been centered, the nose wheel steering bﬁtton can .
then bé released and the.n.Jdde;'r pedalé returned to a center position.

Regardless of the method used, the centering indicator must be good enough to -

provide a centered indication with minimum hysterisis.
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9 CONCLUSIONS i
9.1 GENERAL S riEmpma
Ground handhng of alroraft contlnues to-be a orltloal requrrement as
congestron and space at tactloal ground facilities is I|mrted For the majority of
flying mach|nes deslgned»today, a nose wheel steer|ng system is employed
anng with some version of a statically and dynamically stable landing gear

design. To create systems that do not prowde stab|I|ty requires pilot

compensation, and pilot compensatlon lmplles a poor design. With the

'-‘requirement for easy ground handling comes the requirement to design out all

potential systems failures that may be‘caused by physical world properties or’

potential human error.
The potential for an uncbmmanded nose wheel steering input on
touchdown has been proven to exrst Gyroscoplc precessron is not a'well-known

problem within the Harrrer communlty but certainly.is a srgnlflcant problem that

_ must be addressed. Since most alrcraft that pllots operate are beyond the -

‘ deS|gn phase,. the p|Iot must Iearn how to minimize the chances of somethmg

such as an uncommanded steerrng input occurring. The subject of this thesis |
has been to ldentlfy the theory and explaln the mechanics of gyroscoplc ‘

precessnon in an alrcraft nose strut Specmc conclusmns that support the

pheriomenon of nose strut precesslon follow,

9.2 SPECIFIC | ? .
a) The theory presented in sections 2.3 and.7.3 predlct that nose strut

precesslon will occur. The magnltude of the precession angle can be estimated
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with some degtee of accuracy gjiyejn an ai#rcr‘aft maneeyer» and nose wheel
energy state S p

b) P|Iot technlq‘ue playe a 3|gn|f|cant role in the phenomenon of
gyroscohlc precessnon. The Iandlng pattern techniques used by transport pilots,
"~ light civil pilots, and U.S. Air Force taetical jet pilots lend themselves to inhibiting
_ nose etrut preceesion since the:landing' geer are raised and then lowered in
between each Iandiné. For U.S. NaW trained tactical jet piIots, this is not so.
Operational requirements dictate that touch end go landings be performed with
the landing gear extended at all times. Differences are noticed in the application
. of aircraft roll rates and accelerations which greatly influence the nose strut
| precessnon rate and the restJltant precessmn angle

.c) V/STOL aircraft operatlons ‘allow the pllot to takeoff with nose wheel
velocities ranging from very low to very high. This directly aftects the total energy
. on the nose wheel when the aircraft is maneuvered and subsequently can inhibit
precession frem occurring or cause 'lerlge precession angiles with the eame
~aircraft maneuver. ' |

d) The largest contributers to- the ehehomenon ef gyroscopic precession
are the nese wheel rotational veloeity, aircraft roll rate, and roll acceleration.
Pitch rate and yaw rate tend tohav’e‘ya lessor influence and for this test were

similar on each flight event since the turn to downwind was conducted at roughly *

the same speed and configuration.
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e) Roll acceleration effects are extremely non-linear. On two nearly
identical fIigHt test events (7.2 and 8.1), the roll acceleration was doubled but the
nose strut precession angle increased by a factor of five.

f) The simplifying assumpﬁdr{s’used within this thesis most likely created
small errors in the computation ‘of the torquing moment, but the trends remained
the same across tﬁe spéctrum of flight tesf events analyzed. Therefore, the

simplifying assumpuons are considered to be valid for this analysis.
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1
- 10 RECOMMENDATIONS |
. 10.1 GENERAL ' L
The specific recommendations that follow are designed to help the

- operator compensate for nose strut gyroscopic precession experienced in the
AVEB and asslst the engineer wh|le he |mproves the design. Knowledge of how .

the pllot will use a system can be the difference between developing a useful

: safe system and one that'is prone to create m|shaps In light of this, the designer -

4

«‘should consider all the recommended procedures outllned first and determine
ways to aIIeVIate the pilot of these tasks. Regardless of the system deS|gn the
p||ot must be aware of the capabllltles of the craft, understand the cause and

effect of gyroscoplc preces3|on and operate w1th|n the design envelope of the
aircraft. |

|
i

10.2 SPECIFIC |
a) The most obvious recommendation is to deIay any aircraft

maneuverlng until the nose wheel s rotat|onaI rate has sufficiently decayed. This

may not be practlcal though if |and|ng patterns are to be kept small. If turnlng is.

1

required WIth nose wheel energy present the. pilot should use slow rolls. This will

)

allow the nose wheel more tlme to reduce ltS rotatronal rate prlor to excessive
gyroscopic torquing occurrlng and reduce the effect of gyroscop|c precessmn

b) Andther solution is to raise the Iandlng gear between successive touch
and go landings—if the aircraft is so equipped. This action will cause the nose

1

strut to center and it will maint'a:in that position while the rotational velocity
decays. '
- 59
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c) The Harrier pilot can use the following rule of thumb to predict when ‘

| .lnose wheel rotatlonal velomty has suffl0|ently decayed (less than approxrmately
~ 25rad/sec) so that gyroscoplc precessron will not occur: Maintain wings level
upwind prior to turning for'alenigthof tirne lin seconds) 'eqUal to 16% of the
'takeoff ground speed (in knots)l. For example, takeoff at 150 KGS, delay for15
seconds takeoff at 50 KGS, delay for 5 seconds.

d) The designer should' provrde the pilot with an mdlcatlng system that
_accurately reports the,nose‘strut steerlng angle. This wrll allow the p|Iot to
*ensure the nose wheel is centered prlor to touchdown '

. e) A well desrgned self- centerlng mechanlsm will achleve the same effect
as raising the landing gear between Iandmgs It will force the nose strut to center~
while the nose wheel velocity decays Care must be taken to ensure Iandlng
‘N :dynamlcs do not force the nose strut to remain centered during landing rollout.

f)y Atull tlme steermg deS|gn will inhibit any gyroscopic precessmn

potential. This system will not jonly aIlevrate potential for nose strut mis-
) allgnment durmg landing, but wrll also make the pllot s task of tracklng centerllne

' ‘durlng crosswind landings much easier since a transrtlon from aerodynamlc

controls to ground steering controls will not be requrred,
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Appendix B



VITA

Major Werth is a 1996 diétinguished_graduate of the'United States Naval

~ Test Pilot School and is currently employed as an AV8B test pilot for the United
States Marine Corps. With an dccumulated 1700+ flight hours in over twenty
- different fixed wing and rotary vﬁng aircraft, his test experience includes both

aircraft and-weapons system developmental test. In his current role, he is the

lead military officer for the Tri-N;ational (US, ltaly, Spain) AV8B Test Team. Major

Werth’s technical background with a Bachelor of Aerospace Engineering and
Mechanics (BAEM) degree'frorh the Uni\}érsity of Minhesota and his test pilot

“experience give him the requisite knowledge to discuss the design and use of

nose wheel steering systems.

, .In 1997, Major Wénh pla;nned, te_sted, and repoﬁed ona néw system
designed to réplace the existiné AV8I§ nos:e wheel steering system. Several
" deficiencies had been noted on the bld system which led to the design of the
ngrier’s new nose wheel steering system. 'T.he propensity for gyroscopic

" precession of the AV8B’s castering nose strut was inadvertently discovered by
4 N : , .

Major Werth and his test team :during this test flight program.
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