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BACKGROUND AND PURPOSE

This manual is primarily a guide for pilots and evegrs attending the U.S. Naval
Test Pilot School. However, it may be used asidegim any fixed wing flying qualities
investigation. The text presents basic fixed wataility and control theory, qualitative
and quantitative test and evaluation techniqued,dmta presentation methods. In most
sections, more than one technique is described for each test. Generally, the best technique
for a particular investigation will depend on theose of the investigation, the amount of
instrumentation available, and the personal prefsgef the individual test pilot. The
approach of the qualitative stability and contesdting presented herein is an attempt to
associate all flying qualities tests with particular pilot tasks required in the performance of
the total mission of the airplane. The pilot'sropn of a particular flying quality will
consequently depend primarily on the pilot worklegdlle performing the desired task.
Quantitative evaluation techniques presented maysbkd to substantiate pilot opinion or
gather data for documentation of airplane characteristics. The perfoemain both
gualitative testing and quantitative evaluation is considered essential for any successful
flying qualities investigation.
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CHAPTER ONE

INTRODUCTION

1.1 PHILOSOPHY OF FLYING QUALITIES TESTING

The flying qualities of a particular airplane cahbe discussed unless the total
mission of the airplane and the multitude of individtesks associated with that total
mission are defined. The definition of flying giies leaves no other choice: “Flying
gualities are defined as those stability and céwotraracteristics which influence the ease of
safely flying an airplane during steady and maneuvering flight in the execution of the total
mission.” The “total mission” will be initially dermined when the need for a new airplane
is realized. However, the mission may be diminisheagnified, or completely changed
during the service life of the airplane. Therefanehe formulation of a test and evaluation
program for any airplane, the total mission mustiéfned and clearly understood by all
test pilots and engineers involved in the program.

The individual tasks associated with the accomptisht of a total mission must
also be determined before the test and evaluatmyram can be formulated. Although the
individual tasks may be further subdivided, a raiyt mission will normally require the
pilot to perform the following tasks:

Preflight ground or deck operations.
Take-off and climb.

Navigation to a predetermined point.
Strategic or tactical maneuvering.
Navigation to a landing point.
Approach and landing.

Postflight ground or deck operation.

No o~ wDdPE

Because this manual is strictly concerned witmfiygualities, many ground, deck,
or in-flight tasks necessary for mission accompfieht will not be discussed. These tasks
include attachment of payloads, maintenance, servicing, engine start and operation of
navigation and weapon systems. Under severe emargenditions, the pilot tasks may
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involve engine airstart, fire extinguishment, @bt of equipment, or simply abandoning
the airplane without serious injury. These areastrbe investigated on every military
airplane and their importance cannot be overempédsi

The tasks for which the most favorable flying qualities are required are the
“essential” or “critical” tasks required by the abimission. For an aircraft which must
perform air-to-air, air-to-ground, and/or reconsaisce functions (and training for those
functions), the greatest emphasis must be placeteflying qualities exhibited while
performing the maneuvers required to accomplish these critical tasks. These tasks will, of
course, vary greatly with the total mission of #iglane. In any case, adequate flying
qualities must be provided so that take-off, apphoavave-off, and landing maneuvers
can be consistently accomplished safely and pigcise

The prime reason for conducting flying qualities investigations, then, is to
determine if the pilot-airplane combination canebafand precisely perform the various
tasks of the total mission of the airplane. Thatedmination can generally be made by the
pure qualitative approach to stability and control testing. However, this is only part of the
complete test program. Quantitative testing misst lae performed in order to:

1. Substantiate, if possible, the pilot's qualitatypénion.

2. Document those characteristics of the airplanehvparticularly enhance or
derogate some flying quality.

3. Provide data for comparing airplane charactesisticd for formulating future
design changes.

4. Provide base data for determination of future egjoa of flight and CG
envelope or future expansion of total mission.

5. Determine conformance or nonconformance with gpjate test specifications.

A balance between qualitative and quantitative testing must be achieved in any
stability and control test and evaluation program.
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1.2 RESPONSIBILITIES OF TEST PILOT AND ENGINEER

Almost every flight test and evaluation team wél dbomposed of one or
more test pilots and one or more project engineers. The team concept provides the
necessary balance between qualitative testing (the pilot's opinion) and quantitative
evaluation (the engineer's knowledge of theorytrimsentation, and specifications). The
team concept does not imply, however, that thegiést should be only a “driver”. To
perform the necessary tests and evaluations, the test pilot must also have at least
conversational knowledge of theory, instrumentataond specifications. Furthermore, the
engineer must possess a thorough knowledge ofilibtetgisks required in performing a
total mission in order to participate fully in formulation and conduct of the test and
evaluation program.

1.2.1 The Test Pilot

The competent, productive test pilot must be highyficient with the stick and
throttle if he is to obtain accurate data. He must be trained and heNeleveloped
observation and perception powers if he is to recognize problems and adverse
characteristics. He must have a keen ability tdgzsionally analyze test results if he is to
understand and explain the significance of hisifigd. To fulfill these expectations, he
must possess a superior knowledge of:

1. The airplane undergoing evaluation and airplamggneral.
The total mission of the airplane and the indigiglot tasksrequired to
accomplish the mission.

3. Test techniques and associated theory requiregLifditative testing and
guantitative evaluation.

4. Specifications relevant to the evaluation program.

5. Technical report writing.

The test pilot's knowledge of the airplane must exceed the knowledge

required just to “mechanically” operate the enganérame combination. The test pilot
must also consider the effects of internal andreateconfiguration on flying qualities.

1.3
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In particular, a thorough knowledge of the fliglointrol system is essential if the
test pilot is to do a creditable job of stabilitydacontrol testing. Many of the characteristics
which shape the pilot's opinion of the airplan@@nforming a particular task are the direct
result of the flight control system.

The successful test pilot must possess more than a superior knowledge of the
particular test vehicle. He also needs flight eigeee in many different types of aircraft.
Only by seeing “in person” the widely varying chasistics exhibited by different design
and mission concepts can he prepare himself for accurate and precise assessments of
particular design and mission concepts. Further, by flying many different types, he
develops the quality ofidaptability- he can easily and quickly adapt himself to the
characteristics of a new airplane. When flight tiése is severely limited by monetary and
time considerations, this quality or trait is invaible.

Thetotal missionof the airplane must be perfectly clear in the test pilot's mind. To
obtain this clear concept of the total missid¢ime test pilot must review and study the

specific operational requirements on which theglesias based, the detail specification
under which the design was developed, and othenplg documents. Knowledge of the
individual pilot tasksrequired for total mission accomplishment is dedivnost easily from

recentoperationalexperience (Recent operational experience in missions sintd the

design mission of the airplane under evaluatigraidicularly advantageous.) If the test
pilot does not have the advantage of the recent operational experience, he can gain
knowledge of the individual pilot tasks from talgiwith other pilots, studying operational

and tactical manuals, and/or visiting replaceméat fraining squadrons.

The test pilot's knowledge of theory, test techegjuelevant specifications, and
technical report writing may be gained through fat@ducation or practical experience.
The most beneficial, rewarding, and easiest roddhtavliedge in these areas is through
formal study with practicable application at areb#ished test pilot school. This education
allows the pilot to converse with the engineerdahinical terms which are necessary to
describe flying qualities phenomena.
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1.2.2 The Project Engineer

The successful project engineer must have at ¢gasdral knowledge of the same
items for which the test pilot is mainly responsibAdditionally, he must possess superior
knowledge of:

Instrumentation requirements.

Formulation and coordination aspects of the testevaluation program.
Data acquisition, reduction, and presentation.

Technical report writing.

P wn e

The project engineer will normally be responsible for the determination of
instruments required to carry out the investigati®his also involves determination of the
ranges and sensitivities required and formulatiobanoinstrumentation “specification” or
planning document. His responsibilities also include witnessing or conducting weight and
balance tests, engine calibrations, and fuel quyasytstem calibrations.

Because the engineer does not normally fly in &s¢ airplane, and therefore is
usually available in the project office, he is in the best position to coordinate all aspects of
the program. This involves aiding in preparatiowl af necessary, revision of the “test
plan” and coordinating the order in which flightdiviee conducted. Additionally, the
project engineer will normally prepare all tesgfit cards and be present to assist in all
flight briefings and debriefings.

A great deal of the engineer's time will be spanworking with flight and ground
test data. He must review preliminary data fromtigctor wind tunnel studies and flights.
From this data, critical areas may be determined py actual military flight tests. During
the actual flight tests, the engineer may monitat aid in the acquisition of data through
telemetry facilities and radio, or by flying in thest airplane. Following completion of
flight tests, the engineer coordinates data redngctiata analysis, and data presentation.

The engineer's knowledge of technical report wgimiows him to participate fully
in the preparation of the report. He will write mygoarts of the report which do not require
pilot opinion information. The engineer usuallygisen the arduous tasks of proofreading
the entire manuscript and approving (for distribajithe first printed copy of the technical
report.
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1.3 CONCEPTS OF STABILITY AND CONTROLLABILITY

In order to exhibit satisfactory flying qualitigbe airplane must possess a certain
measure of both stability and controllability. Toytimum “blend” depends on the total
mission of the airplane. A certain degree of stighis necessary if the airplane is to be
easily controlled by a human pilot. However, too much stability can severely derogate the
pilot's ability to perform maneuvering tasks. Theiatteent of an optimum blend of
stability and controllability should be the goaltbé airplane designer. When the optimum
blend is attained, flying qualities greatly enhatioe ability of the pilot to perform the
intended mission.

1.3.1 Stability

The airplane is dynamicsystemi.e., it is a body in motion under the influerafe
forces and momenggoducingor changinghat motion. In order to investigate the motion
of the airplane, it is necessary to establish that it can be brought into a condition of
equilibrium, i.e., a condition of balance between opposing forces and moments (not
necessarily a “force time” condition from the pilot's standpoint). Then the stability
characteristics of the equilibrium condition candetermined. The airplane statically
stableif restoring forces and moments are created wtdold to restore it to equilibrium
when disturbed from equilibrium. Thus, static #tgbcharacteristics must be investigated
from equilibrium flight conditions, in which all foes and moments are in balance. The
direct in-flight measurement of certain static gtgbparameters is not feasible in many
instances. Therefore, the flight test team mustdgent with measuring parameters which
only give indications of static stability. Howeyéhnese indications are usually adequate to
establish conclusively the mission effectivenesthefairplane and are more meaningful to
the pilot than the numerical value of the stabtigyivities.

The pilot makes changes from one equilibrium fligbhdition to another through
one or more of the airplanetsodesof motion These changes are initiated by excitation of
the modes by the pilot and terminated by suppressiothe modes by the pilot. These
modes of motion may also be excited by external perturbations. The study of the
characteristics of these modes of motion is the studydwifamic stability. Dynamic
stability may be classically defined as the abihityhe airplane to eventually regain original
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flight conditions after being disturbed. Dynamtiatslity characteristics are measured from
nonequilibrium flight conditions during which the forces and moments acting on the
airplane are not in balance.

Static and dynamic stability determine the pilottslitg to control the airplane.
While static instability about any axis is generally undesirable, if not completely
unacceptable, excessively strong static stabiiyuaany axis may derogate controllability
to an unacceptable degree. For some pilot tagkgral static stability may actually be
desirable because of the increased controllalilitich results. Obviously, the optimum
level of static stability depends on the missiothef airplane.

Here the characteristics of thmodesof motion of the airplane determine its
dynamic stability characteristics. The most impottcharacteristics are tfrequencyand
dampingof the motion. Thdrequencyof the motion is defined as the “number of cycles
per unit time” and is a measure of the “quicknesfsthe motion. The ternundamped
naturalfrequencyis often used in describing airplane motion.slthe frequency of the
motion if the motion exhibited zero damping.

Damping of the motion is defined as a progressiw@rdshing of its amplitudes
and is a measure of the subsidence of the mofibie.termdampingratiois often used in
describing airplane motion. It is the ratio of thempingwhich existsto critical damping
The damping ratio of the airplane modes of motion has a profound affect on flying
gualities. If it is toolow, the airplane motion i$00 easily exciedby inadvertent pilot
control inputs or by atmospheric turbulence. i§itoohigh, the airplane motion following
a control input is slow to develop and the pilotyndascribe the airplane as “sluggish.” The
mission of the airplaneagain determines the optimum dynamic stability charastiesi
However, the pilot always desires®melevel of positivedampingof all the airplane's
modes of motion.

Static and dynamic stability prevent unintentiomedursions into dangerous ranges
(with regard to airplane strength) of dynamic pressure, normal acceleration, and sideforce.
The stable airplane is resistant to deviationsnigle of attack, sideslip, and bank angle
without action by the pilot. These characteristics not only improve flight safety, but allow
the pilot to perform maneuvering tasks with smoe#is) precision, and a minimum of
effort.
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1.3.2 Controllability

Controllability may be defined as the capabilitytioé airplane to perform, at the
pilot's wish, any maneuvering required in total mission accomplishment. The
characteristics of the airplane should be such that these maneuvers can be performed
precisely and simply with a minimum of pilot effort

The pilot's opinion of controllability is shaped by several factors. The most
apparent of these factors are thiial responsef the airplane to a control input and the
total attitudechangewhich results. In addition, the cockpit controtdes and deflections
required to accomplish necessary pilot tasks aremely important. These factors depend
on the static and dynamic stability of the airpland the characteristics of the flight control
system. The complexity or degree of difficulty which the pilot encounters during
maneuvering tasks is directly dependent on the stability charstateriof the airplane
(Figure 1.1).

The reversed-transitional control movements shaw(d) are never required when
the airplane possesses adequate stability; thexetoe nature of the control movements
required while maneuvering the stable airplanegegatly simplified. (Although Figure 1.1
uses thdongitudinalor lateralcockpitcontroller as an example, the same analysis would,
of course, apply to the directional cockpit conjrolThe simplicity of control movements
required in maneuvering the stable airplane sigaiftly reduces the pilot expenditure of
effort devoted to directlflying the airplane Thus, he can devote more of his attention to
mission tasks which may involve placing weapons precisely on a target, or merely
navigating from point to point in space (Figure)1.2

1.8
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(B) (©) (D)

O Initial Position
- - --|nitial Movement

g Final Position

Figure 1.1
Control Movement Required in Changing from One Stedy
State Flight Condition to Another

(A)  Stable Airplane

(B) Weakly Stable Airplane
(C)  Neutrally Stable Airplane
(D)  Unstable Aircraft
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(A) Optimized Stability and Control Characteristics

(B) Poor Stability and Control Characteristics
(May Be Caused by Lack of Stabilty, Too Much
Stability, or Poor Control System Characteristics).

(C) Unstable Airplane

Pilot Attention Devoted to Maintaining a Required Flight
Condition (i.e. Just "Flying the Airplane")

Pilot Attention which can be Devoted to Other Duties
Required in Mission Fulfillment

Figure 1.2
Typical Patterns of Pilot Attention and Expenditure
of Energy Required as Functions of Airplane
Stability and Control Characteristics

1.4 MECHANICS OF DYNAMICS

This section is designed to introduce the langudi@ad provide some background
for the dynamic stability discussions presenteerlat

1.4.1 The Spring-Mass-Damper System

An airplane in flight displays motion similar toetimotion of a spring-mass-damper
system (Figure 1.3). The static stability of tiplane is analogous to the spring; airflow
interaction with the airplane components providasping and the moment of inertia of the
airplane is analogous to the mass of the springstdasper system.

1.10



INTRODUCTION

I

Spring K Sprin Static Dampe Airflow

pring Stability P H Interaction
Moment

of

N Mass 5 Inertia

) J
. Static Airflow
D C S - Dampe
amper PrNG = stapility %Interaction

Figure 1.3
An Airplane in Flight is Similar
to a Spring-Mass-Damper System

Of course, the motions of the airplane are muchensomplicated than the motion of the
simple spring-mass-damper system. However, thdisalof the equation of motion for

the spring-mass-damper system provides a usefldgnto the solution of the equations
of motion of the airplane.

The homogeneous form of the second order lindtardntial equation of motion
of the spring-mass-damper system may be written:

My + Cp+ Kgp =0 eql.1

Where:

M = mass of the body

C = damping constant, a measure of the strengtieofiscous damper

K = spring constant, a measure of the stiffnesh@kpring

)] = displacement of the mass from an equilibriumitjmrs

1] = velocity of the mass.

1] = acceleration of the mass.
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The characteristics equation is of the followingnfio(a trivial solution has been
neglected):

)\2+£)\+E=O eql.2
M M

This characteristic equation yields two roots whtdy be written as follows:

C + |[0C DZ K
Mor»=—— _\lF—Qr - — 1.3
12 = "5 \/Dmle M *

It is interesting to study the characteristicshede roots as the value of the spring
constant, K, is increased from zero. The movenoémlese roots may be graphically
shown on theeomplexplane The significance of the positions of the ro@shown in
Figure 1.4.

Imaginary
AXis
X
Stable Unstable
Motion X Motion

X Real Axis

Real Roots Indicate "
Non-Oscillatary Motion

X-<—__ Imaginary Roots
Indicate Oscillatory ——| %
Motion

Figure 1.4
The Complex Plane
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As the spring constant is increased from zeroribeement of the roots is shown
in Figure 1.5. As long as the damping of the system is predominant, i.e.,

(C/2M)? > K IM , the roots will lie along the real axis and thetimo of the system is
described asaperiodic or deadbeatsubsidence (the system is overdamped). When

KIM = (C/2M)2, the roots meet at point A on the real axis. éee of the damping
of the system at this point is called critical damgp Cog -

CCRlT = 2MJK/'M eqld
Imaginary
Axis
X
A

X— > «—« X Real Axis
c/

<

Figure 1.5
Effect of Increasing Spring Constant

When the roots are positioned at point A, the motbthe system is still described as

aperiodicor deadbeasubsidence. However,, it is on the verge of bangnoscillatory,
i.e, it iscritically damped

If the spring constant is increased further such that K/:M(C/ZM)Z, the
solutions to the equation of motion are composectalf and imaginary parts. The roots
split at point A; the real part remains constant and as K increases, thaeanyagart

1.13



FIXED WING STABILITY AND CONTROL
Theory and Flight Test Techniques

becomes larger. The motion of the system is nawlasry and the frequency increases
as K increases. However, for all values of K, itth@ion is damped after the disturbing
force is removed.

The spring-mass-damper system issecond-ordesystem since its describing
differential equation contains the dependent variahle) (and the first and second

derivatives of the variable. The measure of the strength of the system to seek an
equilibrium condition is called theystemstiffness and is the square of the system
frequency when damping is not present. This freaqgues called theundampechatural

frequency wy,, of the system. (It is usually a computed nungdece most systems have
damping and the measured system frequency wilheelamped natural frequenayy.)

The undamped natural frequency for the spring-mass-damper system may be expressed as
follows:

Wy = ﬁ eql15
n M ql.
The degree of dynamic stability of a second order system is generally expressed in

terms of the system damping rat, It is the ratio of the real system damping tamisto
the damping constant which would make the systatimally damped

( = ¢ eql.6

CcriT

The characteristic equation for the spring-massgamnsystem may be written in
terms of undamped natural frequency and dampingaatfollows:

A2 o+ 2L\ + 02 = 0 eq 1.7

The two roots of the equation then may be written:

Mo = ~Lop i wpyl- & eq 1.8

These roots plotted on the complex plane are shown in Figure 1.6. Several
important relationships are also presented.

1.14
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Imaginary
Axis
) lt- (o, >
Eq = Damping Angle@%‘ n —
= - @>

SIN Eg = /\ O wn’h - 7% = wy =Damped Frequen:y

COS B = \1- 22 7\ |
3 v Real Axis

Figure 1.6
Relationship of Position of Roots on Complex
Plane to Motion Characteristics

1.4.2 Response of a Second Order System to a
Disturbance

The response of a second order system to a disturbing force which is
instantaneously applied (step input) is shown guFe 1.7. In this case, the motion is
convergento a steady state or equilibrium condition. Theitkness” of the response
depends mainly on the undamped natural frequentyeaystem and the oscillatory nature
of the response depends on the damping ratio.ammitude of the steady state value of
the response is quite dependent on the square afrttamped natural frequency or the
systenstiffness The greater the system stiffness, the smalldrasteady state value of
the response, if other factors remain constant.

The response of the second order system showigumeF1.7 is commonly called
a “second order response,” i.e., the response exhibits some oscillatory motion before
reaching an equilibrium condition. If the damping ratio of a second order system is
increased to a sufficient level, the response sé@nd order system may appear to be a
“first order response,” i.e., the response buildssmoothly to a steady state with no
oscillatory motion (Figure 1.8). The time requitedeach 63.2 percent of a steady state
first order response is called the motimne constantt .
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A
| o - - milerh
o X, = Sread v State Amplimde
]

Time,t
;%PE 2tep Input
5
()
0
Time,t
Figure 1.7
Time Response of a Second Order
System to a Step Input
- 06352 X,
His

Amplitude, X

T = Time Constant

- —— —

Time, T —-

Figure 1.8
Typical First Order Response
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1.4.3 Analysis of Second Order Responses

There are various methods for determining the characteristics of second order
responses. The graphical methods presented laeetairly simple and are
considered to be of sufficient accuracy for maghti test work.

If the system exhibits a damping ratio less thaoual®.5, the oscillatory motion
will be significant enough to measure half-cycle amplitude ratio and determine the
dampingratioas shown in Figure 1.9. The undamped naturalugagy may then be
computed as follows:

T
Wy = ——— eq 1.9

A1 - 2

Where:
AT, = time between the first two peaks, i.e., the tiegired for the
first half-cycle.

If the system is heavily damped, determinationhef motion parameters is more
difficult. From a practical flight test standpqittie pilot will probably not be able to detect
visually any oscillatory tendency if the dampingaas greater than 0.5. Therefore, it may
suffice to call the motion “essentially deadbeat” in that case. However, ifcgaffi
instrumentation is installed, the method showniguFe 1.10 may be used to determine
approximate values for damping ratio and undamgedral frequency. One of the most
frustrating problems in the analysis of very headiamped responses is the detection and
selection of the proper “peaks” of the responseeur~or the analysis shown in Figure
1.10, the first two response peaks after the cbmpait has reached steady state should be
used.

1.17
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Full Cycle
()
o
X1 . X2
y = Time
< i
X3
Half Cycl
0.5
0.4
S
S
(&)
0.3 &
(@]
=
3
0.2 /g/
0.1
0
1.0 2.0 3.0 4.0 5.0

Half Cycle Amplitude Ratio,HX_”E
D(n + 1|:|

For Oscillatory Divergencfl <0),

Merely Change Horizontal Scale @5&:—1)

and Change Vertical Scale to Negative Sign.

Figure 1.9
Determination of Damping Ratio
for Lightly Damped System
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Determination of Second Order Response
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Other parameters used to describe the charaateristi second order responses
include the following:

T1  =time in seconds for the motion to subside to ligllamplitude.
2

T,  =time in seconds for the motion to double its amgé.

C1 = cycles required for the motion to subside to haldmplitude.
2

C, = cycles required for the motion to double its atade.

These parameters may be determined by the method shown in Figure 1.11 or
Figure 1.12. (In determining certain flying qualities specification requirements, the

parameters;lT and C, are often utilized.)
E 10
2
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1.4.4 Airplane Motion

The airplane in flight is a complicated dynamic system with six “degrees of
freedom,” or possible components of motion. However, for the simplified study of
airplane dynamics, the motion of the airplane issidered to be restricted to a “plane of
symmetry” and a “plane of asymmetry” with no “irdetion” or “cross-coupling” between
the planes of motion. Motion in the plane of synmeés, of course, longitudinal motion;
motion in the plane of asymmetry is lateral-directional motion. By separating the study of
airplane dynamics in this manner, the analysisaatty simplified and yields quite accurate
results for most flight conditions. The effects'afoss-coupling” can be studied separately
for special flight conditions.

The characteristic equations of motion for the iamnal and lateral-directional
cases are fourth order linear differential equatioAt present, let if suffice to say that the
difficulty in solving these equations by “normalfgeedures is considerable. However, by
use of an operational calculus technique calleghtd@e Transformations,” the solution can
be determined quite easily. The equations of mmotidl not be derived in this text; nor
will a great deal of the mathematical manipulations required to solveedhations be
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presented. These derivations and mathematical manipulations can be found in appropriate
literature and will be presented in the academilabys of the U.S. Naval Test Pilot
School.

The classical solution of the longitudinal charaster equation for the airplane
yields four roots having real and imaginary pamrmally, these roots form “complex
pairs” which describe twsecondordermodes of motion - the airplarghortperiodmode
and the long period or “phugoid” mode.

The lateral-directional characteristic equatiom glelds four roots for the classical
case. Two of the roots have real and imaginaryspamnd form a complex pair which
describe a&econdrdermode of motion commonly called thBdtchroll mode” Two of
the roots have only real parts. One of the realsrdescribes an essentiafiyst order,
heavily dampednotion - the foll mode” The second of the real roots describes another
first ordermotion which may be convergent, divergent, or ra&utThis mode of motion is
called the Spiralmode”

1.5 INFLUENCE OF FLIGHT CONTROL SYSTEM

ON FLYING QUALITIES

A rigorous discussion of the numerous flight cohtgstem design concepts is
beyond the scope of this text. However, some bliggfussion of control system influence
on the pilot's opinion of the airplane is approigria

All airplane flight control systems may be placed into one the following three
categories:

1. Manual Control Systemm The pilot deflects the appropriate control surface
through direct mechanical connections between the cockpit control and the
aerodynamic control surface. The pilot force regdiis a function only of
control surface hinge moments developed and pusharecal design of the
control system. No hydraulic, pneumatic, or electrical power boosting is
employed. For control systems of this type, extensive use is made of
aerodynamic and mass balancing and geared, samgservo tabs. Other
control system “gadgetry” such as springs and bob weights may also be
employed to improve basic airplane characteristics.
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2. Power-AssistedControl Systems The pilot deflects the appropriate control
surface by direct mechanical connections betweertdickpit control and the
aerodynamic control surface. However, a suitable power unit (usually
hydraulic) is appropriately placed in the contrpdétem toassistthe pilot in
moving the control surface. The pilot force reqdiis thus a function of the
ratio of power assist provided or “boost” as well as control surface hinge
moments developed. Again, extensive use may be mbderodynamic and
mass balancing geared, spring, servo tabs, and other control system
“gadgetry.”

3. Fully Power-Operate€ontrol Systems Through cockpit control deflections,
the pilot positions a valve of a power unit; theveo unit in turn positions the
control surface proportional to the pilot's cockpit control input. The pilot force
required is purely a function a@ockpit controldeflectionand does not depend
on control surface hinge moments. It is apparkeentthat anartificial feel
systemmust be provided to give the pilot the normal cohfiorce variations.
Extensive use is made of springs, bob weights, dynamic pressure sensors,
dashpots, and other electrical, mechanical, or hydraulic devices in order to
provide satisfactory stability and control charastes.

The manual and power-assisted control systemewaeesiblecontrol systems; i.e.,
the pilot receives some control force feel by \eraf the hinge moments developed when
the aerodynamic control surface is deflected. fllg power-operated control system is
an irreversible control system; i.e., the pilot receives no control force feel from the
development of control surface hinge moments.

No matter what type of flight control system idinéd, the requirements placed on
the flight control system remain the same. Therobeystem must give the pilot the ability
to make simple and unhindered control deflectionany direction. Control deflections
and forces required for maneuvering the airplanstrbe commensurate with the mission
of the airplane, the structural limits of the a&npé, and pilot strength limitations. The
controls must exhibit good centering when releasstimust exhibit no tendency toward
lightly damped or undamped free oscillatory motioii$iere should be no noticeable lag
between the deflections of the cockpit controls #re@lmovement of the corresponding
control surface.
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Since the flight control system is the implemeniych the pilot is “mated” to the
airplane, the importance of good control systemrataristics cannot be overemphasized.
The control system must be suitably matched to the stability, control, and inertial
characteristics of the basic airplane, and to dugeiirements of the human pilot. Proper
flight control system and basic airplane matching provide the pilot with the opportunity to
fully utilized the maneuvering capabilities of the airplane for maximumssion
performance.

1.6 THE U.S. NAVAL TEST PILOT SCHOOL DEMONSTRATION

AND PROGRESS CHECK FLIGHTS

The U.S. Naval Test Pilot School utilizes actual flight instruction in the techniques
of stability and control testing. At the beginniofjeach new phase of study, students are
exposed to actual flight test techniques and meathtmdughDemonstratiorFlights At the
completion of each phase, students demonstrateghaficiency in that phase of flight
testing duringProgressCheckFlights The purpose of the Demonstration Flight is to
provide instruction in stability and control test techniques in a realistic @mvient;
whereas the purpose of the Progress Check Rigbtevaluate the student's progress
and render additional instruction in troublesonesaar

1.6.1 The Demonstration Flight

The Demonstration Flight will be preceded by thorough briefings which will
present background theory, test techniques, arsabfdiest results in terms of mission
accomplishment and specification requirements,datd presentation methods. It is the
student's responsibility to prepare for the Dematistin Flight by thorough review of
briefing notes, appropriate technical literature, and relevant specifications. Thorough
preparation is essential for derivation of maximagnefits from this flight.

The performance and maneuvering longitudinal stgldemonstration flights are
flown in any of the school's jet fleet. The Lateral-Directional and Nonmaneuvering
Longitudinal Stability demonstration flights are usually flown in an airplane with side-by-
side seating. One or more students and one instraomprise a normal flight crew with
the students sharing equally in airborne instructidime. Since the students may not be
gualified in the demonstration airplane, the instructor pilot usually handles all normal pre-
flights, ground operations, takeoffs, and landingibe students are not required to know
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the demonstration airplane from an operational standpoint. During the actual instructional
phase of the flight, the instructor will demonstéraéibth qualitative and quantitative test
techniques, use of special instrumentation, and data recording procedures. After the
student has observed and understands each techingjisegiven an opportunity to practice
until attaining a reasonable level of proficiendhroughout the Demonstration Flight, the
instructor will discuss the significance of eacsttémplications of certain characteristics
exhibited, and slight variations in the test tecjueis which would be appropriate in other
type airplanes. The student is encouraged to asstigms during the progress of the flight.
Many points are made perfectly clear in only a Bmgonds in flight; to accomplish the
same on the ground would probably require several minutes. A thorough postflight
discussion between instructor and students congalleéeDemonstration Flight. During the
debrief, the data which were obtained on the fligifiotted, discussed, and analyzed.

The student is required to plan the flight completgiving due consideration to a
real or simulated mission of the airplane and appate specification requirements. The
student conducts the flight briefing, which mustlude a definition of the mission and a
brief description of the flight control system,vasll as discussions of test techniques and
specification requirements.

As the student demonstrates his knowledge of qualitative and quantitative test
techniques in flight, he is expected to commenthenimportance and meaning of the tests
with respect to the real or simulated mission. Aseructor will comment on validity of
the results obtained, errors or omissions in testq@ures, and may demonstrate variations
in test technigues which have not been previoustpduced. The student will be expected
to investigate qualitatively the pilot effort required in the performance of a typical mission
task. This task may be a tracking maneuver orrgt@ontrolled approach; i.e., some task
which requires precise control of the airplane. The student will be asked to rationalize the
reasons for the simplicity or difficulty of the mauver during the debrief following the
flight.

The debrief consists of the student discussingaanadlyzing the results of the in-
flight tests. The analysis must be oriented toward the influence of the chistacse
exhibited on thenissioneffectivenes®f the airplane.
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CHAPTER TWO

STALLS

2.1 INTRODUCTION

All airplanes are subjected to stall investigatitorghe following reasons:

1. Safety and operational considerations.

2. Actual flight tests are the only means of pregisettermining stall
characteristics.

3. Expansion of the operational flight envelope.

4. Determination of trim airspeeds for future tests.

The investigation of stall characteristics is a phase of flying quahtieeh is
difficult to associate with particulgilot tasks There are ndotal missionsin which stalls
are required for mission accomplishment, althoufgt paining and familiarization in stall
characteristics are considered an essential pldake training mission However, all
airplanes will be stalled at one time or anothesperational use if sufficient longitudinal
control is available and if no stall prevention idevs installed. Therefore, stall tests are an
integral part of any flying qualities program.

The emphasis placed on the stall investigation niépen theotal missionof the
airplane. If mission accomplishment involves aagjaeal of maneuvering, the pilot is very
likely to inadvertently stall; therefore, a thordustall investigation must be carried out. If
mission accomplishment involves a minimum of marming, the pilot is not likely to
inadvertently stall; therefore, the stall investiga may be less stringent.

Stall investigations encompass batirmalandacceleratedtalls. Thenormalstall
is defined as a stall which occurs while the airplane is in an unaccelerated flight condition.
Theacceleratedtallis defined as a stall which occurs while the ainglis in an accelerated
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flight condition, such as a pull-up or a level turAccelerated stalls usually exhibit more
violent characteristics than normal stalls; therefmormal stalls should be investigated
thoroughly before commencement of accelerated stall tests. tdiakemission of the
airplane dictates where the primary emphasis isgolaluring the stall investigation. For
the airplane which will be maneuvered extensivpiymary emphasis must be placed on
accelerated stalls which could result from mission tasks. If mission accomplishment
involves a minimum of maneuvering, primary emphasisuld be placed on normal stall
characteristics. The large passenger, transpohigavy bomber type airplane will most
likely be inadvertently stalled in unaccelerated flight during transitions associated with
instrument departures or approaches.

Normal and accelerated stalls may be further dladsas “positive g” or “negative
g” stalls. This discussion of stall characterstigll be concerned only with “positive g”
normal and accelerated stalls because:

1. Normal “negative g” stalls are difficult to @it in most operational airplanes
due to insufficient longitudinal control effectivess.

2. Precise pilot technique is required to perftmagative g” accelerated stalls
(stalls entered at less than -1.09).

3. Pilot discomfort discourages entry into “negaty” normal or accelerated stalls.

“Negative g” normal and accelerated stalls maybe investigated in a build-up
program for spin testing, which will be discussedisubsequent section.

Normal and accelerated stall characteristics iothyraffect mission performance of
the pilot - airplane combination. Satisfactory stall characteristieatly increase pilot
confidence in his airplane. When assurance cgrdaded that violent departures into
uncontrolled flight will not result from inadvertestalls, the pilot will utilize fully the
maneuvering capabilities of the airplane for maximmission effectiveness.
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2.2 THEORY

The classicalstallmay be defined as a condition in which the airplane wing is
subjected to an angle of attack greater than tgkedar maximum lift coefficient. Stall
speecdcan be defined as the minimwsteadyairspeed attainable in unaccelerated flight or
the minimumusableairspeed. Howevecharacteristicexhibited by many airplanes in the
region of the stall preclude attainment of thesitaaerodynamic stall. These characteristics
vary widely among different airplanes and are dyeaffected by a multitude of factors.

The majorfactors affecting stall characteristics are diseasherein. A resuirof stall
warning and stall prevention devices is also preskn

2.2.1 Wing Design

2.2.1.1 WING SECTION CHARACTERISTICS

Wing section design determines the value of theimam lift coefficient, the angle
of attack at which it is achieved, and the rateldnge of lift coefficient with angle of
attack in the region of the stall. The most infitiel wing section parameters are the wing
thickness and position of maximum thickness, thewarhof camber, and the leading edge
radius.

The influence of airfoil thickness and camber orximaum lift coefficient is quite
pronounced. A thin symmetrical airfoil (thicknasdio less than .08) has such a small
leading edge radius that large adverse pressure gradients ineadiag edge flow
separations at low angles of attack. The thicickitness ratio greater than .12) or highly
cambered airfoil creates large adverse pressuchaymta near the upper surface trailing
edge which causes separation near the trailing atigsv angles of attack. An airfoil of
moderate thickness (thickness ratio from .08 ty atidl camber may exhibit a tendency for
separation to occur simultaneously at both leaduhge and trailing edge (Figure 2.1).
(Note: Positive cambering of a thin symmetricafalirgenerally reduces the tendency for
early separation and increases maximum lift coeffic However, too much cambering of
thick sections can produce the adverse charaatsréiscussed above.)
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Figure 2.1
Types of Section Stall

The type of section stall has a great deal of grilte on stall characteristics. If
separation occurs first near tinailing edgeof the airfoil, the spread of separation forward
is fairly slow and gradual until the maximum lifoefficient is attained. This type of
separation progression indicates that the lift emrould exhibit a smooth, gradual change
in slope near the stall, although the stall would be rather well-defined. An airplane having
this type of lift coefficient - angle of attack atilbnship would probably exhibit satisfactory
stall warning and a well-defined aerodynamic gt&ljure 2.2).

The second lift curve of Figure 2.2 also exhibitgsedl-defined peak, however, the
peak is followed by a very rapid, even discontirsjaiecrease in lift coefficient for a small
increase in angle of attack. This type of lift curve can relsaih leading edge flow
separation spreading rapidly aft on the airfoismnultaneous leading edge-trailing edge
separation. The airplane with this type of lift curve would exhibit little or no aerodynamic
stall warning and a sudden, abrupt stall. This stall may be quite violent because the
sharpness and discontinuity of the lift curve iadécthat one wing can easily stall prior to
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the other generating rolling motion at the stdlhis “asymmetric” stall can be caused by
small difference in wing sections along the spasnoall differences in local flow direction
due to vertical gusts or yawing motion. In anyesdhe downgoing wing experiences an
increase in angle of attack, while the upgoing wergeriences a decrease. This situation
may result inautorotationa motion in which the rolling is self-sustainiagd which may
result in the airplane entering a spin. The ahrtggymmetric” stall tendency may be
overcome by increasing the radius of the leadirgeeat the wing and/or by cambering the
wing judiciously. If this approach is not practical, some improvement in stall
characteristics may be realized by installing devices on the wing leading edge to introduce
turbulence into the boundary layer. However, tugection is usually a “trial and error”
process.

A

+
Stall Warning

c
Q0
(&]
b= '
]
@]
O
\E\I '
[—— ]
_
Angle of Attack + Angle of Attack +
a a
_Gradual, Well Defined Stall Abrupt Stalll
Initial Separation at Trailing Edge Initial Separation at Leading Edge
or

Simultaneous Separation at Leading
and Trailing Edges

Figure 2.2
Influence of Shape of Lift Curve on Stall Characteistics

2.2.1.2 WING PLANFORM CHARACTERISTICS

Wing planform design influences the slope of the lift curve - angle of attack
relationship, downwash pattern, and the portiothefwing span which stalls first. The
most influential planform parameters are aspedd,raveep, and taper.
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The slope of the lift curve at airspeeds near salketermined primarily by aspect

ratio and sweep angle. An increase in aspectlrat@myeases the slope of the lift curve,
while an increase in sweepback decreases the @apee 2.3).

The slope of the lift curve influences the anglat&ck and pitch attitude at which
the aerodynamic stall is encountered. If the slafgée lift curve is shallow, the angle of
attack for the stall may be attained only at a \veg airplane nose attitude and with a very
large rate of descent. Furthermore, adverse gtabild control characteristics may be
encountered before the attainment of the maximétradefficient. Therefore, airplanes
with low aspect ratio and highly swept wings gefigr@o not exhibit a true aerodynamic
stall and a “minimum flying speed” would be detamad based on other criteria.

+ A +A Increasing
Sweepback
O
—
@)

: @)
Incregsing o
AspectRatio 5

> >
Angle of Attack + Angle of Attack +
a a

Figure 2.3
Typical Influence of Aspect Ratio and Sweepback ohift Curve Slope

Downwash is the unavoidable result of lift prodaaotby a real wing. It reduces
the angle of attack at which individual wing sesti@perate (Figure 2.4).

1 Aspect ratios of 3 to 6 are considered “mediurbg\& 6 are considered “high”, less than 3 are censil

“lOW”.
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Figure 2.4
Downwash Influence on Section Angle of Attack

The spanwise distribution of downwash dictaties sectionangle of attack and
hence the sectidift-coefficient distribution along the span. This distributioreigremely
important because of its influence on the parhefdpan tdirst reacha stalledcondition
The spanwise downwash distribution depends on wapgr and sweep, if the wing has
zero twist and the same section from root to Ag.the degree of taper increases, the area
of first stall on the span moves from root to #glre 2.5). An increase in sweepback has
a similar effect as the increase in taper. Thdeacy of the wing to stall first at the tips
seriously derogates stall characteristics. While the root stall is generally preceded by
buffeting of the fuselage and tail caused by turbulent air shed from the root section, the tip
stall generally occurs witlittle or no stallwarning Since the lateral control surfaces are
usually positioned near the wing-tigess of roll controlis often experienced when the
stall occurs first at the tips.

The swept wing has an inherent tendency toward tip stall because sweep back
changes the spanwise downwash distribution sudritibaving area near the tip operates
at largersectionanglesof attackthan other wing areas. This generates a pregsadéent
along the span of the wing with pressure decreasorg root to tip. As a consequence,
considerablspanwisdlow of the boundary layer occurs. This spanwise fi@mn root to
tip may be considered a form of “natural” boundiayer control for the inboard area of the
wing and increases the already inherent tendenggrbtip stall. (Note: It should be
remembered that spanwise flow occurs on any wiagfprm. However, the swept wing
is particularly prone to spanwise flow).

Tip stalling of the swept wing results in an additl factor which tends to derogate
stall characteristics. Since sweepback placesigsaft of inboard sectiongip stalling
precipitatesa forward shift of the wing center of pressurdisicases the wing to become
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more longitudinallydestabilizing if the destabilizing influence is greater thaa $tabilizing
influence of the horizontal tail, the airplane tends to pitdse-upat the stall. This
characteristic makes the airplane prone to inaenestalling and “deep stall” penetrations.

Rectangular

—

=

Elliptical

|
|

Pointed

Stall Moves from Root Outboard

Elliptical Wing has Constant Downwash and
Section Lift Coefficient Along the Span,
Therefore Stalls Evenly Across the Span

Stall Moves from Tip Inboard

Figure 2.5

Typical Influence of Wing Taper on Stall
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There are several means by which tip stalling tendencies may be decworased
eliminated. The most common are listed below. They may be used singly or in
combination.

1. Twist: The wing is gradually twisted from rootttp so that outboard sections
are always at a lower angle of attack than inbcations (sometime called
washout).

2. Incorporation in the wing tip area of an airfa@tson of higher maximum lift
coefficient than inboard sections.

3. Wing tip slots or slats: Spanwise passages hedeading edge to delay
separation at high angles of attack.

4. Wing tip vortex generators: Small spanwise dsfaihich introduce a higher
energy level in the boundary layer.

5. Inboard stall strips: Spanwise leading edge psains which cause flow
separation at the wing root at high angles of attack

6. Fences: Thin chordwise strips which inhibit spaelow.

7. Leading edge discontinuities: A device which aeat vortex just above the
wing surface to inhibit spanwise flow.

2.2.1.3 EFFECTS OF HIGH LIFT DEVICES

High lift devices are used to increase the maxintiéincoefficient of the wing,
allowing stall-free flight at slower airspeeds. €irftmain influence on stall characteristics is
indirect. With high lift devices operating, the@ane stalls at slower speeds; therefore, the
effectivenes®f the aerodynamic control surfaces for contrglirplane attitude in the stall
region is weakened. In addition to this indirdét& common to all high lift devices, some
direct effects of particular devices are discudssdw.

Flap deflection changes the spanwise distribution of downwash and hence the
section angles of attack. This change in sectigies of attack may cause significantly
different stall characteristics when flaps are eltéd.
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Boundary layer control (BLC) tends to change the shape of the lift cueee
stalling angles of attack (Figure 2.6). The shapgaaks of the lift curve, when boundary
layer control is used, make the stall more abroptaso create the tendency for an abrupt
roll at the stall. In addition, a very large retlan in angle of attack may be necessary to
effect stall recovery.

+ A

Low BLC
7.
-t
Basic Se&tion
=

-l

icie

ff

Angle of Attack
a

+

Figure 2.6
Effect of Boundary Layer Control on Lift Curve

Slots or slats may be used to improve airflow cbads at high angles of attack.
One means of utilizing these high lift deviceshiough use of the “automatic slot.” The
automatic slot is a slot in the leading edge ofwirey created by the movement of a slat
which is retained in the leading-edge contour efwhng at low angles of attack, but
extends to create the slot as the stalling angidtatk is approached. The slats operate
without action by the pilot and, unless design precastiare taken, have an inherent
tendency to extend and retract asymmetrically. Leading edge slats have exlahite
annoying propensity toward asymmetric extension during approaches to accelerated stalls.
In this flight regime, their asymmetric extension may generate violent, uncontrollable
rolling motion. Asymmetric extension can be eliminated by incorporation of slat
interconnects or a hydraulic device to hold théssta the leading edge of the wing until the
landing gear or flaps are extended.
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2.2.2 Horizontal Tail Design and Location

Horizontal tail design and location have a majdluence on stall characteristics.
Since the contributions of the fuselage and wing to longitudinailistabre generally
destabilizing in the stall region, the horizontl thust provide the necessary stabilizing
pitching moments if the airplane is to remain longitujn@ontrollable. The vertical
locationof the horizontal tail with respect to the wingoisextreme importance for this
dictates the airflow characteristics at the horiabtail at high angles of attack. A rigorous
discussion of all possible vertical tail locations and associated influences on stall
characteristics is beyond the scope of this téldwever, two examples are presented to
demonstrate the problems which exist.

First, consider an airplane design which incorporates a horizontal stabilizer
mounted low on the empennage. At low angles afciitthis tailplane is immersed in
airflow which has been altered by the wing (Figdré). However, at low angles of
attack, there is little loss of stream velocity behind the wing, although the stream is
deflected downward by the downwash angle. Thezbatal tail, therefore, maintains its
effectiveness at low angles of attack since the fleld is not too greatly disturbed. As the
angle of attack is increased, airflow begins to breakdown on the wing and loading
distribution and associated changes in downwash occur. The wake behind the wing
becomes more and more nonstreamlined and turbulent. Very low values of dynamic
pressure may exist over an extensive region afv@fwing. If the angle of attack is
increased sufficiently, a complete breakdown ofvfpreads over the entire wing and the
stall occurs. However, if the horizontal stabitiemounted low on the empennage, the
stabilizer emerges from the wing wake at high asmgleattack (Figure 2.7). This causes
the horizontal tail to maintain a strong longitudinally stabilizimgluence at the stall,
generating large nose-down pitching moments. Intiadd the longitudinal control surface
maintains a high degree of effectiveness throughout the stall, allowing the pilot close
control over pitch attitude.

The placement of the horizontal stabilizer highampthe vertical fin (T-tail) has
become increasingly popular in recent years, particularly for passenger and transport
airplanes. With the appearance of aft fuselage mounted engines (which allowed a
structurally simple and aerodynamically clean wjntf)e horizontal stabilizer was placed
higher to avoid interference flow and structurdigae from engine exhaust. The T-tail
also realizes other advantages such as an indreaffectiveness at low angles of attack
since, in that flight regime, it does not operat¢hie wake of the wing. In addition, it has
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an “endplate effect” on the vertical tail, and thereby increases thetiefigess of that
surface. Unfortunately, the T-tail design causag&eee problems at high angles of attack,
particularly at stalling angles of attack.

o

Low Angle of Attack

High Angle of Attack

Figure 2.7
Typical Flow Patterns About
the Low-Mounted Horizontal Tail

Insight into the T-tail stall problem can be gained by a study of Figure 2.8. At low
angles of attack, the T-tail receives little orinftuence from the downwash caused by lift
production of the wing. However, as the airplaeotated to higher and higher angles of
attack, the high mounted horizontal stabilizer is moved closer and closer to the now
nonstreamlined, turbulent wake from the wing. Ha tegion of stall, the T-tail may be
engulfed in the wing wake; this results in a drastic reduction in horizontal tail and
longitudinal control effectiveness. The reductiorstabilizing effect from the horizontal
tail causes a severe pitch-up tendency which fbempay not be able to counteract even by
applying full nose-down longitudinal control. This stall, from which recovery is
impossible without an unconventional recovery tégiv or a “recovery augmentor,” such
as a tail parachute, is referred to as a “supé#t ste'deep stall” and has been experienced
by T-tail aircraft flying at an aft center of grawposition.
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—

ow Angle of Attack

High Angle of Attack

Figure 2.8
Typical Flow Patterns About the T-Tail

The problem of the T-tail entering disturbed airflow at high angles of attack can be
complicated by aft mounted engine nacelles (Figure 2.9). The associated increase in
airflow disturbance may increase the severity efltdss in horizontal tail effectiveness or
cause the loss in effectiveness to occur at lowglea of attack.
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Figure 2.9
Aft-Fuselage Mounted Engines Complicate the T-Tail
Airflow Disturbance at High Angles of Attack

If an airplane experiences a “deep-stall” or “super-stall” problem, it rbay
necessary to incorporate a stall prevention device, such as a “stick-pusher.” Such systems
must be reliable and must not cause dangeroud ftgditions if accidentally activated
during take-off or landing. In stall testing ampd@ne which may experience the “super-
stall,” it may be necessary to install “recovery augmentation” devices, such as tail
parachutes or rockets mounted in the nose or Tdie incorporation of an angle of attack
indicator is absolutely essential for these stsitd.

2.2.3 Acceleration

Maneuvering produces an effect on stall speed wisicimilar to the effect of
weight. As an example, an airplane in a steady level turn requires a higher lift coefficient,
thus increased angle of attack, for a given airspeed; therefore, stall speed is higher in level
turning flight.

2nW
Vg = |——— eq 2.1

pCL maxS

Where:
Vg = true stall airspeed in feet/seconds
n = normal acceleration in g
w = airplane gross weight in pounds
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p = air density in slugs/ft 3
S = wing area in square feet
Lmax  — Maximum lift coefficient, dimensionless

Since the maximum lift coefficient is dependentyomh angle of attack for a given
configuration, theangleof attackat stallis the samefor any valueof normalacceleration
Note: The effects of Reynolds number and Mach nurahanaximum lift coefficient are
neglected here to simplify the discussion.

Accelerated stall characteristics are more vidlea normal stall characteristics for
a given configuration because the accelerated stall always @ateunggher airspeedand
may occur at a much higher rate of entry. Advetsaracteristics noted during normal
stalls are magnified by the increased airspedukeatdcelerated stall. Therefore, accelerated
stalls should be investigated with caution. Rigsraormal stall tests must precede any
accelerated stall evaluation.

Accelerated stall warning may vary witliteof entryinto the stall. Rapid rotations
generating rapid increases in acceleration (grehtar one g per second) may result in
virtually no aerodynamic stall warning. Rapid rotations may also result in abrupt
accelerated stalls gidicatedangles of attack less thactualangles of attack due to lag in
the angle of attack indicator.

If operational considerations require that thelaimp be flown well into the buffet
regime to obtain optimum turning performance, airie buffet may lose significance as
accelerated stall warning unless there is a ndileaacrease in buffet intensity just prior to
the stall. This situation may result in other pitmes being used for accelerated stall
warning.

Poststall gyrations may be induced by intentionadgintaining an accelerated stall
condition. The pattern and severity of the motiaresgenerally dependent upon the energy
level (airspeed and altitude) at entry. The ingadion of poststall gyrations is usually
performed in a build-up program for a spin investign. However, these gyrations may
be experienced during intentional or inadvertenekrated stalls.
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2.2.4 Power

The influence of power on stall characteristicsadets upon the type, number,
location, and rating of the engine or engines llesta

If the airplane is equipped with a jet power plé@rtpower plants), the only major
effect of power will be that stall airspeed will less with increased power for a given
configuration. Stall characteristics will be indirectly influenced in this situation in that the
airplane response to pilot control inputs will bedened at lower airspeeds.

The stall characteristics of airplanes equipped with reciprocating or turboprop
engines may be greatly influenced by the poweingetixisting at the stall.

If the wing is partially or completely immersedtime propeller slipstream, stall
speed will vary markedly with power setting. Fadwer stalls may occur at extremely low
airspeeds and the weakened effectiveness of thteotenrfaces at these low speeds may
severely degrade stall recovery characteristiadl géwer stalls in airplanes of this type
must be approached with due caution. If the corstmolaces are immersed in slipstream,
the effectiveness of the surfaces will vary wite #mount of power output.

The high powered, single-engine, single-rotaticopetler airplane may exhibit a
severe “torque-roll” tendency if power is appliegidly at low airspeeds in the region of
the stall. This characteristic may dictate a stall recovery procedure which involves
maintaining a fairly low power setting until airgaeincreases to a predetermined value.

2.2.5 Stability and Control Augmentation

Stability and control augmentation systems may introduce large control inputs
(independent of the pilot) at or near stalling asgdf attack which may be detrimental to
stall characteristics. This will be most apparétite augmentation system possesses a
high degree of sensitivity and control authorifor illustrative purposes, two examples
are presented which emphasize the possible influence of these systems on stall
characteristics.
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The first example is extracted from accelerateliitststs of a light jet attack airplane
equipped with longitudinal and lateral control augmentation and directionallitgtab
augmentation. The time history of an acceleratalll which was aggravated by the roll
damper mode of the control augmentation systerhas/s in Figure 2.10. The stall was
entered from a left turn with 2g normal accelergt@pproach to the stall was characterized
by increasing airframe buffet. Just prior to ttelgat 8 seconds on the time history), note
that the pilot was required to hold right ailerasiion to keep the airplane from entering a
tighter left turn. The stall was marked by a “direnal slice” to the left, at which time the
pilot neutralized the controls (at 10 seconds antime history). At this time, the roll
damper portion of the control augmentation modesisey a left roll rate without a pilot
control input, applied a largéght lateralcontrolinput. Note that theockpit controlstick

wasessentiallyneutrdat this time. The aileron input of the roll damp&s in thepro-spin

direction and the airplane entered a left spintepproximately two turns of the spin, the
pilot deactivated control augmentation and effecembvery by applying aileron into the
spin, rudder against the spin, and full aft longjibal control.

The second example is extracted from normal satktof a twin-engine turboprop
transport airplane equipped with directional stability augmentation. This augmentation
system was composed of yaw damping, directional fioilow-up, and a turn coordination
feature. The time history of a normal stall (Powpproach configuration) which was
aggravated by the turn coordination feature oftability augmentation system is shown in
Figure 2.11. Power approach configuration stallthis airplane were characterized by
abrupt rolls (note the bank angle change at thB.stehe turn coordination feature of the
stability augmentation sensed the rolling motiod attempted to coordinate with a large
left rudder input. Note that about 10 degreefetifrudderdeflection was introduced by
the stability augmentation system while the pilasvinoldingright rudderpedaldeflection.
The large left rudder input increased the left bangle and sideslip excursions and the

airplane entered a series of uncontrollable snigprélecovery was initiated by deactivating
stability augmentation. During the recovery, a@eh and normal acceleration limitation of
the airframe were exceeded.
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It should be emphasized that stability and control augatient systems do not
always degrade stall characteristics. Some systesyshave no influence; other systems
may have significant influence on airplane behaindhe region of the stall. Knowledge
of the various modes and functions and the coatrtiiority of the augmentation system in
the airplane being tested is essential if the sta#istigation is to be conducted rigorously
and safely.

2.2.6 Miscellaneous Factors

Additional factors influencing the behavior of the airplane in the region of the stall
are listed below.

1.

2.

Location of Control Surfaces If the control surfaces are immersed in low
energy separated airflow at the stall, the cordholity of the airplane will be
decreased. The lateral control surfaces are phatig susceptible to immersion
in separated flow.

Configuration The extension of wing flaps, wing leading edtss speed
brakes, landing gear, etc., will have some influence on dtaltacteristics.
This influence may be estimated by considerationhaf location of various
devices in relation to control surfaces and stabilizers. Some configuration
changes, such as flap extension, may result iraand buffet which masks the
prestall aerodynamic buffett, decreasing its valsia stall warning.

ExternalStores Stall characteristics may be altered by varmusbinations of
external stores. Asymmetric store loadings may severely degrade stall

characteristics, particularly during accelerateiesr The investigation of stall
characteristics under asymmetric loading conditghuld be accomplished on
any airplane which may carry asymmetric loads iaraponal use.

Centernof Gravity. Stall characteristics may be markedly influenlogairplane
center of gravity (CG) if the airplane exhibitsefidiency in longitudinal control
effectiveness. At forward CG positions in som@lamesnose-uplongitudinal
controleffectivenessnay not be sufficient to attain maximum lift caefént.

The minimum attainable airspeeds for these airplanes would be marked by
steady flight with full nose-up longitudinal conftraninimum attainable speed
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would, of course, vary with CG position, decreasaisghe CG moves aft. At
aft CG positions in other airplanespose-down longitudinal control
effectivenessmay not be sufficient to quickly reduce angle of attack after
attaining the stall. This situation would seriously compromise, and might
preclude, stall recovery.

5. Shock-InducedSeparationShock-induced separation or a “shock stall” may
cause the stall to occur at a lower angle of attack than might be predicted
through incompressible flow considerations. TewrtEntoward shock-induced
separation would, of course, increase with increasubsonic airplane Mach
number; however, shock stalls can occur at Mach numbers well below the
“normal transonic region.” The phenomenon of shock-induced separation may
be particularly evident during accelerated stalls.

2.2.7 Characteristics Which May Limit Minimum Steady
Airspeed

For some airplanes, the attainment of maximuncd#éfficient may not be possible
or feasible. This may be caused by a loss of directional control without a reduction of lift,
lack of longitudinal control effectiveness, or attremely large increase in drag coefficient.

2.2.7.1 LOSS OF CONTROL WITHOUT REDUCTION OF LIFT

During approaches to normal or accelerated stalls, directional stability may be
reduced significantly through the deterioratioramflow around the vertical stabilizer. At
high angles of attack, the vertical tail may becam@ersed in nonstreamlined, low energy
flow generated by flow separation on the wing amdriference effects from aft-fuselage
mounted engines, speedbrakes, or other protrusions (Figure 2.12).

=)

Figure 2.12
Typical Flow Pattern Around the Vertical Tail
at High Angle of Attack
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The deterioration in effectiveness of the verttedllgenerally results in increasing
yaw excursions with increases in angle of attathke airplane may diverge directionally
prior to attaining maximum lift coefficient if thestabilizing action progresses sufficiently.
Directional divergence can be “triggered” or aggttad by lateral control inputs if these
control inputs generate significant yawing moments. High angle of attack directional
divergence is sometimes referred to as “slicing? aould limit minimum steady airspeed
and preclude attainment of the maximum lift coesfit.

2.2.7.2 LACK OF LONGITUDINAL CONTROL EFFECTIVENESS

The longitudinal control surfaces on some airplanes may not be sufficiently
effective to rotate the airplane to the angle of attack corresponding to maximum lift
coefficient. These airplanes are sometimes referred to as “elevatodlingigplanes.
Minimum steady airspeed or maximum angle of atiadkis situation is that which is
attained with full nose-up longitudinal controlin€e elevator effectiveness is a function of
center of gravity (CG) position, stalling airspeet angle of attack for these airplanes will
vary with CG position.

2.2.7.3 “ZERO RATE OF CLIMB SPEED”

The very low aspect ratio (less than two) airplane exhibits practically no
aerodynamic stall; however, its minimum practidged@eed will be limited by performance
considerations, if not by adverse stability andtaarcharacteristics. The variation of lift
and drag coefficients for the low aspect ratiosiefider delta” design gives insight into the
problem which may exist (Figure 2.13).
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Typical Variations of Lift and Drag Coefficient
for the Low Aspect Ratio Airplane

While the lift curve exhibits no definite peak whiwould define maximum lift
coefficient, the drag curve may exhibit a tendetocgiope upward sharply at high angles of
attack. An angle of attack, corresponding to aspaied, would be attained at which the
airplane could not maintain a rate of climb with maximum engine power. This airspeed is
defined as the “zero rate of climb speed” (ZRCS). Of course, it will change with
configuration, altitude, engine output, and gross weight. The only hazard directly
associated with flight at airspeeds less than ZRJ&s ofperformance For example, if
an airplane decelerates below ZRCS during the appr@sacrificein altitude (possibly a
significant one) must be made in order to execwtaee-off. A disturbing feature of an
airplane capable of steady flight at airspeeds below that at which it has sufficient power to
maintain level flight is the long “settling time’erded to establish a final flight path. For
instance, it may be possible to fly at speeds #jigielow ZRCSwith aslight rateof climb
for periods as long as 1 minute. The slight rdtelinb is caused by the inertia of the
airplane as is settles down on its final flighttpafhe pilot might deduce that he is above
ZRCS due to this phenomenon. However, he eventtialls that the airplane begins a
shallow descent. Increasing angle of attack atgtage only increases the rate of descent
and some height must be sacrificed for recovergca®ery from airspeeds below ZRCS
can only be accomplished by pushing the nose over to decrease angle of tagack,
reestablishing a climb at an airspeed above ZRCS.
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For some airplanes, “zero rate of climb speed” g@ystitute the extreme limit of
safe flight, and operational speeds must be chebérh provide adequate margins against
accidental exposure to irrecoverable situations.

NOTE: It must be emphasized the ZRCS is expeadidiit minimum airspeed
only for airplanes with very low aspect ratio aretyslender wing designs. During stall
investigations of any airplane, certain flight conditions will be encountered where the
airplane will be descending at significant ratesshsas landing configuration with idle
power or power on stalls at high altitude. Howebe high rate of descent does not
necessarily indicate a minimum airspeed limit above aerodynamic stalling airspeed and
should not be reported as such. Whenever safegiderations/risk management permit,
the stall investigation should probe into the stdjion as deeply as possible.

2.2.8 Stall Warning and Stall Prevention Devices

2.2.8.1 ARTIFICIAL STALL WARNING

Airplanes which do not exhibit adequate aerodynamic stall warning, such as
airframe buffet, are frequently equipped with desgigvhich detect the approach of the stall
and transmit a warning to the pilot. Artificial stall warning is, at best, a poor substitute for
aerodynamic stall warning since the detection deMimever absolutely reliable.

Any artificial stall warning system should satigifie following requirements:

1. The system should be capable of stall warnin@ifiyrairplane configuration,
airspeed, altitude, normal accelerations, sideslip, bank angle, and power
setting. In addition, the system should not be susceptible to atmospheric

influence, such as temperature and pressure \argaprecipitation, and icing.

2. The warning provided the pilot should be unmistakable and sufficiently in
advance of the stall to allow avoidance of thd stghout undue pilot effort.

3. The system should be easy to maintain and easyitobate on the ground.
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Some of the devices used to detect approach of the stall and their principle of
operation are listed below.

Table 2.1
Summary of Stall Warning Devices

Device Principle of Operation
Free Floating Probe or Vane Airflow direction (angfeattack)
Drag Sensing Probe Airflow direction (angle of attack)
Differential Pressure Head Airflow direction (quantity propmmal to

angle of attack)

Null Pressure Probe Airflow direction (angle of attack)
Leading Edge Tab Wing dynamic pressure
Trailing Edge Tab Wing dynamic pressure
Trailing Edge Pitot Tube Wing dynamic pressure
Pitot Tube with Local Spoiler Wing dynamic pressure
Flush-Mounted Wing Port Static pressure at wingasaf
Trailing Edge “Blister” Static pressure at wing suo#
Boundary Layer Pitot Tube Boundary layer presswretdiation

The means by which the pilot is warned of the apphing stall may be visual
(warning light), oral (sound in earphones), or pbgk(shaking or vibrating of rudder
pedals or control stick). The most suitable anitii forms of cockpit warning are probably
the “stick shaker” and vibrating stick grip; thegarning signals are similar to aerodynamic
buffeting of the controls and are difficult to nm&rpret.

2.2.8.2 ARTIFICIAL OR AUTOMATIC STALL PREVENTION

For some airplanes, particularly large transport and passenger types, stalling
maneuvers may be structurally or aerodynamically unsafe. In order to guarantee adequate
flight safety even under abnormal flight conditipsach as strong, sudden pull-ups or
abrupt longitudinal attitude changes caused bysgtistse airplanes may be equipped with
a “stall prevention” system. Stall prevention systems are used quite commonly in “T-tail”
airplanes.
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Any artificial stall prevention system should sitithe following requirements:

1. The system should be capable of stall preventipary airplane configuration,
airspeed, altitude, normal acceleration, sideslip, bank angle, and power setting.
The system should not be susceptible to atmospheric influence, such as
temperature or pressure variations, precipitagoi, icing.

2. The system should provide a large nose-down pitchioment at the stall or
just after the stall; however, the pilot should be able to “override” the system if
he desires. The “override” force should be large enough to discourage
inadvertent “override” and associated “deep-stadiietration.

3. Inadvertent operation of the system should not lead to dangerous flight
conditions. This is particularly applicable to the take-off and landing
evolutions.

4. The system should be easy to maintain and easlitwate on the ground.

A commonly used stall prevention device is a “stick pusher” arrangement which is
activated through a signal from an angle of attagiressure sensor.

No matter how well-designed and how reliable it may be, a stall prevention system
represents added complexity in the airplane. Unless safety or overriding design
considerations dictate otherwise, stall prevergigstems should be avoided.

2.3 TEST PROCEDURES AND TECHNIQUES

2.3.1 Preflight Procedures

Successful stall investigations can be accomplisimdy after thorough preflight
planning. During preflight planing, theurposeand scopeof the tests must be clearly
defined. After purpose and scope are clearly understood, a “plan of attack” or test method
can be formulated.
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Preflight planing should start witliesearch This includes a study of the airplane -
many stall characteristics can be predicated byystg various design parameters of the
airplane. All available information on stall characté&sstshould be reviewed. Much
useful information may be gained by conversatioritk pilots and engineers familiar with
the airplane.

The test conditions - altitude, configuration, @rdf gravity, and trim airspeeds -
must be determined. Test conditions should be cemsorate, as much as possible, with
themissionenvironmenbof the airplane. However, safety considerations/risk management

dictate that investigations of stall characterstie performed in such a manner that the
most critical conditions are tested only afterasmnable build-up program. Altitude at stall
entry should never be lower than 10,000 feet above ground level, however, a higher
minimum altitude may be used if unusual characteristics are expected. Although center of
gravity (CG) position may affect both the stall ahd recovery, tests at the most forward

and most aft operational CG positions are generally adequate. However, if a lack of nose-
down longitudinal control or “pitch-up” at high deg of attack are suspected, forward CG
positions should be used for initial investigations. Because of possible adverse stall
characteristics resulting from high power settingd extension or activation of high-lift
devices, a “clean” airplane configuration with lewgine power settings should be chosen

for initial stall tests. Appropriate trim airspeeshould be chosen for each configuration to

be evaluated. For example, appropriate trim conditions for an inagstigof power
approach configuration stalls would be those cpwading to normal approach airspeed

and angle of attack. Of course, the effects afrfitning” into the stall and “out of trim”
entries into the stall should be determined also.

The amount and sophistication of instrumentation required will depend on the
purpose and scope of the evaluation. A pure @uiak investigation can be accomplished
with only cockpit and hand-held instruments. Atpble tape recorder for pilot comments
is especially useful. If accurate quantitativemiation is needed, or if preliminary studies
indicate very adverse stall characteristics, automatic recording devices, such as
oscillograph, photopanel, and telemetry, shouldtbezed. The parameters to be recorded
and ranges and sensitivity of test instrumentation will vary somewhat with each test
program.
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The final step in preflight planning is the preparation of pilot data cards. An
example of a stall data card is presented in Figuré. However, most test pilots desire to
modify data cards to their own needs or construct data cards for each test. At any rate, the
data cards should list all quantitative informatea@sired and should be easy to interpret in
flight. For stall investigations in particular veeal data cards with adequate space for pilot
comments should be provided.
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Figure 2.14
Typical Stall Data Card
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2.3.2 Flight Test Techniques

Stall characteristics must be evaluated in relation to their influencenission
accomplishment Thus, both normal and accelerated stalls mugeb®rmed under entry
conditions which could result from variousissiontasks However, prior to evaluating
stalls entered from these conditions, a maentrolled testing approach should be
employed. This approach allows lower decelerataigas into the stall and lower pitch
attitudes at the stall, thereby reducing change%fmep-stall” penetration without adequate
buildup. After thecontrolled stall investigation if stall characteristics permisimulated
inadvertentstalls should be investigated under conditions representative of operational
procedures.

2.3.2.1 THE CONTROLLED STALL TEST TECHNIQUE

The easiest and safest approach to controlled stall testing is to divide the
investigation into three distinct parts:

1. Approach to the stall
2. Fully developed stall

3. Stall recovery

2.3.2.2 APPROACH TO THE STALL

During this phase of the investigation, adequacstall warning and retention of
reasonable airplane controllability are the primidéeyns of interest. Assessment of stall
warning requires subjective judgment by the pildnly the pilot can decide when he has
been adequately warned. Warning must occur sufficiently in advance of the stall to allow
prevention of the stall by normal control applioas after a reasonable pilot reaction time.
However, stall warning should not occur too faadvance of the stall. For example, it is
essential that stall warning for approach configareoccur below normal approach speed.
Stall warning which occurs too early is not onlyaying to the pilot but is meaningless as
an indication of proximity to the stall.
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The type of stall warning is very important. Primatall warning is generally in
the form of airframe buffet, control shaking, orahamplitude airplane oscillations in roll,
yaw, or pitch. Other secondary cues to the appré@athe stall may be high pitch attitude,
large longitudinal control pull forces (of courskis cue can be destroyed by “trimming
into the stall”), large control deflections, or ggish control response. In any case, stall
warning, whether natural or artificial, should bemistakable, even under conditions of
high pilot workload and stress and under conditioh@tmospheric turbulence. If an
artificial stall warning device is installed, appoh to the stall should be evaluated with the
device operative and inoperative to determineefdivice is really required for normal
operations.

During this phase of the evaluation, the test piloist evaluate stall warning with
the intended use and operational environment in mind. He reasmber that he is
specifically looking for the stall warning undemtmlled conditions. The operational pilot
probably will not be. This question must be answered: will the operational pilot,
preoccupied by other tasks and not concentratingtalts, recognize approach of the stall
and be able to prevent the stall?

The general flying qualities of the airplane should be investigated during the
approach to the stall as well as stall warning abtaristics. Longitudinal, lateral, and
directional control effectiveness for maintaining a desired attitude magriciette
significantly during the approach to the stall.osk of control about any axis such as
uncontrollable pitch-up or pitch-down, “wing dromf directional “slicing” may define the
actual stall. During the approach to the sta#, tést pilot should be particularly aware of
the amount of longitudinal nose-down control av@éebecause of the obvious influence of
this characteristic on the ability to “break” thealked condition and make a successful
recovery.

This phase of stall investigation usually beginthwinset of stall warning and ends
at the stall; therefore, the test pilot will cenigtibe concerned with the manner in which the
airplane stalls and the ease of recovery. Howg@vanaryemphasiss placed on obtaining
an accurate assessment of stall warning and geftyenal qualities during the approach to
the stall. During initial investigations, it mag prudent to terminate the approach short of
the actual stall, penetrating deeper and deephreaith succeeding approach until limiting
conditions or the actual stall are reached. Intamd the rate of approach should be low
initially, less than 1 knot per second for norntalls. Investigations of accelerated stalls
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should be made by using the “constant normal acaigd®” technique or the “constant
airspeed” technique. The constant normal acceéersgchnique is performed by selecting
and holding a desired g level while allowing thepkine to decelerate until the stall is
encountered. Slow deceleration rates (typically 2 knots/second) are used for initial
investigations. As experience is gained, faster deceleration rates shoplerfoemed
unless safety considerations dictate otherwisee ddmnstant airspeed technique will be
discussed in th8TALL TESTTECHNIQUES section.

The test pilot should record at least the following cockpit data during the approach
to the stall:

=

Airspeed and angle of attack at stall warning.

no

Type and adequacy of stall warning.

w

Longitudinal control force at stall warning (eittneeasured or estimated).

B

Qualitative comments regarding controllability aadtrol effectiveness.

2.3.2.3 FULLY DEVELOPED STALL

During this phase of the investigation, the primary objective is to accurately define
the stall and the associated airplane behavioe stall should be well-marked by some
characteristic, such as pitch-up or pitch-down or lateral or directional divergence. In
general, any pitch-up or directional divergencthatstall is undesirable because pitch-up
may precipitate a deep stall penetration and diregitidivergence may lead to a spin.
Pitch-down at the stall and lateral divergence may be acceptable; hogsxenegolling,
pitching, or yawing or any combination of the thege obviously poor characteristics.

Control effectiveness as evidenced by the pildilBta to control or induce roll,
pitch, or yaw should be evaluated in the stlgirplanebehaviorpermitsthis to be done
safely Obviously, control effectiveness should be evaluated with a suitable build-up
program. Initially, control inputs only large ermgiuto effect an immediate coordinated
recovery should be used. As experience is gathedjirplane should be maintained in the
stalled condition for longer and longer periodsimie, and the effectiveness of all controls
evaluated with larger and larger control deflection
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The test pilot should record at least the followdogkpit data regarding the stall:

1. Airspeed and angle of attack at stall.

2. Load factor (accelerated stalls only).

3. Characteristic which defines the stall.

4. Longitudinal control force at the stall (eitheramsared or estimated). The ratio
of longitudinal control forces at stall and stalmwing is a rough indication of

longitudinal stability in the high angle of attaggion and an indication of the
ease of inadvertent stalling.

o

Qualitative descriptive comments.

2.3.2.4 STALL RECOVERY

During this phase of the investigation, primarymteof interest are the ease of
recovery (the pilot's task), general flying quaktiduring the recovery, altitude required for
recovery, and the determination of an optimum recptechnique. The definition of stall
recovery may vary with the configuration under istigation. For example, the goal of
recovery for configurations commensurate with combatenagring may be to regain
sufficient control effectiveness about all three axes to perform offensive or defensive
maneuvering tasks; the attainment of level fliglhiymot be critical in these configurations.
The goal of recovery for take-off and approach mpmhtions should be the attainment of
level flight with a minimum loss of altitudeand the regaining of sufficient control
effectiveness to safely maintain stall-free comdiit. In each case, the test pilot must
clearly define “stall recovery.”

During initial investigation, the stall recovery procedures specified in pertinent
publications should be utilized and the ease of effecting recovery evaluated. If no
procedure has been developed, initial recovery e stccomplished with a preliminary
technique formulated from all available technicdbrmation. As experience is gained,
various modifications to the recovery procedure should be made until an optimum
procedure is determined. In arriving at an optimpnocedure for use by the operational
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pilot, the test pilot must not only consider thifectivenes®f the technique (in terms of
altitude loss or maneuverability regained) but must also considesitmgicity of the
technique.

The test pilot should record at least the followdaga regarding stall recovery:

1. Qualitative comments on ease of recovery

2. Optimum recovery technique

3. Altitude loss in recovery

4. Qualitative comments on control effectiveness

2.3.2.5 PROFILE OF THE CONTROLLED STALL TEST
TECHNIQUE

The general flight profile of the controlled stall investigation is presented in Figure
2.15. Points along the profile are further expdairon the following page. It should be
remembered that until familiarity with stall behawof the airplane is gained, the profile
may be broken off at any point.

Entry
/ ~~ Approach
, ©%
Trim !
/A\/ Test Altitude \@Stall
- RS ©

- / S~ _@_
\ - \l
_____ - Sltuatlon Review

Approach Recovery

Figure 2.15
General Profile of the Controlled Stall Investigation
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A. Trim Point. The configuration under investigation should be established.
At least the following items should be recordethie cockpit:

1. Trim speed

2. Trim tab setting

3. Power setting

4. Fuel quantity

If automatic recording devices are installed, arf'tshot” should be made.

B. Entry Point. Decide on an entry point which wasult in the stall occurring
near the test altitude (+1000 feet). The entrycedures will be different for normal and
accelerated stall investigations.

NormalStalls Slow the airplane rapidly to about 20 KIAS abake estimated

stall warning speed. Power reduction or speed brake extension may be utilized.
Reestablistrim configurationatthis newairspeed Make a slight pitch increase to start the

deceleration toward the stall. Using the visuaizon as a primary cue and airspeed
indicator as a crosscheck, establish the desireelelation rate. Deceleration rate should
be one knot per second or less initially, but maynocreased as experience is gained.

AcceleratedStalls For initial investigations, the constant normal acceleration

technique is normally used. Select an entry normal acceleration comratnsvith
configuration, flight conditions, and familiarityith the accelerated stall characteristics. If
appropriate and feasible, slow the airplane to 84OKIAS above the estimated stall
warning speed for the selected load factor. Embrynal acceleration should be increased

to maximum allowable or attainable as familiargygained. Establish a roughly level turn

at entry normal acceleration. Maintaining normal acceleration constant, establish the
desired deceleration rate. The primary referehoeld be the visual horizon, although the
normal accelerometer, angle of attack indicator, and airspeed indicatohaviél to be
crosschecked frequently. Deceleration rate shioelldpproximately 2 knots per second or
less initially, but may be increased as experiésgained.
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C. Approach to the Stall. If automatic recording devices are utilized, they
should be activated at some convenient point poigtall warning. The event marker may
be used to mark stall warning on the recordingesadn order to aid in remembering data,
the pilot should call out the airspeed and anglatiaick at stall warning onset and mentally
note the type and adequacy of the warning. Forcgmhes to normal stalls, utilize pitch
control to maintain 1.0 g normal acceleration and the predetermined deceleraitto
During approaches to accelerated stalls, a combmat bank angle and pitch attitude are
used to maintain normal acceleration and deceteratites at predetermined values. An
increase in bank angle will slow the deceleratiate and a decrease in bank angle will
speed it up, providinthenormalacceleratioris maintainecconstant

D. The Stall. There is a natural tendency to relax nose-up longitudinal control
as the stall is approached in unaccelerated or accelerated entries. This tendency should be
overcome by maintaining deceleration rate and normal acceleration into the stall with
positive pitch attitude control. If the stall isanked by pitch-down, pitch attitude and
normal acceleration should be closely monitored for accurate detection of the stall. At the
stall, actuate the event marker if automatic reicydevices are used and call out the
airspeed, angle of attack, and altitude at thé dtééntally note the airplane behavior at the
stall and initiate recovery control inputs and ogufation changes.

E. The Recovery. Follow the predetermined recovery proceahuleeffect
recovery. Qualitatively evaluate recovery chanasties. Call out final recovery altitude
and actuate the event marker if utilized. The automatic recording devices should be

deactivated when convenient.

F. The Situation Review. As the airplane is stattedard the next stall test
point, the pilot should record at least the follogvcockpit data from the last stall:

1. Stall warning speed and angle of attack

2. Type and adequacy of stall warning

3. Stall speed and angle of attack

4. Stall characteristics
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5. Recovery characteristics

6. Altitude lost and airspeed buildup during recovery

2.3.2.6 ALTERNATE TECHNIQUE FOR ACCELERATED STALL
INVESTIGATIONS

It is recommended that initial accelerated stall tests be performed utilizing the
“constant normal acceleration” technique described above; this technique allows a gradual
build-up to accelerated stalls at high levels aihnmal acceleration. After experience is
gained in the accelerated stall characteristics of the airplane, the wind-up turn or “constant
airspeed” technique may be utilized; this technique is moreditipus and somewhat
simulates inadvertent stalls in operational uske fechnique merely involves gradually
increasing angle of attack or normal accelerattazpastantirspeedr Mach numberin a

wind-up turn until the airplane stalls. The di#face between the angle of attack or normal
acceleration at stall warning onset and at stalhisdditional measure of the adequacy of
the stall warning.

2.3.2.7 SIMULATED INADVERTENT STALLS

If the results of the controlled stall investigatimdicate that inadvertent stalls will
produce no dangerous flight conditiosgnulatedinadvertenistallsshould be investigated

from entry conditions which could result from vargooperational procedures. These entry
conditions will generally involve more rapid deaaléon rates during normal stalls and
more rapid increases in normal acceleration dwactglerated stalls.

The mission tasks most likely to result in inadvertent stalls should be used as entry
conditions. These mission tasks may be those required in air combat maneuvering,
gunnery exercises, missile attacks and reattackscanventional and nuclear weapons
deliveries. Other tasks peculiar to take-off apdraach conditions must also be used as
entry conditions; these may include simulated adtdpunches, field take-offs, wave-offs,
or “bolters,” and field or carrier approaches. d@tirse, the mission tasks will vary widely
in all test programs; these are presented as examples for illustration. No matter what tasks
are selected, all stalls should be performed afeaadtitude (at least 10,000 feet).

2.37



FIXED WING STABILITY AND CONTROL
Theory and Flight Test Techniques

By performing simulated inadvertent stalls under conditions representative of
operational procedure, more complete knowledge is gained of the adequacy of stall
warning, the characteristics of the actual staitl the ease of recovery from the stall. No
rigorous stall investigation would be complete withthis type of evaluation.

2.3.3 Postflight Procedures

As soon as possible after returning from the fljghe test pilot should write a
brief, rough qualitative report of the airplane &elor in the region of the stall. This report
should be written while the events of the fligheé &resh in his mind. The qualitative
opinion will be the most important part of the fingport of the stall characteristics.

Appropriate data should be selected to substarnhatgpilot's opinion. If automatic
recording devices have been utilized, stall tinstdnies will be presented in the stall report.
The time histories should be of particularly wédvin stalls, or of stalls during which
some unusual characteristics were observed. Exsnopistall time histories are presented
earlier in this section (Figure 2.10 and 2.11)allStata also may be effectively presented
in tabular form. An example is presented in FigRifb.
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Longitudinal
TRIM | CG ALT| 1AS |y AOA N, | ContForces |ALT,SOST
CONF I E— V% (LBS) REC(OV)ERY
% S FT
M | IAS OMAS) (FT) Warn| Stall Warn| Stall Warn| Stall \Warn| Stall
Figure 2.16

Typical Stall Data Table

2.4 SPECIFICATION REQUIREMENTS

Requirements for stall characteristics are contained in Section 3.4.2 of Military
Specification MIL-F-8785C of 5 November 1980, hdéterareferred to as the Specification.
The requirements of Section 3.4.2 may be modified by theicapfg airplane Detail
Specification. Comments concerning individual geaphs are presented below.

3.4.2 Flight at High Angles of Attack. The requirements of 3.4.2 through
3.4.2.2 are intended to assure safety and the absence of any compromise in
the performance of any mission task due to stalining, stall, and stall

recovery characteristics.
3.4.2.1 Stalls. The stall may be defined by either airflow separawith

increasing angle of attack causing loss of lifhtool difficulty, or
excessive buffet/vibration (see 6.2.2 and 6.2.5yoa minimum
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permissible airspeed for safe execution of a sjgauilssion task
(see 3.1.9.2.1). The maximum obtainable anglétatlkamay be
control limited,; i.e., full aft stick applied, inhich case the
maximum obtainable angle of attack defines thé &eaé 6.2.5 a).
The stall may be defined in terms of airspeed gteaaf attack,
but the definition must clearly state which of #imve conditions
exist.

3.4.2.1.1 Stall Approach. For normal stalls, deceleration rates of
up to 1 knot per second should be used to determine
compliance with the Specification requirements. For
accelerated stalls, the approach rate should be a
function of angle of attack rather than airspeRdtes
of increase of wing incidence angle of attack of 2
degrees per second or less should be used to determine
Specification compliance. For both normal and
accelerated stalls, greater deceleration or arigittacck
rates could be utilized during simulated inadvertent
stalls under conditions representative of operational
procedures.

3.4.2.1.1.2 Warning Range for Accelerated
Stalls Conflict could arise here
between the defined Operational
Flight Envelope and the minimum
angle of attack values at which onset
of stall warning is permitted. For
TPS purposes, this requirement will
be considered met if onset of stall
warning occurs within the angle of
attack limits stated.
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The value ofti, may be determined in flight by recordingover a range of normal
load factors from -1 to +3g and plotting the resulfhe intercept of the curve with
the a axis at zero load factor gives,. In most cases, oscillograph data will be

required to obtain accurate results. Ships service AOA gauges will probably give a
fair approximation but may contain nonlinearities.

3.4.2.1.3 Stall Preventiorand Recovery. The requirement here
which needs particular attention is that stall recovery
technique shall be simple and easy to apply and that
there shall be no excessive altitude loss.

3.4.2.2 Post-Stall Gyrations and Spins

3.4.2.2.1 Resistancef Lossof Control

3.4.2.2.2 Recoveryfrom Post-StallGyrationsand Spins Tests
to determine compliance with these requirementbk wil
only be conducted at TPS if specifically briefélests
of this nature require a cautious and progressive
approach which is time-consuming and requires apeci
safety precautions. An indication of the probapitif
meeting the intent of these requirements may plyssib
be obtained without investigating the entries and
control applications specified.

2.5 GLOSSARY

Camber The curvature of the mean line of an airfoil secfiomm
leading edge to trailing edge.

Thickness Ratio The ratio of the maximum thickness of an airfodtgm to
its chord length.

Autorotation Uncontrolled rolling or rotating, as in a spin.

Aspect Ratio The ratio of the span of the wing to the mean chord
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Taper

Deep Stall

Slat

Slot

Endplate

Reynolds Number

Post-Stall Gyrations

Shock Stall

Theory and Flight Test Techniques

A gradual reduction in chord length from wing rémiving
tip.

A flight condition in which the airplane has at&dghan angle
of attack far higher than the angle of maximum lift
coefficient.

Any of certain long narrow vanes or auxiliary ailgo The
vane used in an automatic slot.

A long and narrow opening, as between a wing and a
deflected Fowler flap. A long and narrow spanwise passage
in a wing, usually near the leading edge, for improent of
airflow conditions at high angles of attack.

A plate or surface at the end of an airfoil attathea plane
normal to the airfoil that inhibits the formation of tip vortex,
thus producing an effect similar to that of increaspect
ratio.

A nondimensional parameter representing the ratio of the
momentum forces to the viscous forces about a body in
motion. Reynolds number decreases with increase in
altitude and increases with increase in true véfodf the
dimensions of the body remain constant.

Random oscillations of the airplane about all axes following
departure from controlled flight.

A stall brought on by compressibility burble; i.e., by
separation aft of a shock wave.
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CHAPTER THREE

SPINS

3.1 INTRODUCTION

In order to obtain the maximum capability from te&k airplanes, it is necessary to
fly them near the limit of their flight envelope3his includes lift boundaries, structural
limits, and minimum and maximum airspeed limitdisTtype of flying will often result in
inadvertent stalls and occasionally in inadvertent spins. If the tactical pilot has confidence
in his capability to successfully recover from amgcontrolled flight maneuver which may
be inadvertently entered, he will not hesitateydtie airplane near the limits of its flight
envelope. If, however, the pilot does not have this confidence, and does not know
whether or not he can recover his airplane fromia, $1e will probably allow himself a
greater margin of safety and not fly his airplane to the extreme edges of the tactical
envelope. On the other hand, any airplane whidmaibe consistently recovered from a
spin or a departure after an accelerated stallaislb not be flown to its utmost tactical
advantage. In both cases, a significant and extiyermportant portion of the airplane's
tactical capability will be negated. It is of pramny importance, therefore, that all U.S.
Navy tactical and training airplanes be evaluatgdhbvy pilots in comprehensive spin
programs. In this manner, spin recovery techniqgues and optimum spin avoidance
maneuvers can be determined, thus providing tles¢ flidot with the information he needs
to gain confidence in his airplane's tactical cdpms. Even if an airplane is never cleared
for intentional spins, the results of a good spin investigation will provide important data to
the fleet and to flight handbooks which will shaaetical pilots that the airplane has been
spun and recovered successfully.

3.2 THEORY

3.2.1 General

There is probably no other aerodynamic maneuver about which exists more
misinformation and confusion than the spin. WHiie interaction of aerodynamic and
inertia forces in a spin involves long and compexations of motion, the factors which
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cause spins are in themselves relatively simple. It would be well at the start of this
discussion to dispel any confusion by defining diethose terms which will be used in
this discussion of stalls and spins.

3.2.2 Stalls

An aerodynamic stall is defined as a condition Inalv the wing attains an angle of
attack greater than the angle of attack for maxinhétnresulting in a loss of lift and an
increase in drag. Stalls may be either erectrtaedenormal, or accelerated. For purposes
of this discussion, normal erect stalls are thdakssentered in positive angle of attack
flight at a load factor of one g or less by dedrgasairspeed (including both slow and rapid
deceleration). Normal inverted stalls are simil&h the exception that the angle of attack
and load factor have negative values. Erect aatektstalls are those stalls entered at load
factors greater than 1.0 g and inverted accelesitdis are those entered at less than -1.0
g. Inverted accelerated stalls are rarely seenta@dédficulties in pilot technique, pilot
discomfort, and control effectiveness limitationsigh usually restrict or prevent these
maneuvers.

3.2.3 Post-Stall Gyrations

Post-stall gyrations are maneuvers entered after stalls which are different from
spins. These gyrations are often extremely vioéartt result in random pitch, roll, and
yaw oscillations. In many cases, the charactessif post-stall gyrations are determined
by the steady state spin speed of an airplane. sTéaaly state spin speed is that speed
attained by the airplane in a steady state spifin@l®below). Post-stall gyrations which
occur at airspeeds faster than steady state spedsmre those which normally occur after
accelerated stalls. In these entries, the po#it-gy@ations acts to dissipate the kinetic
energy prior to the airplane entering an incipgmh. Post-stall gyrations occurring below
steady state spin speeds are normally associatbchase high, low airspeed conditions
during which inertia forces become more powerfainttaerodynamic forces. Low speed
post-stall gyrations are usually more unpredictabie cause the pilot the most concern due
to the fact that his aerodynamic controls are less powerful than the inertia forces acting on
the airplane. Erratic angle of attack and randampredictable airplane motion are the most
pronounced characteristics of a post-stall gyration
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3.2.4 Spin Definition

The spin is a maneuver during which the airplarseeleds rapidly toward the earth
in a helical movement about a vertical axis (catleel spin axis) at an angle of attack
between the stall and 90 degrees. The steady state spin is always characterized by
autorotation (defined below). Spins are of twaidi types, erect and inverted. Erect
spins differ from inverted spins in the sign of the angle of attack and load factor; that is, in
an erect spin, there is a positive angle of attaxkload factor, whereas in an inverted spin,
there is a negative angle of attack and negata fiactor.

Each spin is divided into two phases; incipient sigady state. The incipient phase
of the spin is that portion of a spin occurringeafbost-stall gyrations, if any, have ceased
and the airplane commences a spin-like motion; however, the aerodynamiceatia i
forces have not yet achieved a balance. In a gtetade, or fully developed spin, the
aerodynamic and inertia forces have reached admlahhe pitch attitude, angle of attack,
vertical velocity, and yaw rate reach constantyage values, or changes in any of these
parameters are uniformly repetitive. Some airpdamever reach true steady state or fully
developed spins, but attain only partially devebbgpins. The difference is that in the
partially developed spins, stabilization is lackedne of the parameters listed above. For
example, pitch attitude or yaw rate might fluctuata random, nonrepetitive fashion.

3.2.5 Factors Causing Spins

Spins are caused by a combination of two primary factors: exceeding stall angle of
attack and sideslip. These two factors result in a phenomena known as autorotation.
Autorotation is defined as rotation which occurs without lateral control input. It is a result
of unequal angle of attack distribution betweenwivegs of the airplane. Figure 3.1
shows a lift coefficient () angle of attackd) curve for a typical airplane.

At angles of attack lower than the stall (Point Ay change in angle of attack
between the wings due to sideslip tends to raiedaver wing. This is called dihedral
effect or lateral stability. Once the stall angfettack is exceeded (Point B), any sideslip
which induces an apparent change in angle of ati@tween the wings results in the
opposite restoring moments and causes the airptareate in the direction of the low
wing. This rotation in turn increases the angle of attack difference between the two wings
and the maneuver becomes self-sustaining. The drag on the downgoing wing also
becomes greater due to the increased angle ok atitalin turn causes yawing moments in
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the direction of rotation. The motions in roll,waand pitch are opposed by, or coupled
with, inertia moments until eventually a balancdates and equilibrium is achieved.
Figure 3.2 shows an example of this sort of aeradya and inertia balance.
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Figure 3.1
Typical Lift Slope Curve
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Figure 3.2
Balance of Aerodynamic and Inertia
Pitching Moments in a Spin

3.4



SPINS

The airplane mass may be illustrated by fly batls geries of weights. As this
series of weights rotate about the spin axis, &upsinertia pitching moment is caused.
This moment balances out the aerodynamic nose-giteining moment. The other axes
of motion contain corresponding balances of aerodynamic and inertia moments. A
discussion of spin tunnel research on this sulgdound in Reference 1.

It is important to realize that the airplane massrithution has an extremely strong
effect on the spin and spin recovery charactesstithis mass distribution is normally
discussed in terms of the inertia yawing momenapeter, IYMP. This term is equal to

Iy =1y + mb?, Ix and |, being the moments of inertia about the x and yybexis,

respectively; m, the mass of the airplane; antidwing span. Present trends in modern
aircraft usually result in large negative valuesnafrtia yawing moment parameter (i.e.,
fuselage-heavy airplanes). This is the resulhof wings, high density jet engines, and
fuel cells in the fuselage of the airplane. Ireestawing moment parameters will change
greatly in many airplanes by fuel consumption, iddior release of external stores, etc.,
The effects of mass distribution should be deteechiprior to actual spin testing and initial
tests should be performed in those loadings coresideast critical from the inertia yawing
moment parameter standpoint. There may well beedoadings in which spin recovery
will be impossible. For example, spin recoveryha A-1 was impossible or unacceptable
with heavy wing loadings. However, recovery cobkdaccomplished easily when wing
stores were jettisoned.

Sufficient spin tunnel data has been accumulated to show strong trends in the
capability of various control combinations to reepairplanes versus the magnitude of the
inertia yawing moment parameter. In general, anmps with fuselage-heavy loadings will
require use of lateral, as well as directional lamgjitudinal control, for spin recovery. In
airplanes of this type, lateral control often becomes a more powerful spin recovery control
than the rudder. Additional information on thiiebry may be found in References 2
and 3.
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3.3 TEST PROCEDURES AND TECHNIQUES

3.3.1 Preliminary Data

Navy spin programs occur only after the contrabts demonstrated satisfactory
spin recovery characteristics of the particular airplane involved. During the spin
demonstrations, a wealth of important information is obtained which should be fully
exploited and utilized by the Navy test pilots. aliidition, any areas which are not clear or
need further amplification should be discussed wighcontractor pilot who flew the spin
demonstration. A great deal of information is @ied in spin tunnel evaluations which are
performed on scale models of nearly all new airgdaprior to the contractor's spin work.
The spin tunnel reports are available to the ptgaot and should be studied thoroughly.

It is extremely important for the project pilot to pay par#s attention to any
changes that are made to the test airplane coafigarbetween the demonstration by the
contractor and the Navy spin evaluation. Changekdé demonstration configuration are
often made as a result of deficiencies found duNiRE and BIS trials. These changes
may appear to be entirely unrelated to the spituauan but may nevertheless seriously
affect the airplane spin characteristics. If,im bpinion of the project pilot, these changes
are significant, the contractor should be requiceconduct additional spin demonstrations
in the most recent configuration. Examples of ¢hemy be changes in canopy design,
speed brake extension limits, addition of varidiwses, modification of high lift devices,
revision of CG limits, and other obvious changescihvould affect the stability and mass
distribution of the airplane. Unless the project pilot is positive that the changes are
inconsequential, additional demonstrations in the modifieafigurations should be
required.

3.3.2 Test Instrumentation

Having a properly instrumented airplane is of maximum importance in spin testing
due to the rapidity with which parameters changeternal and internal photography will
also be extremely useful in both analyzing the spin characteristics and in subsequent
training of squadron pilots.
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Primary internal instrumentation may include magnetic tape, oscillograph, and
photopanel. Pertinent parameters include conwsitns and forces, angle of attack,
sideslip, airplane attitudes, rates, and so onee @ique parameter for spin tests is turn
count or azimuth angle. Measurement of this pat@nnequires installation of a turn count
gyro or photoelectric cell. A list of typical spiest instrumentation parameters is presented
in Figure 3.3.

The test airplane cockpit should be instrumentegatéwide the pilot with controls
for activation of data records and primary and secondary emergency antispin device
actuation. In addition, there are several dewdash may be installed to provide the pilot
with orientation cues and warning signals. Theseads include oversized, centered, turn
needle (or roll and yaw lights), single pointeiirakter (such as a glare shield mounted
cabin pressure altimeter hooked to the regulacsatrce), low altitude warning lights and
aural warnings, and direct readouts of any parametmsidered critical. The pilot should
be provided with a kneeboard or cockpit mounted tagorder or telemetry voice recorder
channel. The recording device permits the pilohtike a running commentary of the spin
as it progresses through its various phases. Becso much is happening in a short
period of time, the pilot is not usually able to write down all his observations and
comments. The recorder is particularly valuabtenigssion suitability observations.

Internal motion picture or pilot's-eye cameras and externally mounted cameras
should record the relative motion of the outside world. These films are useful in
reconstructing airplane motions and the relatiodevice of the maneuvers in the cockpit.

External instrumentation usually includes telemetry, photo theodolite, and chase
plane film/TV coverage. Real-time telemetry wilkrpit a project engineer to monitor
various critical parameters such as angle of atewgine operation, altitude, turn direction,
control position, etc. A ground-based safety pilot may usefully be employed in the
telemetry receiving station, linked to the tesopbly duplex (two-way) continuous voice
radio communications.

Motion picture films are, of course, very usefukimowing the real life sequence of
the spin and provide the capability of slow motanalysis of airplane motions. The films
may subsequently be used along with cockpit films for spin training films and other
presentations.

3.7



FIXED WING STABILITY AND CONTROL
Theory and Flight Test Techniques

Quantities Measured

Mag Tape/ Photo Pilot’s
Oscillograph Panel Panel

Film Frame Counter

Oscillograph Burst Counter

Pilot Signal

Running Time

Longitudinal Stick Force

Lateral Stick Force

Left and Right Rudder Pedal Force

Longitudinal Stick Position

Lateral Stick Position

Rudder Pedal Position

Left Elevator Position

Left Aileron Position

Rudder Position

Left and Right Elevator
Trim Tab Positions

Rudder Trim Tab Position

Normal Acceleration

Pilot’s Seat Acceleration

Angle of Attack

Angle of Pitch

Angle of Bank

Angle of Sideslip

Rate of Pitch

Rate of Roll

Rate of Yaw

Spin Turn Count

Left and Right Engine Oil Pressurg X

Left and Right Engine Fuel Used X X

Noseboom Airspeed

Noseboom Altitude

Production Airspeed

Production Altitude

Critical Structural Loads X

<
><><><>< < X
<

XX XXX XXX X XX o X X

X X X X
X

Figure 3.3
Typical Test Instrumentation
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3.3.3 Chase Plane Requirements

A chase plane is mandatory on all spin flights in a Navy spin program.
Consideration should be given to assure that tlaselplane is compatible with the test
airplane. Using a chase airplane that has largeadities in performance with the test
airplane can result in unnecessary flight delays waiting for the chase plane to get in
position. On the other hand, a chase airplane iniénior low speed handling qualities (to
the test airplane) may result in inability to cllyseonitor the test airplane in slow speed
flight and in the spin. The chase pilot is usethtntain surveillance of the test area, count
spin turns, and act as a safety backup by monga@ititude and inspecting the test airplane
at frequent intervals for any external signs of dgenor stress.

3.3.4 Anti-Spin Devices

Each airplane to be utilized in a Navy spin program must be fitted with an
appropriate anti-spin device. This is an emergency device utilized by the pilot when
aerodynamic controls are ineffective in recovering the airplane from the spin. Most
commonly used is an anti-spin parachute which dayed behind the airplane to slow the
yaw rate, lower angle of attack, and thereby recéneoen the spin. Anti-spin parachutes
are of many types and sizes and the requiremengsgfarticular chute are usually predicted
on spin tunnel research. Chutes may be deployedpened ballistically in certain cases.
Other devices utilized are anti-spin rockets wtiah be used either as anti-yaw devices or
as pitch devices to lower the angle of attack and subsequently stop a spin. Another
possible consideration is use of vectored thrustm&thod of lowering angle of attack and
breaking a spin. In any event, the anti-spin dedecided upon should be demonstrated
by the contractor during the spin demonstratiohe dlevice should be tested on the ground
in flight prior to the commencement of the spirtges

3.3.5 Spin Flight Testing

The evaluation of deep normal and accelerated dtallacteristics should be the
start of the spin program. In some cases, thisbeilthe initial Navy evaluation of deep
stalls. This will occur whenever an initial invigsttion of stall characteristics indicates that
the airplane has strong pro-spin tendencies in dedigpenetrations. In any spin program,
however, the buildup program for the spins shotddt svith a thorough investigation of
deep stall characteristics. It is important for the test pilot to remember that various criteria
other than the actual aerodynamic stall may have been insprevious evaluations to
define stall speeds. In these cases, the critevitbive some limiting factor based on the
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flying qualities, performance stall speeds, or carrier suitability minimum usable speeds. It
is quite possible that true aerodynamic stalls may not have been fully investigated in
previous tests. The deep stall penetrations shthadefore, proceed in a logical buildup
sequence starting with normal stalls at high aétusing low power settings.

It is important to keep the power settings low initially so that the nose of the
airplane will be as low as possible at the stdlhus, when the airplane stalls, the best
possible conditions for regaining flying speed weNist because the nose will already be
low. The pilot should build up to full control de€tion in the stall with both lateral and
directional controls. In many cases, these large control inputs will induce post-stall
gyrations or incipient phase spins. The gyrations and spins produced in this fashion
should not be permitted to build up to steady statelitions but should be recovered from
immediately.

The incipient phase spin testing should be comntefroen one g, power off stalls,
in the loading which has been predicted to beehstlcritical insofar as center of gravity
and IYMP are concerned. Intentional spins are liyseatered by application of full pro-
spin control deflections at or after the stall.e&fic entry procedures are described in the
military spin specification, Reference 4. Ent@esl types of spins may be modified by the
detail specification for the airplane. It is imtaont to emphasize that the majority of testing
should be concerned with recovering from post-gpalations and the incipient phase spin
characteristics. These regions of uncontrolleghflare those which the fleet pilot will see
most frequently in tactical use.

The test pilot should build up to steady state spiry slowly. A good schedule
for a buildup would be to initially look at spingrfl/2 turn, 1 turn, 1 1/2 turns, and so on,
until steady state spins have been attained. wecgteady state spin has been attained and
the pilot has ascertained that he can recover consistieatty the spin, the evaluation
should proceed to investigate the variables ofigardtion and control changes. Included
here are the effects of control positions and guméition variations such as speed brakes,
power, and flaps - both in the spin and for recpve3ince lateral control position may be
a powerful variant, the inputs should be made imaremental buildup.
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After a thorough and complete one g entry evalnatidhe least critical loading, the
evaluation should move on to entries from accederatalls, then into vertical entries. A
gradual buildup in load factor and pitch attitude, respectively, is again warranted.
Occasionally, inverted spins may result from nose high entries. The pilot should be aware
of this. This point in the evaluation may, in fdo¢ the optimum place to evaluate inverted
spins. Following this buildup, tactical entriechuas from high g reversals, improper
nose high recoveries, and improperly executed agicsshould be investigated. Again,
the emphasis should be placed on defining the dlitgadnd requirements to recover the
airplane in post-stall gyrations and incipient ghasneuvers. Finally, the effects of inertia
coupling at low speeds should be investigated.s&meaneuvers will probably present the
most violent post-stall gyrations and often resuinverted spins even though erect pro-
spin controls are utilized. Low speed inertia dedpmaneuvers are entered by applying
abrupt pro-spin control deflections during low gpealing maneuvers.

Once the complete spectrum of entries, control positions, and tests have been
completed in the least critical loading, the d&@usd be spot-checked in a buildup program
at the other loadings concentrating on normal service utilization. It is important to
remember that changing the external loading of the airplane may well change the spin and
spin recovery characteristics radically. A logibaildup for each new loading is again
warranted, especially in the area of asymmetriddoa

3.3.6 Miscellaneous Tests

A complete spin evaluation will require the invgation of several miscellaneous
areas. Some of these areas will be unique toammyairplane and the project pilot will be
required to use his imagination to insure that he has considered alll@ginditions.
Some examples are discussed below.

3.3.6.1 POWER EFFECTS AND ENGINE OPERATION

Power effects may be negligible or extensive and engine operation may vary
drastically between various power settings. Pubanti-spin asymmetric power should be
investigated on multiengine airplanes. Asymmegtower may be an aid or hindrance to
spin recovery. The various combinations of tests @ossible ramifications should be
obvious. In many cases, high angle of attack ansifteslip will cause erratic engine
performance, stalls, chugs, and flameouts.
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3.3.6.2 CONFIGURATION CHANGES AND NONOPTIMUM
RECOVERIES

The project pilot should evaluate the effects afaas configuration changes on
spin and recovery characteristics. Items here include effects of flaps, speed brakes, and so
on. Past experience has shown that actuatioresétitems may either prevent or produce
spin recovery. In many cases, they will have little or no effelt. any event, it is
important to know these effects and the evaluattwould not overlook this important area
of investigation.

Nonoptimum recovery variations should also be itigased in detail. This will
assist in determining critical recovery paramet&enoptimum recovery variations include
utilizing less than full recovery control deflections, various combinations of recovery
controls, control releases, control neutralization, etc. The timing of anti-spin control
application should also be investigated. For example, apphcaf steady state spin
recovery controls in a post-stall gyration or ineit phase spin may actually act as pro-
spin controls. These data are obviously of impmeao the fleet pilot.

3.3.6.3 DEGRADED SYSTEMS OPERATIONS

Insofar as logical and feasible, the project ploduld investigate spin recoveries
under conditions of degraded systems operatiomss bf flight control boost, stability
augmentation, and so on, could produce signifiganttions in spin recovery capability.
Spin maneuvers may have side effects on systematapes and it is appropriate for the
project pilot to comment on the mission suitabibiypects involved. Examples include
tumbling of attitude gyros, illumination of variouwgarning lights, loss of fuel through
venting, adequacy of pilot restraint system, andrso

3.3.7 Required Data

There is myriad of data pertinent to any spin paogr These data are normally
presented in the report as time histories of various important rates, positions, control
deflections and forces, altitude, etc. Qualitatie¢a presented by the pilot, however, are
the most important data presented. The descripfitw it feels in the cockpit, the ability
of the pilot to stay orientated in the spin recgyemnd so on, are the most important
portions of the evaluation from the pilot's poiritview. For example, use of angle of
attack for dive pull out following spin recovery ynae extremely critical. If this is true, it
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is important for the project pilot to define thmiiation in terms of cues available. Use of a
cockpit tape recorder with which the pilot can makeinning commentary of his spin is
invaluable for this purpose. Nose position, tueedie position, altitude loss per turn, yaw
rate, various recovery techniques, and so one, can be discussed as they occur.
Occasionally, various engine parameters may not be instrumented and it will be important
for the pilot to observe engine operating charasties during the spin. Itis up to the
project pilot to insure that his important cockplitservations are not lost in a maze of
guantitative data. A pilot-oriented, qualitativessassment of the spin entry characteristics,
the spin characteristics, and the spin recoveryacheristics must be foremost. A checkilist

of some of the important data to obtain in spitirigss presented at the end of this section.

3.3.8 Safety Considerations/Risk Management in Spin

Programs

There is probably no other type of flight testing which requires a more
comprehensive and logical buildup program than spaluations. This buildup program
should begin by a complete pilot study of all poas spin data on the plane he will be
evaluating, as well as a look at earlier spin reptar observe and look for various problem
areas which occurred in these previous evaluations. The project pilot should provide
himself with several spin familiarization flights airplanes cleared for intentional spins.

As stated earlier, prior to commencing a spirs itecessary for the pilot to do stall
work which logically and reasonably proceeds irflanped buildup to a complete spin
evaluation of the airplane in the least critical loading. Following this initial series of tests,
additional loadings may be evaluated in a reasertaldldup program.

Prior to commencement of actual spin tests, thgeptgilot should devote some
flights to dive pull-out data at various airspeegiggles of attack, and power settings with
and without speed brake. A dive pull-out tablelstidhen be prepared and utilized by the
project pilots. From this dive pull-out table, decision altitudes should be established.
Decision altitudes should include: altitude at whio stop other than optimum recovery
tests, altitude for anti-spin device deploymergcgpn or bailout altitude. It is important
for the pilot to have these altitudes fixed firmly in his mind prior to doing any spin testing.
If a certain critical altitude is reached, the pill have a preplanned course of action to
follow and will not delay in making the proper dgioin as to emergency spin recovery
actuation or ejection, if necessary.
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In many cases, unusual or erratic engine operatiay occur during spin testing.
It is not unreasonable to expect this becauseeoexireme high angles of attack, high yaw
rates, and sideslip angles associated with sght8i The pilot must, therefore, be very
familiar with procedures for clearing compressatlist airstarts, flame-out landing pattern,
etc. In some cases, it may be necessary to fit the r@rplath some auxiliary power
devices. For example, an air driven ram air tiglhor emergency electrical power may not
operate if deployed in a spin. Therefore, it maybcessary to install a battery to provide
for ignition, critical electrical demands, or pdsgieven run auxiliary hydraulic pumps to
provide adequate flight control. If the airplaseprone to engine flameouts in a spin, it
may be valuable to fit it with a continuous ignitigircuit. In any event, these factors
should be considered. The pilot should practiaem#tout landing procedures, air starts,
and various forms of degraded systems flights lbgical to assume, therefore, that the
spin testing should be done near a field to which an emergency or flameout landing can be
made quickly.

Use of the chase plane for data and safety purpeassliscussed previously. It
also serves as a very important extra pair of &y@saintain surveillance of the spin area
and warn the spin pilot of any possible intrudefsiditionally, radar coverage may be
used to assist in keeping the area clear.

Finally, project pilots of spin airplanes should have a reasonable amount of time in
the test airplane prior to commencing any spin test

3.4 THE INVERTED SPIN

3.4.1 Introduction

Inverted spins have always provided an interestmdjfrequently spectacular realm
of flight; however, it is also a realm of relativafamiliarity to most pilots. It has been well
documented that spins cannot be prevented by ébbakdntry that “intentional spins are
prohibited.” Also, inverted spins cannot be prevented by handbook entries that “the
airplane resists inverted spins.” Someone willajs/find a way to end up inverted in
uncontrolled flight. Because of this, spin testimgluding inverted spins, will always
remain an important part of the tests programséov tactical airplanes.
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The same general rules that apply for upright spiss apply when flight testing
inverted spins. However, a few other consideratisimould be taken into account. The
first area to consider is the disorientation thatuws to most pilots when initially exposed
to inverted spins. In some airplanes it may becdif to tell whether the spin is upright or
inverted, particularly if significant pitch oscitlans are superimposed on the spin (yaw)
motion. The direction of the spin may also beidlift to determine. Specifically, this may
be caused by the fact that the airplane rolls in the opposite direction from the spin; i.e., the
airplane rolls left when in a right inverted spim an erect spin, if the roll rate is not
oscillatory, the spin direction and roll directiare the same.

This problem of disorientation can be reduced wnielated by several means. A
solid buildup program in a spin trainer is essériefore spinning a new airplane. The
number of flights required to become acclimateth®spinning flight regime, and the
inverted regime in particular, will vary with the&gerience and ability of the test pilot. The
cockpit instrumentation of the tests airplane soamportant and should include a turn or
turn rate indicator. This instrument is similar in function to the turn needle in the turn and
slip indicator. In every case, whether erect geited, the direction of the spin is indicated
by the turn needle. Additionally, the pilot shouldd able, after the proper buildup, to
determine the spin direction by the movement of the nose across the ground. The airplane
should also be equipped with an angle of attacicatdr. In the standard Navy AOA
systems, the indicator will be pegged at zero duan inverted spin. In an upright spin,
the indicator will be pegged at 30 units. If thgpkane is equipped with a flight test
sensitive angle of attack indicator, the readindsvary, depending upon the measurable
range of the system.

The standard pilot restraint systems in most NanpJames are totally inadequate in
the inverted flight/spin regimes. Additional meamsst be supplied to hold the pilot in the
seat during negative g flight conditions. Besidesg uncomfortable when not properly
restrained, full rudder throw can be denied thetgii he is not held in his seat and is
allowed to float to the top of the cockpit. Theialsmethod to provide adequate restraint is
to install an additional lap belt or negative @ptwhich is attached either to the seat or to
the seat pan.
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Under negative or zero g conditions, many air@gétems become degraded or are
severely limited and this must be taken into actduning inverted spin testing. Typically,
oil pressure on many jet engines goes to zero dunwverted spins. In addition, most
airplanes have negative and zero g time limitstdubke limited fuel tank capacity. During
violent maneuvers sometimes encountered duringssgyros may tumble and present
misleading information to the pilot and the negativstructural limits of many airplanes can
be easily exceeded. These limitations should be taken into account and approached
cautiously through an appropriate buildup program.

3.4.2 Inverted Spin Entry Techniques

3.4.2.1 CONVENTIONAL ENTRY

The conventional method of entering an inverted spin consists of stalling the
airplane inverted and applying pro-spin contrdfsthe inverted stall cannot be achieved
due to inadequate elevator effectiveness, propitrols are applied as the nose begins to
fall through with full forward stick. Pulsing thhedders back and forth during deceleration
may be somewhat effective in aggravating the yaspat entry. This conventional entry
involves primarily the use of aerodynamic forcegmter the spin, although some inertial
effects may also be present. In the case of theawr-limited airplane, an inverted spiral
vice the inverted spin may result and some airgamaply will not spin inverted using this
entry technique.

Recovery controls will vary for different airplanes but will alwayslude full
rudder opposite to the spin direction (oppositeuta needle deflection). Unlike erect
spins in many of our current airplanes in whichrinéder is only marginally effective in
spin recovery, the rudder in an inverted spin (@lcept possible for a few T-tail types) be
highly effective since it is in “clean airflow;”a., undisturbed by the wing, fuselage, and
horizontal tail. This is illustrated in Figure 3.4. However, this should not be
misinterpreted to infer that any airplane can lm®vered from an inverted spin by use of
opposite rudder only. Anti-spin aileron is reqdire many high inertia types.
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Figure 3.4
Airflow Disturbance in Erect/Inverted Spins

3.4.2.2 ROLL COUPLING ENTRY

Some airplanes are elevator limited in inverteghfli and attempts to spin them
inverted using conventional entry techniques oftexet with failure; i.e., inverted spiral
vice the inverted spin. However, the same airphaight spin inverted very readily using a
rolling entry executed in a manner to take advantdgnertial coupling moments in pitch.

Use of inertia characteristics for spin recoveriigh performance jet airplanes has
been commonplace for years. In fact, most supersord many subsonic airplanes will
not recover from a steady state spin unless regamertia moments are generated in yaw
to augment weak aerodynamic yawing moments produced by the rudder. It logically
follows that inertia coupling can be used for spitiry. For elevator-limited airplanes, the
desired coupling moment is usually in pitch to compensate for limited inverted flight
elevator effectiveness. The simplified equatiomotion in pitch is:
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Where:
q = pitch acceleration
p = roll rate
r = yaw rate
q = pitch rate
M = aerodynamic pitching moment
Iy = moment of inertia in roll
ly = moment of inertia in pitch
I, = moment of inertia in yaw

I, — | _ .
Analysis of the inertia term, p‘ﬁl—rx) , in the equation reveals that roll rate
y

opposite to yaw rate (opposite signs) producegyathe or nose down pitching moment
since |, — |, is always positive. This pitching moment themmishe desired direction
for an inverted spin entry. Now it can readilyde=n that if the spin is entered with some
roll momentum opposite to the direction of yawspim direction, nose down (negative)
aerodynamic pitching moments, as viewed from thekpi, are augmented with inertial
coupling effects.

It is important that the roll be made oppositelte direction of the intended spin;
i.e., right roll for a left spin and left roll fa right spin. Roll in the direction of spin will
have the opposite effect and produce pitching masrarthe wrong direction.

The roll-coupled entry can be exaggerated by irstngethe roll rate and creating as
much roll inertia as possible. This roll inertidlwthen be dissipated in the post-stall
gyrations. These post-stall gyrations may be quitd or they can be totally spectacular
and include pitching, rolling, and yawing to suctieggree as to be indescribable. Needless
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to say, a suitable buildup program must be accahetl prior to any roll-coupled entries.
If the controls are maintained in the pro-spin poss, the airplane will probably enter an
inverted spin; however, experience has shown tlzdsd® might enter an upright spin with
the same controls applied.

In summary, spin testing is one of the most intergsand challenging fields of test
flying. In order to safely and effectively accornspl the objectives of any spin program,

total preparation and a thorough understanding of the principles and test techniques
involved is a necessity.
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3.6 PILOT CHECKLIST OF SIGNIFICANT SPIN DATA

[ Stall Characteristics

A. Normal Stalls

Stall warning

Configuration effects

Power effects

Angle of attack trends

Control effects

Deep penetration effects

Stall recovery (include optimum recovery)

No gk~ wDdhpRE

B. Accelerated Stalls (as above)

C. Inverted Stalls (as above)

D. Validity of NATOPS Manual Stall Information

. Post-Stall Gyrations

A. High Speed (Accelerated Stall) Entries

1. Description of maneuvers
2. Do maneuvers progress to incipient spins or ae th
“non-spin?”
3. Pilot orientation
4. Recovery and avoidance maneuvers
[Il.  Erect Spins
A. Entries
B. Incipient Phase
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1. Description

a. Turns (duration)

b. Yaw rates

C. Alt lost

d. Recovery

e. Orientation

f. Control forces, positions, and effectiveness

g. angle of attack and turn needle indications
2. Recovery from incipient phase

a. Recover by letting go?

b. Recover by neutralizing?

C. Optimum recovery

C. Steady State Phase

1. Data as above
D. Recovery Phase
1. Recovery Variations
a. Varying positions of longitudinal, lateral, andider

controls

b. Varying power and auxiliary aerodynamic devices
Optimum recovery procedure
(2) Critical recovery parameters (if any)
(2) Progressive stall/spin tendencies
d. Spin recovery capability under simulated IFR
conditions
Inverted Spins
A. Data as for Erect Spins and Recoveries
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CHAPTER FOUR

LONGITUDINAL FLYING QUALITIES

4.1 INTRODUCTION

The investigation of longitudinal stability and control involves the study of
characteristics exhibited in the airplan@k&neof symmetry This plane of symmetry
divides the airplane into two essentially symmeitritalves and contains components of
motion onlyalongtheX andZ axesandabouttheY axis (see Figure 4.1).

Figure 4.1
Airplane Axis System and Plane of Symmetry

Airplane motion in the plane of symmetry, i.e., longitudinal motion, generally
results in insignificant motion in the plane of asymmetry, i.e., lateral and directional
motion. (There are important exceptions to the last statement which will be discussed in a
subsequent section @oupledmotions) Therefore, longitudinal stability and contrainc
be investigated apart form lateral-directional #tgtand control.
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Longitudinal flying qualities must be investigated frorequilibrium and

nonequilibriumflight conditions. From equilibrium flight condbins, thestaticlongitudinal
stability characteristicsnay be determined. These characteristics are:

1. Variation of longitudinal control forces and elevator positions with airspeed
variations from trim in unaccelerated flight (longitudinal control force and
elevator position stability).

2. Variation of longitudinal control forces and elevator positions with normal
acceleration at a constant airspeed (longitudirsaleuavering stability, or “stick
force per g” and “elevator position per g”).

3. Variation of normal acceleration with angle ofek at a constant speed.

In order to change from one equilibrium flight carah to another, the pilot excites
two longitudinal modesof motion which are suppressed in equilibrium flight. The

characteristics of these modes of motion greaflyence thedynamiclongitudinal stability

characteristiceof the airplane; these characteristics are determined fronequilibrium

flight conditions. The longitudinal modes of matiare called the “airplane short period”
and the “long period” or “phugoid” motions. Thearhcteristics of these motions to be
investigated are:

1. Frequency or period of the motions.

2. Damping of the motions or lack of it.

The pilot’s opinion of longitudinal flying qualitsedepends omll the static and
dynamic longitudinal stability characteristics mened abovelusthe characteristicef the
longitudinal controlsystem Therefore, it is not possible to stat@nclusivelythat one or
two of the characteristics are overwhelmingly doaminin a particular flight condition.
However, it is possible to rationalize that certetmaracteristics will affect flying qualities
more than others in certain circumstances. Therefore, the matsti of longitudinal
flying qualities divides nicely into the study of “Nonmaneuvering Tasks” and
“Maneuvering Tasks.”
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Nonmaneuvering tasks are defined as those tasksyduhich the transition from
one equilibrium flight condition to another is accomplished smoothly and gradually.
Nonmaneuvering tasks result in essentially unacatdd flight conditions. Tasks which
can be classified as nonmaneuvering are:

1. Take-off

2. Climb

3. Cruise

4. Loiter

5. Glide

6. Descent

7. Approach

8. Wave-off

In general, the pilot's opinion of longitudinal flying qualities during
nonmaneuvering tasks is most affected by the ckeniatics of the longitudinal control
system, longitudinal control force and elevatoripos stability, and the frequency and
damping of the long period or “phugoid” mode of mat (Theinitial responsef the
airplane to a longitudinal control input is greatlgpendent on the characteristics of the
airplaneshortperiodmotion. However, during the study of the nonmaneuvetasfs, the
initial response characteristics may be temporagiypred. The main areas of concern
during nonmaneuvering tasks are the long term Igyabif the airplane and associated
airspeed changes between equilibrium flight coonsi)
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Maneuvering tasks are defined as those tasks which result in accelerated flight
conditions; during maneuvering tasks, transitiangfone equilibrium flight condition to
another are made quickly, and possibly, somewhajhly. Tasks which may be included
in this category are:

1. Air-to-air combat

2. Ground attack

3. Reconnaissance

4. Low altitude terrain-following and avoidance
5. In-flight refueling

In general, the pilot’s opinion of longitudinal fihg qualities during maneuvering
tasks is most affected by the characteristics@tdhgitudinal control system, longitudinal
maneuvering stability, variation of normal accelierawith angle of attack, and frequency
and damping of the airplane short period motion. The main areas of concern during
maneuvering tasks are the initial response of itame to a longitudinal control input
(short term characteristics) and associated naawtaleration changes between equilibrium
flight conditions.

The total mission of any airplane will require fhit to perform some combination
of maneuvering and nonmaneuvering tasks. The various tasks required for mission
accomplishment must be determined in order to establish the scope ingitedinal
flying qualities investigation. Since mission accomplishment for all airplanes requires
numerous nonmaneuvering tasks, the investigation of the longitudinal flying igsialit
during these tasks will comprise a large part of @st program. Maneuvering tasks are
not so universally required in all missions; theref the longitudinal flying qualities during
these tasks will be rigorously investigated in some airplanes and less stringently
investigated in others.

4. XX



LONGITUDINAL FLYING QUALITIES

The provision of satisfactory longitudinal stability and control characteristi
probably the single most important duty of the #itgtand control design engineer. The
pilot exerts a majority of his effort to controlling the longitudinal modes of motion. When
an optimum blend of longitudinal stability and aatifibility is provided, the pilot finds the
airplane easy and pleasant to fly. This allows the perfocmaf mission tasks with
simplicity and precision, thus enhancing overakision effectiveness.

4.2 THEORY - NONMANEUVERING TASKS

4.2.1 Static Longitudinal Stability and Control in
Unaccelerated Flight

For simplicity, the concepts of static longitudisgbility will first be presented for
an airplane in gliding flight (power off) with naqpeller and with the longitudinal control
surface rigidly restrained in one position. Latée effects of power and freedom of
movement of the longitudinal control surface wél introduced.

4.2.1.1 STICK-FIXED OR ELEVATOR-FIXED LONGITUDINAL
STABILITY

The variation of static pitching moments aboutairplane’s center of gravity with
lift coefficient is the principal measure of the@ane’s static longitudinal stability. The
manner in which the total pitching moment varies with lift coefficient depends on
contributions from the wing, fuselage, and nacelésl the horizontal tail for a given
configuration and flight condition. Generally, the contributions of the wing, fuselage, and
nacelles isdestabilizing together these components generate nonrestoring pitching
moments when changes in lift coefficient occur. If the airplane is to possess static
longitudinal stability, the horizontal tail must designed to overcome the destabilizing
influence of the remainder of the airplane’s comgras. The contribution of the horizontal
tail to static longitudinal stability is powerful and almost alwayr®ngly stabilizing The
design and location of the horizontal tail deterrtime magnitude of the contribution which
is normally expressed through the following nondisienal parameters:

St
Sy

V = tail volume coefficient =

ol |5

eq4.l
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Where:
S = area of horizontal tail in square feet
Sy = areaofwing in square feet
ly = distance from airplane center of gravity to thevegnamic center of the
tail, or “tail arm” length, in feet
[+ = average chord length of wing in feet

Tail Volume Coefficient is a measure of the sizd eation of the horizontal tail in
relation to the size of the wing and center of gyavespectively.

ny = tail efficiency factor= %‘ eq 4.2
Where:
dt = dynamic pressure at horizontal tail in poundsspgsare foot
q = dynamic pressure of free stream prior to encountering the wing and

fuselage of the airplane in pounds per square foot

Tail Efficiency Factor is a measure of the chamgenergy level of the airflow. The
dynamic pressure of the airflow at the horizoradlis reduced because the airflow must
first encounter the wing, fuselage, nacelles, aiemoprotrusions prior to reaching the
horizontal tail. Lift curve slope of the horizohtail is denoted as follows:

dc,

= a eq4.3
dO(t t

The angle of attack at the horizontal tail will @t the same as the wing angle of attack
because of differences in wing and tail incidertbe,downwash created by the wing lift
production (Figure 4.2).
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’ _ Airplane
p Longitudinal
RW,, Axis

Figure 4.2
Relationship of Wing and Tail Angles of Attack

Ot = angle of attack at horizontal tail
o, = angle of attack at wing

€ = downwash angle

It = incidence of horizontal tail

Iw = incidence of wing

RW,, = relative wind at wing

RW; = relative wind at tail

Classical relationships of pitching moment coediintiwith lift coefficient are shown
in Figure 4.3. Several interesting observationyg bedrawn from a study of this figure.
(The sign convention used here is arbitrary; nese-up pitching moments are assigned
positive sign, nose-down pitching moments are negatStatic stability is thus indicated
by a negative slope of then{z. — C_ relationship.)

As previously mentioned, the wing and fuselage rioution to static longitudinal
stability is usually destabilizing, while the haviztal tail contribution is usually strongly
stabilizing. As shown in Figure 4.3, the compleiplane possesses some degree of static
longitudinal stability. The airplane is in trimei, the pitching moments all add up to zero,
at the point where the complete airplane curvesg®she horizontal axis. It can be seen
that in order to exhibit both static longitudintdltsility (negative slope) and a trim condition
(cross the horizontal axis), the complete airplane curve must intersect the vertical axis at a
positive value of G,... (It should perhaps be pointed out that althotnghintercept at

C_ = 0 is a useful reference point, it does not corresiptona condition that can be
achieved in equilibrium flight.)

4 xxiii



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

Nose Up
10 =
. gz
< § __—Wing & Fuselage
.05 5§97 __ -wing Alone
_— -~ 6_.:.6‘ -~
0] - - ’% —
EO @] -oq—l')
00 —_ = O |
— -
|-~ 5 S 10§ 15
~ (O]
~ == Corr|1plete
Q® Airplane
051 Ly \\% S g
< 50
Airplane Lift Coeficient §& "~
-10- CL a "\ Tail Alone

Figure 4.3
Classical Longitudinal Stability Relationships

The longitudinal stability equation which defines the slope of the pitching moment
coefficient-lift coefficient relationship may be iten as follows for the airplane in gliding
flight with fixed controls and no propeller:

deCG - &1 + dCp _ & Vn @ - EE eq4.4
dc, T dg ay do
Airplane Elgigll?ege
Where:
X . I .
Tca = Wing contribution, a measure of the location
of the aerodynamic center of the wing in relation t
the center of gravity of the airplane (Figure 4.4)
dC I
d_Cm = Fuselage and nacelle contribution
L Fuselage
Nacelle
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- P— de . . I

- 2 Vn - =L = Horizontal tail contribution
t do C

ay o
a; = Lift slope curve of horizontal tail
ay = Lift curve slope of wing
Vv = Tail volume coefficient
Nt = Tall efficiency factor
de : : o
da = Change in downwash angle with change in wing

a

angle of attack

<~——— C = Mean Aerodynamic Chord—*
|

° Wingac

I | ?Airplane CG
‘ Xaci’|' Xa xa —

I = Xce ~ Xac

«—  Xcg———

Figure 4.4
Relationship of Wing Aerodynamic Center
to Airplane Center of Gravity

For any given airplane configuration, the longinali stability equation is fixed
except for the wing contribution, which can be apesh markedly by movement of the
airplane center of gravity (CG). A shift of CG hawsery small influence on the talil

contribution (through the tail volume coefficien¥/) and negligible influence on the
fuselage and nacelle contribution. However, farg\percent of the mean aerodynamic

chord that the CG is moved ah(%%’f)w increases positively (destabilizing) one
ing

percent. Center of gravity movement, therefors,apowerful influence on the airplane’s
static longitudinal stability and is probably the single most important variable in static
longitudinal stability. The effect of CG shift on the pitching moment coefficldnt-
coefficient curve is shown in Figure 4.5. It shibbk noted that all the curves rotate about
a constant pitching moment coefficient at a lifefficient of zero.

4 XXV



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

dC

Nose Up CG= 30% MAC — ¢ =
10 — l dc. _
>
o >
=
<3
.05 |- CIC) (%Cmce
CG = 23% M& =..07
CG Moving _dC
o Forward g
£0 =

g
o
ome/n%f,oe
!A 1
(62}

dCm
_05| CG= 19% MAC = .11

plane

dc,
+V g<
< Airplane Lift Coefficient € @
C 2+
-10- L o

Figure 4.5
Center of Gravity Effects on Static Longitudinal Stability

An examination of Figure 4.5 shows that as @@ is movedatft, the slope of the
pitching moment curve becomes more positive; less stable A CG position will be
reached at which the slope becomes zero. Thisd3Egn, at which the airplane exhibits
neutral static longitudinal stability with theockpit control stick or longitudinal control
surfacefixed, is called thestick-fixed or elevator-fixedneutralpointand is denoted by the
symbol (Ny). Once the neutral point is known, the slopehef pitching moment curve,

i.e., the index of the longitudinal stability ofetlairplane, can be obtained for any airplane
CG position with good accuracy from the followirgdationship:

deCG — X CG

= — - NO eq 4.5
dC, Airplane

4 XXVi



LONGITUDINAL FLYING QUALITIES

The distance between the actual CG and the nqirat of the airplane, expressed
in percentage of mean aerodynamic chord, is cétledtatic margin (For the case just
presented., i.e., the stick-fixed case, the distamould be called thatick-fixed static
margin)

4.2.1.2 LONGITUDINAL CONTROL

The static longitudinal stability presentation has not, to this point, irclud
discussions of the effects for providing a mean®ogitudinal control nor the effects of
power. The scope of the presentation will nowXjEeded to includengitudinal control
however, power effects will still be neglected fioe time being.

For a typical airplane, the curve of pitching moment coefficient versus lift
coefficient is shown in Figure 4.6. This airplaimethe condition shown, possesses static
longitudinal stability.

However, it is in equilibrium at only one valueldt coefficient (point A). It the
pilot wishes to decelerate and fly at a lift coa#int of 1.0 (point B), the airplane must be

equipped with some means of overcoming the nosenqm'wmng( Ghee = .0% . The

CG
problem then is to find a means of changing thecbgfficient for zero pitching moment
from point A to point C. The best means of doingisto merely shift the curve up
without changing its slope. (If the slope is changed, skability of the airplane is
changed.)

Obviously, the more stability the airplane possgsee more powerful must be the

means of overcoming the restoring pitching moments. This situation may place a limit on
the amount of stability permissible in any airplane
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Figure 4.6
Typical Variations of Cp, . Versus C_

To find a means for overcoming the restoring piighimoments, the equilibrium
equation of static longitudinal stability is presented (propeller off and poeféerfor

simplicity).

— Xa
Cmeg = Cmge * 2 CL + C

McG

Mcg
Fus

_at O(t r]t v eq 4.6

Nac

The three terms of this equation which might bedusechange the lift coefficient

for zero pitching moment at (&, , % and o;. The wing pitching moment about its

aerodynamic cente(r ,%C) is a function of wing camber and aerodynamic twisthe

wing. This moment can be controlled by a flaphatwing trailing edge, a common control

used by airplanes without horizontal tails.

For several reasons, it is not a practical

longitudinal control for airplanes with horizontalls.

The term%

is purely a function of CG position, and the megbal complexity

andchangeof stability associated with shifting CG positions rules ouG‘€hifting” as a

means of longitudinal control.
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The final term to consider is the tail angle ofekt ;. Tail angle of attack can be

changed by utilizing a moveable horizontal tail (sometime called a “sdf) or by
providing a moveable flap on the trailing edge @ikad horizontal stabilizer. Changing the
angle of attack of the horizontal tail can prodlazge changes in pitching moment without
significant changes in longitudinal stability. idtthe most powerful and most commonly
used means of longitudinal control.

The magnitude of the pitching moment coefficiertagied per degree deflection of
the longitudinal control surface is called tlumgitudinal control powerand is written as
follows for the “slab tail” and the conventionagetor:

dC, o [ST— —
"Slab Tail' C,, = —=% = -—nV = -a Y 4.7
~lab Tail m;, di, da, Nt t Nt eq
dC da _ —
Elevator Cp,, = mee - _ 9G Ttee Vng = —a; tng V eq 4.8
Where:
Oc = elevator deflection from neutral, in degrees]Jitrgiedge up
considered negative
datEFF

s = rate of change of effective tail angle of attagthvelevator deflection,
e

sometimes given the symbal. It is a function of the ratio of the area
of the elevator to the area of the entire horizbtai for the “slab
tail”, T =1.0

Elevator control power, 5, will be used for the remainder of the discussibn o

static longitudinal stability. The change in edurilm lift coefficient due to deflecting the
elevator may be studied by again referring to tii@ldrium equation of static longitudinal
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stability. The only term affected by the elevadeflection is the tail angle of attacky ,

which can be broken down in terms of wing anglatéck, downwash angle, tail and
wing incidence angle, and change in angle of attiaekto elevator deflection:

Of = Oy — €— iy + it + 1 eq 4.9
Thus, power off, propeller off equilibrium equatican be rewritten:

X . . —
= Cm, * ?a CL + CmCGFus — a (o — & =iy + iy + 1) Vny

Nac

eq 4.10

The control of the equilibrium lift coefficient @btained through the influence of the

term T3, of the equilibrium equation. It is important tote thata changein elevator

. . . EHCmCG C
deflectiondoesnot changeheslopeof the pitchingmomentcurve 04, 0

An example of the curves of pitching moment coefficient versus lift coefficient for
several elevator angles is shown in Figure 4.7. The airplane can now be flown in
equilibrium flight at any lift coefficient in the unstalled range hyerely changingthe
elevatorposition It should also be noted that, at least for thegx off case glevator
deflectionhasno effecton staticlongitudinalstability.

The in-flight measurement of pitching moments alibatairplane CG for different
values of lift coefficient (or airspeed) would beéedious, if not impossible, undertaking.
This measurement can be made to some degree ohagén a wind tunnel. However, an
in-flight method is needed to determine or estintfagestatic longitudinal stability of the real
airplane. Using the principles already preserdadethod can now be developed.
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Figure 4.7

Classical Variation of C Versus C for Various Elevator Angles

Mcg

4.2.1.3 ELEVATOR POSITION STABILITY OR LONGITUDINAL
CONTROL POSITION STABILITY

First, a cross-plot is made of the elevator amgtpiired for equilibrium versus
equilibrium lift coefficient (from Figure 4.7). The cross-plot is presented as Figure 4.8. It
must be emphasized that equilibrium conditions, zero pitching moments about the
airplane CG, is represented by every point on the curve of Figure 4Egjuilibrium
conditions do not necessarily imply, of courset tha airplane is “force trimmed” from the
pilot’s standpoint.) The elevator position versttscoefficient curve can be analytically
represented by:

HiCnH
OdC
5, = 5 _DdeL b

€cL =0 Cm
de

CL eq. 4.11

where éeCL o is the elevator angle required for zero lift daéént, and is a constant.

Although zero airplane lift coefficient cannot ld&aed in equilibrium flight, the fact that

5ecL o is a constant is an important aid in the analgbifight test data, as will be seen

later.
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Elevator Position for Zero Pitching Moment Versus
Airplane Lift Coefficent

The slope of the curve of Figure 4.8 is obtained by differentiating the last equation

with respect to lift coefficient:

_ HISH

OdC
e _ L eq. 4.12

dc, Crng,

The elevator position required to vary the equilibr lift coefficient (or equilibrium
airspeed) varies directly with the stick-fixed é&evator-fixed) static longitudinal stability,

dcC . . . . .
=<C " and inversely with the elevator control power,,C . This relationship of
e

elevator position versus lift coefficient or airgplein equilibrium flight is often termed
elevatorposition stability or longitudinal control position stability. By measuring this
relationship in equilibrium flight, a determinatiaf the sign, but not the degree, of the
stick-fixed static longitudinal stability may be de The degree of stability cannot be
determined unless the numerical value of the etevaintrol power is known. From the

dc
ast equation, it is seen that,+ =0,ie.,the is at the stick-fixed neutral point,
last tion, it tht”‘fG 0 the CG is at the stick-fixed neutral point

the slope of the elevator position versus lift Goefnt curve will also be zero (Figure 4.9).
This fact will be used later to estimate the aingfa stick-fixed or elevator-fixed neutral
point. The neutral point determined from elevatosition versus lift coefficient plots is
often, more correctly, called thelevator position neutral point or longitudinal control

positionneutralpoint
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Classical CG Effects on Elevator Position Stability

4.2.1.4 STICK-FREE OR ELEVATOR-FREE LONGITUDINAL
STABILITY

In the previous discussion, static longitudinabgity was related to the variation of
elevator position or longitudinal control positiaith lift coefficient or airspeed. This

- : . .. dc :
variation was shown to be a function of the stability crltenoaa?f—e, with the

longitudinal control rigidly restrainedin a fixed position The discussion will now be
expanded to include the effects of allowing thegitudinal control surface to “float” in
response to some variable in flight conditions.e Tlassical definition of control surface
float is “to ride freely in the airstream, changing position in response to pressure
distribution over the surface.” The classical d&fon would apply only to aeversible
control system since theirreversible control systemincorporates no control surface
response to surface pressure distribution. Howewany irreversible control systems
incorporate features (stability augmentors) whiadvena control surface, independent of
pilot action, in response to dynamic pressure, mbanceleration, angular rates, or various
other flight variables. This movement of controtfaces in irreversible systems can also
be thought of as control surface “float.” At any rate, freeing the longitudinatrol
surface, i.e., allowing it to respond to some fligariable, may have profound effects on
the static longitudinal stability of airplanes ggued with either reversible or irreversible
longitudinal control systems.
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4.2.1.5 STICK-FREE STATIC LONGITUDINAL STABILITY -
REVERSIBLE CONTROL SYSTEM

If the airplane is equipped with a reversible longitudinal control system, the
longitudinal control surface may float with or aggtithe relative wind at the horizontal tail.
The direction and degree of float will depend ugf@pressure distribution over the control
surface and théinge momentreated at the control surface hinge line by ttesgure
distribution. The pressure distribution, and thame thehingemomentsare governed by
two major variables the angleof attackof the horizontaltail and the deflection of the
elevatowith respecto thehorizontaltail.

If the elevator is uncambered and hinged at itditepedge, the variation of hinge
moment with horizontal tail angle of attack foraelevator deflection will be as shown in
Figure 4.10. As angle of attack is increased pasyt, the pressure distribution creates a
hinge moment which tends to make the elevator tipat

Now, if horizontal tail angle of attack is maintath at zero and the elevator is
deflected, hinge moments will be created as shoviigure 4.11. As elevator deflection
is changed from neutral, the pressure distribugi@merates a hinge moment which tends to
restore the original elevator position.
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Hinge Moment Variation with Control Deflection
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The total hinge moment, HM, is obtained by the @ddiof the two effects noted
above. In coefficient form, this relationship mag/expressed as follows:

Ch, = ChCXt o + Chée de eq. 4.13
Where:
Ch, = total hinge moment coefficient, elevator
Chut = hinge moment coefficient variation with angle tihek at zero elevator
deflection, normally carries a negative sign
Chy = hinge moment coefficient variation with elevateflédction at zero angle
e

of attack, almost invariably carries a negativesig

When the total hinge moment coefficient is zeroequilibrium condition is attained
where the “floating tendency,” }%t , IS just opposed by the “restoring tendency;{éC
e

When this equilibrium condition is attained, thewaltor angle is called the “float angle” and
may be expressed analytically as follows:

ChO(t

6eFloat = _Ch
de

O eq. 4.14

If Chat and Gﬂa both have negative signs, the elevator will flgaias angle of
e

attack increases positively and float down as anfjltack increases negativelyhis
effectreduceghestaticlongitudinalstability of theairplane(Figure 4.12). Analytically, the
relationship between static longitudinal stabilitith stick- or elevator-free and stick- or
elevator-fixed may be expressed as follows:

dc d doe
dgce - dcgce + Cme;e dFloat eq. 4.15
L Free L Fixed <
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When the elevator is unrestrained, and floats stwaaign itself with the
relative wind, the float phenomenon reduces the stabilizing pitching
moments generated by the horizontal tail. This effect redieestatic
longitudinal stability of the airplane, i.e., stick-free stapiis less than
stick-fixed stability.

Figure 4.12
Effect of Elevator Float on Stabilizing Influence d Horizontal Tail

If the elevator control power coefﬁcieﬁ nfs E and change in elevator float angle
e

with change in lift coeff|0|entD eF'Oa‘E assume their normal sign (negative), it can

readily be seen that stick-free static longitudstability will be less than stick-fixed static
longitudinal stability (Figure 4.13).

Center-of-gravity movement has the same profound effect on stick-free stability as
it had on stick-fixed stability. As the CG is maovaft, stick-free stability is reduced. If the
CG is moved far enough aft, the slope of the pitching moment-lift coefficient curve
becomes zero with the stick or elevator free. T position, at which the airplane
exhibits neutral static longitudinal stability withe elevator free to float, is call¢ite stick-
freeor elevator-freeneutralpoint, and is denoted by the symbdl{). Because the effect

of elevator float on static longitudinal stépis generally destabilizingthestick-free
neutralpointis usually forward of the stick-fixed neutral pbirOnce the stick-free neutral
point is known, the stick-free static longitudissbility can be obtained for any airplane
CG position with good accuracy from the followirgdationship:

= XCG - Nb eq 4.16
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The distance between the actual CG of the air@adehe stick-free neutral point is
called thestick-freestaticmargin

It is obvious that an in-flight method of measurorgestimating the stick-free static

longitudinal stability is needed. A method can rtmavdeveloped to estimate this important
characteristic.
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Figure 4.13
Typical Reduction of Static Longitudinal
Stability Due to Freeing Elevator

4.2.1.6 STICK-FORCE OR LONGITUDINAL CONTROL FORCE
STABILITY

It is convenient again to study curves of sticletband stick-free static longitudinal
stability (Figure 4.14).
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Stick-Fixed and Stick-Free Static Longitudinal Stablity

In this case, assume that the airplane is trimraeddro longitudinal control forces
for both the stick-fixed and stick-free cases atsame lift coefficient or airspeed (point A).
If the pilot now wishes to decelerate and fly dftecoefficient of 1.0 (point B), he must
overcome the stabilizing pitching moment represghtethe distance between the stick-

fixed curve at point B and the horizontal a%s m& = —.O%. Now, if the elevator is

free to float, the pilot will only have to overcome the stabilizing pitching moment
represented by the distance between the stick-free curve and the horizontal axis
c

mee = —.025). The pilot must overcome the stick-free stability withchange in

elevator position from the float position to the position for zero pitching moments
C_ = 1.0. If he does not change the longitudinal trim setting, stick-free stability will be
indicated by thdongitudinal control force requiredto move the elevator from its float
positionto thepositionfor zeropitchingmoment (Figure 4.15).
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Longitudinal control forces are generated by thguieement to
move the elevator from its float position to theipon for zero

pitching moments folW, airspeed. The float angl&de ., ..,

cannot be determined in flight. However, the longitudinal
control force required to move the elevator from float to
equilibrium is an index of elevator float, thussitan index of
stick-free stability.

Figure 4.15
Generation of Longitudinal Control Forces - Reversble Control System

Thus, the variation of longitudinal controlforceswith airspeedabouta force trim
airspeeds indicativeof the stick-freestaticlongitudinalstability. This relationship can be
expressed analytically as follows:

dr, w Chs, Cdc, O Vv
-5 - oKk — e =M Te eq. 4.17
Where:
ggs; = longitudinal control force variation with equivateairspeed about a
force trim airspeed, &/ .
K = a constant dependent on gearing ratio betweeeld¢vator and

cockpit control stick, size of the elevator, anoritontal tail

efficiency factor ( K = -GS, Te N;)

4 x|



LONGITUDINAL FLYING QUALITIES

Che = elevator hinge moment coefficient variation witbvator

e
deflection

% = wing loading, ratio of gross weight of the airpao the
total planform area of its wing

dC

6 = gtick-free stability

dCL Free

Cmae = elevator control power

From a study of this equation, it is obvious tlne Yariation of longitudinal control
force about a trim airspeed will at least indicatesther the static longitudinal stability of
the airplane with the elevator free to float isipes, neutral, or negative. However, this
variation will not indicate thedegreeof staility unless the numerical values of

Cmée’ ygv K, and q‘ée are known. The relationship of longitudinal control force

versus airspeed in equilibrium flight about a trim airspeed is often teistiel force
[(HCmcg [ _
. o - . . <« [1dC. O =0
stability or longitudinal controlforce stability. It is obvious that if Free ,

i.e., the CG is at the stick-free neutral poing #hope of the longitudinal control force
versus airspeed curve will also be zero (Figuré&X.Irhis fact will be used later to
estimate the airplane’s stick-free neutral point.

The neutral point determined from longitudinal cohforce versus airspeed plots
will be the stick-free neutral point if, and only if, the longitudinal control system
incorporates no force feel “gadgetry,” such asngrior bob weights.

The neutral point determined from longitudinal cohtorce versus airspeed plots is
often, more correctly, called thaick force neutralpointor the longitudinal control force

neutralpoint
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Figure 4.16

Classical CG Effects on Longitudinal Control ForceStability

4.2.1.7 MINIMIZING LONGITUDINAL CONTROL SURFACE
‘FLOAT” IN THE REVERSIBLE CONTROL SYSTEM

The floating characteristics of the longitudinal control surface depend on the
magnitudes of the parametershug and Qé . It is important to reduce the floating
e

tendency of the control surface as much as possildeder to minimize the variation in
static longitudinal stability between the stickdtkand stick-free cases. This means the

Ch
ratio of = should be as small as possible.
Be

Chat

5eFIoat = hré O eq 4.18
e

Also, Ch5 must not be too large or the longitudinal control forces will be
e

excessive. Methods of controlling the magnitude of hivgge moment parameters are
referred to as methods aérodynamidalancing
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Common methods of aerodynamic balancing are shawigure 4.17. These
methods all result in reducing the hinged momergated at the elevator hinge line when
changes in angle of attack and elevator positi@uncAerodynamic balancing not only
reduces the floating tendency but reduces longialdiontrol forces required to deflect the
surface.

I
alll= -
|

Elevator
Hinge
Line

(A) Set-Back Hinge

Horn

(B) Horn Balance

Vent

‘/
alE -

Seal

(C) Internal Seal

<l

(D) Beveled Trailing Edge

Figure 4.17
Methods of Aerodynamic Balance
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4.2.1.8 STICK-FREE STATIC LONGITUDINAL STABILITY -
IRREVERSIBLE CONTROL SYSTEM

For airplanes equipped with irreversible longitwdioontrol systems, freeing the
longitudinal control surface, i.e., allowing ittespond to some flight variable, may have
profound effects on static longitudinal stability. The nature of the irsi#vle control
system, however, does not allow a control surfagadvedirectly in response to a flight
variable, in comparison to the reversible longmadiicontrol which may respordirectly to
surface pressure distribution by floating with gamst the relative wind. The movement
of the control surface in the irreversible systemstrbe programmedithin the control
system This is accomplished by providing sensors in the airplane to measure flight
parameters, then feeding signals to the irreveegbler control cylinders to move the
control surface independent of the pilot’s actiofis artificial “float” or static stability
augmentation is almost always incorporated to attempt to comstck-fixed static
longitudinal instability, i.e.; an unstable elevator position - airspeed relationship. The
acceptability of such a device must be determinedew of its reliability, the improvement
in flying qualities which results, and the increasenission effectiveness which can be
realized. Generally, the use of such devices adusrked degree of complexity to the
control system.

For illustrative purposes, the following example is presented of an irreversibl
control system incorporating a device to provide artificial longitudinal control force
stability. Assume that the airplane in some fligbhdition exhibits the unstable elevator
position-airspeed relationship shown by the safid bf Figure 4.19. It is obvious that the
elevator position instability would precipitate ¢ptudinal control force instability for a
“classical” irreversible control system in which longitudinal control force is a direct
function of elevator position. However, devices t& incorporated in the longitudinal
control system to change the elevator positiorgpahdent of pilot action, to an artificial
“float” position as airspeed is varied about trif@ne means of providing the artificial
“float” is to incorporate an airspeed and altitusdasor with an “extendible link” in the
longitudinal control system. These devices, tloan, program “artificial elevator float” as
airspeed is varied about trim - shown by the dasinedrigure 4.18. Since an extendible
link in the control system is utilized, the “artil elevator float” does not result in cockpit
control stick motion. Longitudinal control forces are generated by the requirement for the
pilot to move the elevator from the “artificial 8¢ position to the position required for
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equilibrium. As shown in Figure 4.18, this moverhes now in the direction which
results in a positive or stable longitudinal cohtooce-airspeed variation about trim (Figure
4.19). For a further discussion of the use of extendible links on irreversibigol
system, see pages 4.50 through 4.51.

Q
)

Trailing Edge
om Trim

Artificial Elevafgr "Float"

2 Caused by Ext@dable Liﬁ&/ o T -1
o @ = e | - —
w 5 0 ’%,T,
= A i T - -7 a
/== 5!
= :
Elevator Position o | Mc.:re:ﬂ»
Required for wrim Airspeed
Equilibfum
23 Airspeed
=0 KIAS
=
Figure 4.18

Typical Means of Providing Artificial Longitudinal Control Force Stability
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Figure 4.19

Devices in the Irreversible Control System Can Provide Longitudinal
Control Force Stability Even When Elevator Position Instability Exists
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4.2.1.9 POWER EFFECTS ON STATIC LONGITUDINAL
STABILITY
The effects of engine operation on static longitudinal stability may be very
significant. Propeller power effects will be considered first; these effects ndisebsor
indirect

The direct propeller contribution arises as a result of the forcesedrdy the
propeller itself. The components of the force tedaby the running propeller at some
angle to the relative wind are the thrust forcg, dhd the normal force, N(Figure 4.20).
The generation of the thrust force is obvious. fbamnal force is generated as a result of

the airflow being turned more perpendicular to phepeller disc as it passes through the
disc. This effect is sometimes referred to aspihepeller fin effect.”

' Airplane CG
< LI +_Np e Cg__:_hﬁo
, !
RW/ [ |
Vi
< p g

Figure 4.20
Forces Created by the Running Propeller

From a study of Figure 4.20, it may be rationalizieat the effect of propeller
power on static longitudinal stability depends loa fbcation of the propeller with respect to
the airplane center of gravity (CG). If the prdeels positioned ahead of and below the
CG, direct propeller effects are destabilizing.
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Theindirectpropeller effects are a result of slipstream st#on with the wing and
horizontal tail and are composed of the followingjon contributions:

1. Effect of slipstream on wing-fuselage moments.

2. Effect of slipstream on wing lift coefficient.

3. Effect of slipstream downwash at the horizontal ta

4. Effect of increased slipstream dynamic pressuremail.

Indirect propeller effects are difficult to predictheir contribution to static longitudinal
stability may be stabilizing or destabilizing, dadang largely on whether the lift from the
horizontal tail is acting up or down.

Direct and indirect propeller effects on static longitudinal stability are generally
significant. For “conventional” propeller airplanes (propeller ahead of CG), the combined
effects are usuallgestabilizing

The effects of power on the static longitudinabgity of the jet propelled airplane
are somewhat simpler to analyze. The turbojet geterates three major contributions.
These are the direct thrust effect, the direct @bforce effect at the air inlet, and the effect
of the induced flow at the horizontal tail dueniiow toward the jet exhaust.

The direct effects of thrust and normal force aegtame as previously discussed
for the propeller driven airplane (Figure 4.21) h&ther the direct effects are stabilizing or
destabilizing depends entirely on the vertical and horizontal position of the airplane center
of gravity.
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Figure 4.21
Forces Created by the Jet Engine

The indirect jet effect on static longitudinal stiéypis due to the jet exhaust creating
an inclined flow pattern around itself. If the horizontal tail ecdted in this area of
“exhaust inclined” flow, its angle of attack wilelxhanged, thereby creating moments that
influence the static longitudinal stability of theplane. This indirect effect, sometimes
called the “entrainment effect,” is usually slighdestabilizing. The total influence of direct
and indirect jet effects on static longitudinabdity is usuallydestabilizing

4.2.2 Dynamic Longitudinal Stability and Control in
Unaccelerated Flight

The previous discussion of longitudinal stability has beencerned only with
equilibriumflight conditions. The discussion will not be exjpled to study the means by
which one equilibrium flight condition ishangedo another equilibrium flight condition.
This study ofdynamiclongitudinal stability and control characteristics will require the
investigation of nonequilibrium longitudinal fligkbnditions.

The means by which the airplane may be stabilizecous lift coefficients and
airspeeds has been previously developedypical responsef the airplane in angle of
attack and airspeed to a longitudinal control ifhubugh the two longitudinal modes of
motion is shown in Figure 4.22. The control input (nose-up in this case) generates
pitching moments whichnitially cause only changes amgleof attack This is in response
of the airplane through ighortperiodmode of motion - airspeed is essentially condtamt
this response because the short time interval doesllow speed changes. This mode of
motion affects both maneuvering and nonmaneuveasks because of its bearing on the
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initial _responseof the airplane. However, its characteristics are most critical for

maneuvering tasks; therefore, the short period mode will be investigated in the subsequent
section of longitudinal flying qualities during meuvering tasks.

5
4 ¢
g
3 b3 Final Equilibrium Conditions
: B e me e
/ - Phugoid or_Long (Igeriod Response >
1 L g2
&, Short Period Response o
N
0 4 8 Tn 12 16 20
(S€€onds)
)
350
300 —B—
250 Y
200 2%
0 < 4 8 . 12 16 2l
Time
(Seconds)
Figure 4.22

Typical Airplane Response to Longitudinal Control Input

The long period response of the airplane occues #fie short period motion has
diminished to a near steady state condition. fpial long period motion is seen to be a
secondorderresponseomposed of airspeed variations at an essengafigtant angle of
attack. Of course, altitude and attitude will vary

In normal flying of the airplane, the pilot wouldtrallow the long period motion to
cause the airspeed oscillation presented in Figure 4.22. If the pilot desired to restabilize at
260 KIAS, he would apply a small longitudinal cantmput to suppress the long period
motion at about 10 seconds. However, it should hevapparent that the long period or

“phugoid™ mode of motion is utilized by the pilot to makiespeedhanges Since a great

1 The long period of motion was first described aathed by F.W. LanchestePhugoidis from the Greek

root forflee Itis believed Lanchester really wanted the Greet forfly.
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Drag N _
Characteristics S Dby Do~ 9 g
Lift
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Characteristics ™ lT% S Up =0
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Characteristics ™ u a a 0
‘A A
Terms Generated by Terms Generated by
Changes in Horizontal Velocity Changes in Pitch Attitude

Terms Generated by
Changes in Angle of Attack

Laplace Operator
acceleration due to gravity

horizontal velocity (I = initial horizontal velocity

oD/ o . . : . o
- S = change in drag with change in horizontal velodityided by the mass of the
airplane.
oD/ oa

= change in drag with change in angle of attackddigtiby the mass of the

m
airplane.
oL/ du o . . L
- = change in lift with change in horizontal velocity divided by the mass of
the airplane.
oL/ da o . -
~ = change in lift with change in angle of attack divided by the mass of the
airplane.
oM/ ou L . : .
I = change in pitching moment with horizontal veloddiyided by the moment
1%
of inertia in pitch, a speed stability term.
oM/ 0 S . -
I d = change in pitching moment with angle of attack divided by the
Yy
_ moment of inertia in pitch, an angle of attack sigtterm.
oM/ 0 L . .
I da = change in pitching moment with rate of changengfl@ of attack divided
1%
by the moment of inertia in pitch, a “downwash lagfm.
oM/ 00 s . . .
vy = change in pitching moment with rate of change of pitch divided by the

moment of inertia in pitch, a pitch rate dampingrte

Figure 4.23
The Longitudinal Determinant
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deal of the pilot’s effort during nonmaneuvering tasks Wwél directed toward making
airspeed changes in level flight, the pilot wilvdée much of his attention during these
tasks to controlling the long period mode of mation

The remainder of this discussion will be directed toward describing the origin,
characteristics, and parameters affecting the pamgpd mode of motion.

4.2.2.1 ORIGIN OF THE PHUGOID MODE OF LONGITUDINAL
MOTION

Without derivation, which can be found in approfwibterature, the determinant of
the transformed longitudinal characteristic equetibmotion for “small” disturbances may
be written as shown in Figure 4.23.

Before proceeding, a few comments are in orderaxmmgangleof attackstability
and speedtability. These terms will be used extensively in disaussiof longitudinal

. . . . 9
dynamics. Angle of attack stability may be expeeiss coefficient form asz™ or Cp,_;

i.e., the change in pitching moment coefficientwghange in angle of attaek a constant
speed Angle of attack stability normally carries a a&ge sign; i.e., positive increase in
(nose-up) generates a negative (nose-down) pitechorgent. Under restricted conditions
(power-off gliding flight at a low Mach number) witee C; is a unique function ofx,

angle of attack stability can be related direatlytte familiar static stability criteri%%f as

follows:

Jc
de - m oa

ac. T oo eq 4.19
da

dCn _

Thus, for these conditions, static longitudinal stabil(fgq O) guarantees

- C C
angle of attack stablllt)%oa—am < Or.
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Speed stability may be expressed in coefficienhfas a;:—um or Gy,;l.e., the

change in pitching moment coefficient with changéarizontal velocityat a constantingle

of attack The G, term is normally very small for the moderate and low subsonic Mach
numbers. In the high subsonic regimey @ normally negative and in many instances

large enough to make the airplane statically utestab

The solutions of the longitudinal determinant wilbvide useful information about
the longitudinal modes of motion. The classic Igegiod or “phugoid” approximation is
of concern at present. In order to make this appration, several assumptions must be
made. These assumptions, based on flight experience and logical reasoning, are as
follows:

1. The angle of attack stability, M is large enough so that very small changes

(i.e. near zero) of angle of attack are required to counter pitahniognents
generated by pitch rates, pitch accelerationsyatatity changes. This implies
M, is quite small and that the frequency of the plaigoquite low.

2. The previous argument justifies the assumptionttieeangle of attack is a
constant during the phugoid oscillation.

3. The assumption that little compressibility effemtsur enhances the
approximation.

If the above assumptions are valid, the lift anaigdportions of the longitudinal
determinant are the controlling factors for thegl@eriod motion. The classic long period
approximation or “phugoid minor” may then be wmittas follows:

S+ Dy g

=0 eq 4.20
Lu/UO -S
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Solving the determinant yields the following seconder characteristic equation:

S+DS+gg =0 eq 4.21

Therefore, thendampedaturalfrequencyanddampingatio of the phugoid mode

of motion may be developéds follows:

Wy, = undamped phugoid frequency /2 uﬁ eq 4.22
0
. . . 1 Cp
= phugoid damping raticc —= — 4.23
Zp phugoil ping rat /2 C, eq

For a lightly damped oscillation, thdampednatural frequencyis approximately
equal to the&indampedhaturalfrequencyso:

wp = damped natural frequency \/2_2 eq 4.24

)

The period of the long period motion is thus apprated by:

Pp (sec) = .138 i (where g is in feet per sec eq 4.25

Thus, the period of the phugoid is seen to be a function of horizontal velogity (u

or airspeedV), about which the motion oscillates. This is a reasonable approximation for
the phugoid period. It is readily seen ttieperiodof thephugoidmotionis verylong.

The damping ratio of the phugoid motion may be apjnated by the following
relationship:

Zp = — eq 4.26

T Several mathematical manipulations have been omitted.
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This approximation for phugoid damping ratio is not as accurate as the
approximation for the phugoid period. Howevedaes point out thgbhugoiddampirg
variesinverselywith theratioL/D. The phugoid mode of motion, if allowed to petsis
therefore exhibits a prolonged oscillation that damery slowly.

4.2.2.2 CHARACTERISTICS OF THE PHUGOID MODE OF
LONGITUDINAL MOTION

Additional insight into the long period or “phugbithode of motion may be gained
by studying the flight path of an airplane duringlaugoid motion which is allowed to
persist. The actual motion involves alternate blimg and diving and airspeed variations
between an excess at the bottom of a cycle andiciatecy at the top. During these
oscillations, the airplane trades kinetic for potential energy and vice versa - corresponding
to airspeed and altitude variations. To an obgemth a stationary viewing point, the
airplane motion during a longitudinal phugoid woalgpear as shown in Figure 4.24.

—
[<H)
(5]

LL

21

20 S
19 f\ £

l
18 |- o

—Airspeed Decreasi Airspeed Increasi
17 [~ ﬁ
| | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Horizontal Distance ~ Thousand Feet

Figure 4.24
Typical Phugoid Flight Path (Stationary Viewing Pont)
If the observer were flying alongside at constarsijpeeed, the airplane long period

motion would appear as in Figure 4.25.
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If Oscillation Exhibits Zero
Damping, Path of Motion
will be Elliptical

Observer's Position

If Oscillation is Damped, Path
of Motion will be a Spiral
Toward the Center

Figure 4.25
Typical Phugoid Motion (Moving Viewing Point)

From the moving viewing point, the airplane willpgar to rise and fall like a mass
suspended on a spring. For a constant angle of attack, the excess airspeed on the
downswing produces excess lift; the deficiencyid@eed on the upswing results in less
lift. These variations in lift result in net dowavd forces at the top of the oscillation and
net upward forces at the bottom. These forces meayhought of as the effectivapring
constantn the system.

Drag forces vary also as the airplane oscillatesarong period motion. At the top
of the cycle, where airspeed is reduced, dragdsced. This results in aet forward
force Conversely, aetbackwardorceis generated by the increase in drag at the bottom
of the cycle. It is easily seen that thesengeof dragwould tend to damp the forward
and backward components of motion. This would edhs elliptical path to degenerate
into a spiral path toward the center opposite theeover’s position (Figure 4.25).

4.2.2.3 ADDITIONAL PARAMETERS AFFECTING THE PHUGOID
MODE OF MOTION

The discussion of longitudinal long period motionthis point has included no
consideration of varying CG, angle of attack stgpil(M ), or speed stabilitf M) or
the effects opower The effect of varying these parameters will rimshown by
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utilization of the convenient root locus plots. The “classic” phugoid roots with the
characteristics previously developed are showrigare 4.26. The “classic” short period
roots are shown for completeness; however, the ngaimcern here is the long period
motion.

The long period mode of Figure 4.26 is typicallgtde, oscillatory, and lightly
damped. The CG is somewhere forward of the sti@ddfneutral point. (Note: The stick-
free case could be used; however, the influence of the free elevator on phugoid
characteristics is usually negligible. The sticketl case was chosen arbitrarily for this

discussion.)
Imaginary
AXis
X
<
Short Period
Roots

X -
\¢ Real Axis

X
VXLong Period

Roots
X
Figure 4.26

Complex Plane Representation of Classic
Phugoid and Short Period Modes of Motion

Now, if the CG is moved progressively further afiverd the neutral pointhe
frequencyof the phugoid mode decreasegperiod becomeslonger) and the damping
remainsessentiallyconstant(Figure 4.27).
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Figure 4.27

Effect of Aft CG Movement on Phugoid Mode

If the CG is moved far enough aft, tbecillatory phugoidmodedegenerates into a
pair ofaperiodicnmodesrepresented by the branches AB and AC of Figuz8.4The CG
position at which the phugoid becomes aperiodic (Point A) is generally just slightly
forward of the neutral point. When the CG is moved aft of the neutral point, the branch of
the aperiodic mode AC crosses the imaginary axisesenting alivergencemode- i.e.,
the airplane is statically unstable when the Cé&ft®f the neutral point. This situation is
easy to visualize - any change of airspeed frormarted condition for a statically unstable
airplane results in a further pure divergence lispaed.
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Figure 4.28

Degeneration of Phugoid Mode into Aperiodic Modes

If the CG is moved further aft past the neutralnpothe branches of the phugoid
mode and short period mode meet. At this pointhew oscillatory mode arises
corresponding to the branches DE and DF of Figu2®.4 This is a stable oscillation
whose damping and period both lie somewhere betwesse of the short period and
phugoid. This mode of motion is of academic indewmly since this far aft CG position is
seldom encountered due to the strong sitagtability which would exist.
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Figure 4.29

Generation of the “Third Longitudinal Oscillatory M ode”

The effect of varying angle of attack stability, M can be studied by first
assuming the ] is zero, then allowing | to increase negatively from zero. (This is the
normal sign of N, , since, for stability, positive (nose-up) incresmige angle of attack

must generate negative (nose-down) pitching moments.) The effect of increasing angle of
attack stability is shown in Figure 4.30, and isrs® be exactly the same effect as moving
the CG forward from the stick-fixed neutral point.
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Figure 4.30

Effect of Increasing Angle of Attack Stability, M,

The influence of changing speed stability,, dn long period characteristics is
mainly to change the frequency (or period) of the motion. If the roots are initially
positioned according to the “classic approximaticemd M,, is reduced (decreasing speed
stability), the effect will be shown in Figure 4.3If the product ML, becomes greater
than MyL ,, a branch of the long period mode crosses theimagaxis and the motion

becomes a nonoscillatory pure divergence. Thisipimenon is easy to visualize - an
increase in airspeed would generate nose-down pitching moments. The airplane
possessing speed instability may be difficult yo fThis depends on the rate of divergence.
Speed instability is quite often encountered inttaesonic flight regime.
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Figure 4.31

Influence of Reducing Speed Stability, N

If the roots are again initially positioned accoglito the “classic approximation”
and M, is increased positively, the effect may be as showFigure 4.32. If N} is

increased positively a sufficient amount, and {f Né not too large, the long period motion

may become aascillatorydivergence If the motion is very divergent, flying qualisienay
be seriously degraded, although usually not as raathe condition of nonoscillatory pure
divergence.

For the propeller driven airplane, engine operation may have a large effect on
damping of the long period motion. For a constaake horsepower, thrust increases at
decreased airspeed adding a net forward forceedbfhof the cycle and vice versa. This
phenomenon increases the damping of the phugoilat&n. Jet engine operation has
negligible influence on phugoid characteristics.
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Figure 4.32

Possible Effect of Increasing Speed Stability,

4.2.3 Longitudinal Control System Influence on

Longitudinal Flying Qualities During Nonmaneuvering Tasks

Longitudinal control system design will have a profound effect on tadgial
flying qualities during nonmaneuvering tasks. Arttugh understanding of the effects of
control system “gadgetry” on longitudinal flying ajties is essential for the flight test
engineer and test pilot.

4.2.3.1 GADGETRY USED IN BOTH REVERSIBLE AND
IRREVERSIBLE LONGITUDINAL CONTROL SYSTEMS

Thesimple spring is often used to provide a steeper gradient of longitudinal
control force versus airspeed and to provide good control stick centering. A simple spring
arrangement and its effect on longitudinal corfivate stability is shown in Figure 4.33.

Thepreloadedlownspringarrangement has a similar effect on longitudinal control
forces as can be seen from Figure 4.34. Whemnzetilin a reversible control system, the
downspring has a tendency to “drive” the long pemo phugoid motion divergent with
controls free.
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This is due to the steady unbalancing force which is always applied to the
longitudinal control system. This unbalancing fors “trimmed out” by the pilot at the
control force trim speed; however, the force becoméactor as airspeed varies in the long
period oscillation and may precipitate elevatouisgsufficient to destabilize the oscillation.

Although the bobweight is normally used to influemaaneuvering characteristics,
it has some effect on longitudinal control forcabdity as shown in Figure 4.35.

Pull ; : ;
Without Simple Sprin
~ > AF (Pull) 3 Pie Spring
Ks L
(Spring Constant Ks g
AAA% oW
< @)
/.:E S
m c
3
» To Elevator
Push ) _
Equivalent Airspeed, KEAS
Figure 4.33

Simple Spring Arrangement and Influence on Static
Longitudinal Stability Characteristics
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ﬂngw;

Long. Control Force

d
Q
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Figure 4.34
Pre-Loaded Downspring Arrangement and Influence orStatic
Longitudinal Stability Characteristics
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Figure 4.35

Bobweight Arrangement and Influence
on Static Longitudinal Stability Characteristics

4.2.3.2 GADGETRY USED ONLY IN REVERSIBLE
LONGITUDINAL CONTROL SYSTEMS

Theblow-down tabmay be used to increase the gradient of longiidiontrol
force versus airspeed. As shown in Figure 4.36ptbw-down tab remains “on the stop”
until the airplane has accelerated to a speed whergpring force is overcome. This speed
must be slower than take-off speed or the pilotlvélconfronted with serious longitudinal
control force nonlinearities at flying airspeeds.

rce
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\‘\‘/ Wﬂmut Blow-Down Tab
B 0 > "J >
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To Cockpit Pushl Equivalent Airspeed, KEAS ,

Figure 4.36
Blow-Down Tab Arrangement and Effect on Static
Longitudinal Stability Characteristics

Another means of modifying longitudinal stability and control characteristics is
through the use ddggingandleadingtabs These arrangements have a dual effect in that

they modify elevator float characteristics as vesll changing longitudinal control force
requirements (Figure 4.37).
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Figure 4.37
Leading and Lagging Tabs

The longitudinaservotab is frequently used in very large airplanes or medium-
sized airplanes capable of high subsonic airspeeds. With a servo tab arrangement, the pilot
moves the servo tab through control stick motion. Movement of the servo tab generates
forces and moments which cause the elevator to move (Figure 4.38). By use of the servo
tab, longitudinal control forces required of the pilot are very greatly reduced.

0
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° With Servo Tab
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( ¥ Elevator suwo “Jl —y
N (@) +Ve
Forward Stich =2
P o . .
To Cockpit — Push Equivalent Airspeed, KEAS
Figure 4.38

Longitudinal Servo Tab Arrangement

Another arrangement used to modify longitudinal stability and control
characteristics is thgreloadedspring tabh which is a modification of the servo tab
described above. The preloaded spring tab does not modify longitudinal control forces
about the trim airspeed until the preloaded force is exceeded (Figure 4.39). Once
longitudinal control forces are greater than the preload of the spring, the servo action of the
tab reduces the longitudinal control force-airspeed gradient.

4 Ixv



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

o
=3

!V\/ithout Servo Action (K=0)

Preload
~< !* Band *:

Free to Rotate
Preloaded Springs

Forward Stic
G— =
To Cockpit

Long. Control Forces
Fs
o

h)
c
%)
=y

Equivalent Airspeed, KEAS

Figure 4.39
Pre-Loaded Spring Tab Arrangement

4.2.3.3 GADGETRY USED ONLY IN IRREVERSIBLE
LONGITUDINAL CONTROL SYSTEMS

Fully irreversible longitudinal control systems geaily incorporate simple springs,
bob weights, and viscous dampers to provide tha wiith longitudinal control “feet.” In
addition, other control system gadgetry may bézetl to improve longitudinal stability and
control characteristics. Some of these arrangesvaptdiscussed below.

The extendabldink may be utilized to provide longitudinal controtde stability
even though the airplane exhibits elevator positistability. A typical extendable link
arrangement is shown in Figure 4.40.
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e
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J 4
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Airspeed & Alt,
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Figure 4.40

Irreversible Longitudinal Control System with Extendable Link
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The extendable link mechanism may be used to prograartificial “float” into the
longitudinal control system as airspeed is varieoud trim (Figure 4.41). Since the pilot
moves the elevator from the “float” position to the position required for equilibrium,
longitudinal control forces are in the correct diien.

S
£ TEU Airplane Exhibits Pilot Action Pull o
c Elevator Position Instability / LBL
o
E - °
0 - I +V
20 5 )
¢ < é» v = — t o\ o)
. 3t v 5
jSi 27 7\ Arificial "Float" Introduced =
g TED With Extendable Link Push
w Indicated Airspeed, KIAS Indicated Airspeed, KIAS

Figure 4.41
Extendable Link Can Provide Artificial Control Forc e Stability

Other devices sometimes used in irreversible lowliital control systems are the
mechanicahdvantagehangeand the { - bellows” Both these devices are used to cope
with poor basic airplane characteristics, such as neutral or negative oelg@gition
gradients or nonlinearities in relationship of @lev position with airspeed about trim. One
of the characteristics usually generated by themadf both these devices is cockpit stick
motion. However, this motion is usually so slithmt it is not objectionable and usually is
not noticeable. Certain types of “q - bellows” &yas have demonstrated a propensity
toward failure through atmospheric icing.

4.3 TEST PROCEDURES AND TECHNIQUES NONMANEUVERING
TASKS

4.3.1 Preflight Procedures

A rigorous investigation of longitudinal flying qualities during mmaneuvering
tasks must begin with thorough preflight planning. Therpose and scope of the
investigation must be clearly defined, then a plan of attacknethodof testcan be
formulated.
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Preflight planning must start wittesearch This includes a study of the airplane

and a thorough study of tHengitudinal control systenmt including stability and control

augmentation if installed. All available informai on longitudinal stability and control
characteristics should be reviewed. Much usefofrimation can be gained by conferences
with pilots and engineers familiar with the airptan

The particulamonmaneuveringasksto be investigated must be determined and
clearly understood by the flight test team. Thias&s, of course, depend on théssion
of the airplane. It is particularly important dugithe investigation of nonmaneuvering

tasks to determine if these tasks will be performed in instrument flight (IFR) conditions or
merely visual flight (VFR) conditions in operational use. Certain undesirable
characteristics can be accepted for VFR missiantsaie not acceptable for IRF missions.

The test conditions - configuration, altitude, @rdaf gravity, trim airspeeds, and
gross weight - must be determined. Test conditgdmauld be commensurate with the
missionenvironmenbf the airplane. Center of gravity position igrexnely critical for
longitudinal stability tests. If flight test tingermits, tests at the most aft and most forward
operational CG positions should be performed aitiquate build up. If flight test time is
limited, tests should be performed at the most aft operdtiofa position (aft critical
loading). Note: If the test program is aimed etiedmining forward and aft CG limits for
operational use, appropriate CG limits will be prdgated or recommended by the test
activity or higher authority.

The amount and sophistication of instrumentatiolhadgpend on the purpose and
scope of the evaluation. A good, meaningful gaéiie investigation can be performed
with only production cockpit instruments and poleinstrumentation - hand-held force
gauge, stopwatch, and tape measure. Automaticdiecpdevices, such as oscillograph,
magnetic tape, and telemetry, are very helpfuhpid data acquisition and may be essential
in a long test program of quantitative nature. cedesensitive cockpit instruments are also
very useful, not only aiding in data acquisition but also aiding in stabilization for
equilibrium test points.
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The final step in preflight planning is the preparation of pilot data cards. An
example of a longitudinal stability and control data card for the investigation of
nonmaneuvering tasks is shown in Figure 4.42. Masy pilots desire to modify data
cards to their own requirements or construct datdscfor each test. At any rate, the data
cards should list all quantitative information desdiand should be easy to interpret in
flight. Blank cards should be utilized for appriape qualitative pilot comments.

LONGITUDINAL STABILITY AND CONTROL RECORD CARD NUMBER
NON-MANEUVERING TASKS
AIRPLANE TYPE PILOT PTR-BIS
BUREAU NUMBER T.0. GROSS WEIGHT | DATE
T.0. CG
GEAR DOWN ___%MAC GEAR UP __ %MAC| T.O. TIME LAND TIME
EXTERNAL LOADING CONFIGURATION
TRIM AIRSPEED MACH POWER ALT. [ LONG. TRIM
BREAKOUT & | CONTROL SYSTEM MECHANICAL CHARACTERISTICS | FREEPLAY
FRICTION
CN
CONTROL SYSTEM OSCILLATIONS CENTERING
CN
i STATIC LONGITUDINAL STABILITY
AIRSPEED Vo CN | LONG.CONTROL FORCEELEVATOR POSITION &e RATE OF CLIMB
MACH NO. IMN Fs STICK POSITION, 55 RATE OF DESCENT
TRIM FUEL
TRIM FUEL ACCELERATION - DECELERATION  MAX MIN
[ DYNAMIC LONGITUDINAL STABILITY J
SLOW START PHUGOID ~ FUEL FAST START PHUGOID FUEL
ELAPSED TIME, SEC AIRSPEED, Vo ELAPSED TIME, SEC AIRSPEED, Vo
0 0
TRIM TRIM
TRIM TRIM
TRIM TRIM
TRIM TRIM
ELEVATOR FLOAT DURING PHUGOID
EASE OF TRIMTO | TRIMMABILITY TRIM RATE
Fs=0 TRIM SENSITIVITY
LONG TERM TRIM HOLDING TRIM SPEED BAND LOCATION OF TRIM DEVICE
Figure 4.42

Longitudinal Stability and Control Record
for Non-Maneuvering Tasks
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4.3.2 Flight Test Techniques

4.3.2.1 THE QUALITATIVE PHASE OF THE EVALUATION

Longitudinal stability and control characteristiosist be evaluated in relation to
their influence on various nonmaneuvermgssiontasks Therefore, the test pilot must
devote a portion of the evaluationgerformingor simulatingthe nonmaneuveringasks
which havebeenselected While performing these tasks, the test pilohgahe essential
qualitativeopinion of the longitudinal flying qualities anbdauld assign handling qualities
ratings. Without recording a single item of ddte test pilot should be able to form a
good opinion of themission effectivenes®f the airplane, at least for the particular task
being evaluated. This opinion will be based onalmunt of attention and effort the pilot
must devote to “just flying the airplane.” Due saderation must be given during this
phase of the test to the following factors:

1. Whether the mission task will be performed in V&Rl IFR weather, or
strictly in VFR conditions.

2. The availability of an autopilot or automatic Rigcontrol system for pilot
relief.

3. If stability or control augmentation systems asalled, the consequences
of their failure.

The test pilot's qualitative opinion of the airpg&slongitudinal flying qualities in
relation to the selected mission task is the most importe#otmation to be obtained.
Therefore, this phase of the test must not be overlooked. The test pilot probably will have
some ideas as to the particular characteristicstwimake the airplane easy or hard to fly
even before proceeding to theantitativephase of the testing. Use of theantitativetest
techniques to be discussed below hopefully allows the test pilot to substantiate his
gualitative opinion.
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4.3.2.2 MEASUREMENT OF THE MECHANICAL
CHARACTERISTICS OF THE LONGITUDINAL CONTROL SYSTEM

Mechanical characteristics of the longitudinal litigontrol systems have a major
influence on longitudinal flying qualities. The amanical characteristics to be evaluated are
defined as follows:

1. Breakout forces including friction: The longitndi cockpit control force
from the trim position required to initiate moverhehthe longitudinal control
surface.

2. Friction: Forces in the longitudinal control ®ystresisting the pilot's effort
to change the control position.

3. Freeplay: The longitudinal cockpit control motioom the trim position
that does not initiate movement of the longitudcwitrol surface.

4. Centering: The ability of the longitudinal codkpontrol and the
longitudinal control surface to return to and maimthe original trimmed
position when released from any other position.

5. Control System Oscillations: Oscillations in bvegitudinal control system
(elevator and cockpit control stick) resulting frexternal or internal
disturbances.

4.3.2.2.1 Breakout Forces, Including Friction

Friction in the longitudinal control system is unéable, however, it should be
kept as low as possible. The effect of frictiontfwut breakout) on longitudinal flying
gualities can be rationalized by a study of Figu#3. The true variation of longitudinal
control force versus airspeed is represented by the solid line and the superimposed friction

4 Ixxi



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

is represented by the dashed lines. In this case, the combination of a shallow control force
gradient and significant longitudinal friction ((+) 1.5 pounds) create poor control
characteristics about trim airspeed. These chaisiits would be as follows:

1. Poor longitudinal control “feel” about trim in thtke friction masks the
longitudinal control force stability from 150 to A &IAS.

2. Poor trimmability in that the airplane will stabd at any speed from 150 to
190 KIAS with thesamdongitudinaltrim setting This band of airspeed is
called thée'trim speedband’

By judiciously adding soméreakoutforceto the longitudinal control system, the
undesirable effects of friction in the control ®stmay be eliminated. This effect may be
rationalized by a study of Figure 4.44, which is the same plot as Figure 4.43 except for the
addition of a breakout force and is a typical pilongitudinal control force variation with
airspeed for a real airplane. In this case, thditemh of a breakout force equal to the
friction force reduces the poor control “feel” albérim and reduces the trim speed band to
zero. There are other advantages to having some breakout in the longitatitral
system. Breakout forces allow the pilot to rest his hand on the controlwstibkut
introducing inadvertent longitudinal control inputs

Longitudinal Control
Force Stability Masked
Pull by Friction

5 >~ le \ |
~ \—t%>
"~ g = —_
0 I~ = S
130 150 —8~270__ 19 '210~ =
o —
=
c
Push AiSpeed, KIAS

.
orce

w

Figure 4.43
Longitudinal Control Friction Masking
Control Force Stability
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Figure 4.44

Addition of Breakout Force to the Longitudinal Control System

However, breakout forces must notédeessiver longitudinal flying qualities will
again be degraded. For example, breakout forces must be suitably matched to the
longitudinal control force stability. A combinatioof high breakout and very shallow
longitudinal control force variation with airspeed (Figure 4.45) results in a noticeable
control force nonlinearity about trim airspeed.isTitesults in poor control “feel” about the
trim airspeed. Since the pilot trims the airplane through stick force “feel”, the high
breakout force may result in poor trimmability. i3s because the pilot has difficulty in

determining when his applied stick force is eqaahe breakout force (a criterion for trim)
if the breakout is large.

= Friction==*1.5Ibs

10% Breakout, Including Friction = £ 6.5 Ibs
5
0 o ‘
130 15@ Q 170 190 210
i g :\{ __ Lo
5@ . ————
5 2 ———
10 Rirspeed, KIAS -
Figure 4.45

Poor Matching of Static Longitudinal Stability and Breakout Forces

In general, friction should be as small as possibtbe longitudinal control system;
some breakout is generally beneficial, but too nmesults in undesirable characteristics.
Breakout forces, including friction may vary with atmospheric conditions, such as
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temperature and humidity, as well as trim condgiosuch as longitudinal stick position.
However, this variance is usually very small. Rbe irreversible longitudinal control
system, breakout forces, including friction, usyab not vary from static condition (on
the ground) through the airplane's entire flightedope.

In should be obvious from studying Figures 4.44 &rb thatbreakouforce can
never be measured alone, unless there is zerwirifirce. Thereforepreakoutforces,
including friction, are measured at the trim airspeed of the test, faiction aloneis
measured at stabilized airspeeds above or below trim airspeed. Breakout forces, including
friction, are measured in flight with the hand-hfddce gauge by carefully stabilizing at the
trim airspeed, then applying slow and smooth fodaard aft longitudinal control forces in
turn until movement of the elevator is detectedov®ment of the elevator can be detected
by visually observing elevator movement, use of an elevadsition indicator, or by
observingairplanepitch attitude changes If the latter method must be used, extremely
slow and smooth control force inputs should be made in small increments until pitch
attitude response is noted. Caution must be esextdiecause the airplane will require a
finite time intervalto respond in pitch attitude to the elevator mogatn This becomes
particularly critical in large, slow respondingatisport and patrol airplanes; therefore, for

such airplanes, incremental force increases of approximately 1/2 pound are recommended.
If automatic recording devices are utilized, breakout forces, including friction may be
measured from the recording traces as shown inréigut6. More rapid longitudinal

force inputs will allow trace “breakaways” from ttremmed condition to be more easily
identified but will aggravate the effect of timelays in the control system (for example,
hydraulic actuator response lag) causing an inergathe apparent breakout (including
friction) force.

Friction forces may be measured by stabilizingiespeeds above or below trim
airspeed (outside of the influence of breakoutjteAstabilizing at an airspeed above or
below trim, the pilotslowly varies stick force until he observes elevator movement or
airplane pitch attitude change. Longitudinal finatwill be measureds the difference
betweenmaximum and minimum longitudinal control forces required to _maintain the
stabilizedairspeed(see Figures 4.44 and 4.45).
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Figure 4.46
Use of Automatic Recording Trace for Determination
of Longitudinal Breakout Forces, Including Friction

Breakout, including friction, may be measured on the ground for airplanes
equipped withirreversiblelongitudinal control systems where longitudinahtol force is
merely a function of longitudinal control deflection. However, ground measurements
should be checked with an in-flight measuremenis ¢bvious that in-flight measurement
at various airspeeds is the only means of accyrdétermining these characteristics for the
reversiblecontrolsystem

4.3.2.2.2 Freeplay

Freeplay in the longitudinal control system should be as small as possible.
Excessive freeplay will cause difficulty in performing precise maneuvers suchvels le
accelerations or decelerations and tracking. Tloe will generally resort to flying the
airplane “out of trim” during precise maneuveratwid the necessity to continually move
the longitudinal control stick through excessive freeplay. Freeplay, expressed in inches or
degrees of longitudinal cockpit control movemesitnieasured in flight at the trim airspeed
much the same as breakout, including friction, masasured. Ground measurements may
also be made for irreversible control systems.
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4.3.2.2.3 Centering

Positive centering of the longitudinal control gystis shown by an initial tendency
of the cockpit control to returiowardsthe trimmed position when released from a
displaced position. If the control returegactlyto the trimmed position, theabsolute
centering is displayed. The longitudinal contygtem should exhibit positive centering in
flight at any stabilized trim airspeed. Poor centeringegally results in objectionable
tracking characteristics or large departures ispaied without constant pilot attention to the
control of the airplane. Centering is qualitatvel/aluated in flight at the trim airspeed by
displacing the longitudinal cockpit control smoothly to various positions and observing its
motion upon release. If poor centering is apparent, measurements of the difference
between the trim position and the position attamitel release may be made with automatic
recording devices or hand-held cockpit instrumesush as a tape measure. Irreversible
control system centering characteristics may b&ueated on the ground.

4.3.2.2.4 Control System Oscillations

Oscillations in the elevator control surface and the entire longitudinal control
system, initiated by either external perturbations or pilot action, should be well-damped or
deadbeat Lightly damped or undamped motion can result in annoying damtjerous
oscillations in normal acceleration, particularlyrig flight in turbulent air. Damping of
the control system is measured in flight by absugéflecting and releasing the longitudinal
cockpit control (sometime called a “rap” input) aslaserving the resulting motion in the
control surface and/or the cockpit control stitkse of automatic recording devices or a
cockpit mounted elevator position indicator aides in data acquisition. If theseoare
available, the test pilot must resort to obsenthrggmotion of the cockpit control stick. It
must be remembered, however, that motion of th&@ostick may or may not be the same
as motion of the elevator, depending on the amotifieeplay in the longitudinal control
system. Irreversible control system oscillation characteristics may be checkéldeon
ground; however, these characteristics should b&ated in flight to insure there is no
coupling between airplane motion and control sysignmamics.
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4.3.2.3 MEASUREMENT OF LONGITUDINAL CONTROL

FORCE STABILITY, ELEVATOR POSITION STABILITY, AND
FLIGHT PATH STABILITY

It should be apparent that some degree of longialdiontrol force and elevator
position stability is desirable. These static itudjnal stability characteristics contribute to
good longitudinal trimmability and maintenance loé trimmed condition. In addition, the
longitudinal cockpit control forces and motionsugqd in changing flight conditions are
simple and natural if longitudinal control forcedaglevator position stability are present.
However, iftoo muchstability is present, the airplane may bery difficult to controlin
that large longitudinal control forces and position changes may be required to change
airspeed in unaccelerated flight. The degree of longi&idtontrol force and elevator
position stability which is desirable or acceptahlany airplane depends t¢ime missionof
theairplaneand the multitude of pilot tasks required to acplbsh that mission. However,
it can be rationalized that for the nonmaneuvetasits under evaluation, some degree of
static longitudinal stability is desirable for pleasant Idadinal flying qualities. In
addition, plots of longitudinal control force anéwator position versus airspeed should be
smooth and their local gradients stable within a reasonable airspeed band about trim
airspeed.

It is desirable that when the pilot changes airddg®euse of the elevator control
alone, increases in airspeed are accompanied byades in flight path ang(g) (i.e., less
climb or more dive) and decreases in airspeedaenapanied by increases in flight path
angle (i.e., more climb or less dive). This chaaastic is referred to dtight pathstability
and is really a performance characteristic; itas dependent on whether the airplane is
operating on the “front side,” “back side,” or “flportion” of the power required curve.
However, it may have a major influence on pilbrkload particularly in approach
configuration where “back side” or “flat portionperation may require continuous throttle
and longitudinal control inputs to maintain desie@gpeed and rate of descent. Flight path
stability may be conveniently measured during stiatngitudinal stability tests by noting
rateof climb or rateof descenat each test point. A plot athangein rate of climb or
descenversus airspeed indicates flight path stabilitynstability (Figure 4.47).
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In analyzing flight path stability in the landing@oach phase, a plot of flight-path
angle versus true airspeed is used to determirafispdon compliance. The requirement
is that the flight-path angle versus true-airspeed curve shall have a local slope at the
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Figure 4.47
Means of Presenting Flight Path Stability Data

minimum operational approach spe(eqi,mi\n/) which is negative or less positive than:

a. Levell -0.06 degrees/knot

b. Level 2 - 0.15 degrees/knot

c. Level 3 - 0.24 degrees/knot

The thrust setting shall be that required for tbiewal approach glide path ap V.

The slope of the flight-path angle versus airsprede at 5 knots slower thary V- shall

not be more than 0.05 degrees per knot more pesitan the slope atgV. , as illustrated
by Figure 4.48.

4 Ixxviii



LONGITUDINAL FLYING QUALITIES

+
(VOMIN 5) |V0MIN
S
| | o V (TAS), KT
3 — T~
= Yea |
o I
3 |
-1 Vertical Speed]
You = SIN 1 DVer |cal pee < /
HrueAlrspee(E GEG /
e
5|/
E 4
/ / Region Region
/ / of Positive «——» of Negative
Difference in Slopes / Slopes Slopes
not to Exceed .05 Deg/KT /

Figure 4.48
Flight Path Stability Data in Configuration PA

Several methods have been utilized for obtainiaticstongitudinal stability data in
flight. Three will be presented here. The first method is called the stabilized point
technique. It involves measuring data at a congtawer setting and constant trim setting
while varying airspeed about trim by varying altieu(or rate of climb or descent) with
elevator position. The technique is performedodews:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. If using automatic recording devices, a “trim shot” should be taken.
Record appropriate data such as power, longitudrimalsetting, elevator or
stick position, anduel quantity If a true airspeed indicator is not installed in
the test airplane, OAT should be noted to deterrnueeairspeed.

2. Without changing power or trim settings, vary géesd to predetermined points
about trim airspeed by varying altitude. The off-trim speeds used should cover
a range of at least 15 percent of the trim speed60 KEAS whichever is
less(except, of course, where limited by tkerviceflight envelope). For
powerapproach or land configuration, the range of &esls should extend to
the stall speed. (A reversal or shallowing ofghadient of longitudinal control
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force versus airspeed could precipitate a tendémwegrd inadvertent stall in
these configurations.) It is recommended that at least three equally spaced
points (preferably four) be selected at speeds faster and slower than trim in
order to adequately define the relationships to be plotted. At esebtexd

point, airspeed must be carefully and precisely stabilized. After stabilization, a
short automatic recording burst should be taked/arthe following cockpit
observations recorded on the data card:

a. Longitudinal control force (maximum and minimufrfriction is
measurable, in order to aid in airing the datagabirements may be made
with the hand-held force gauge.

b. Elevator position or longitudinal cockpit control position. Longitudinal
cockpit control position may be measured with & taggasure.

c. Rate of climb or rate of descent.

Altitude variance during these tests should noeegc 1000 feet from the base
altitude. For configurations requiring power feveél flight, acquiring data at first fast and
then slow test airspeeds, etc., will facilitate agmmg near the base altitude.

The second method is called the Slow Acceleratiendl®ration Technique and can
be utilized only with automatic recording devices. However, it allows rapid data
acquisition, particularly if the airspeed rangéaigie. This method is not as accurate as the
stabilized point method since true equilibrium cbiods are never attained except at the
trim airspeed. Nevertheless, if the acceleration and deceleration are performed slowly and
smoothly (approximately 2 knots/second or lesg,data obtained will be adequate for
most flight test programs. The technique is pentxt as follows:

1. Stabilize and trim carefully in the desired coufajion at the desired flight

condition. Record appropriate cockpit data - poweergitudinal trim setting,
andfuel quantity
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2. Start the automatic recording device and actitregeevent marker to denote a
“trim shot.” Leave the recording device runninglanitiate a slow acceleration
or deceleration by applying a smooth longitudirattcol force input. Power
and trim settings should remain at the trim condsi Adjust the acceleration
or deceleration rate and actuate the event matk@edetermined airspeeds to
simplify data reduction. The visual horizon should be used to maintain a
constant acceleration or deceleration with frequent reference to the airspeed
indicator. (If the process is done very slowlyjfdhe airspeed range is large,
the pilot may desire to turn off the automatic recording devices between
predetermined points.) Continue the acceleratraheceleration to one end of
the airspeed range, then reverse longitudinal obfdrce and proceed to the
other extreme. The process should always termatdtee trim airspeed.

Data obtained by the Slow Acceleration-Deceleration Technique may be presented
as shown in Figure 4.49. This particular methodath presentation, where every point
on the plot is a data point, is sometime calledtgfunning” data. Plots like this are easy
to derive if automatic data reduction facilitieg available; it is apparent that obtaining the
same plot by manual data reduction would be extyelaborious.

Pull

15

10

Lbs

10

Push

15 Indicated Airspeed, KIAS

Figure 4.49
Typical Longitudinal Control Force Stability Data
from a Slow Acceleration - Deceleration
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The third method is called the Power Acceleratie@e®eration Technique and can
be utilized only with automatic recording devicekhis method is not as accurate as the
stabilized point method since true equilibrium cibiods are never obtained and power
effects are not constant. Power effects can bereég in the data, however, since the data
is obtained with maximum and minimum power. Thahteque is performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. Record appropriate cockpit data - pouargitudinal trim setting,
and fuel quantity. Start the automatic recordirgide and activate the event
marker to denote a “trim shot”.

2. Retard the throttle slowly and smoothly to idllowaing the airplane to slow
down. Leave the recording device running and &ettlee event marker at
predetermined airspeeds to simplify data reducti@rzero rate of climb is
desired but a slight rate of climb or descent eptable if it is constant. If the
airplane controls are moved back and forth between climbs and descents,
additional errors will be introduced into the eleargposition and stick force
readings. A rapid crosscheck between the visuattw and the rate of climb
indicator will assist in maintaining the properpéane rotation rate.

3. At predetermined minimum speed slowly and smoadhdlyance the throttles to
full military power (maximum power if desired). Alse airplane accelerates
again activate the event marker at the predetermined airspeeds. When the
maximum desired velocity is reached again slowly and smoothly retard the
throttles to idle and transverse the speed rangetbarim airspeed.

4. If the airspeed range is large and the accelevalgceleration rates slow, the

pilot may desire to turn off the automatic recording devices between the
predetermined points.
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4.3.2.4 MEASUREMENT OF LONG PERIOD OR PHUGOID
CHARACTERISTICS

Damping and frequency (or period) of the long petangitudinal mode of motion

have been shown to have little effect on longitudinal flyingliies in visual flight.?2
Under flight conditions where the pilot maintains close control guiéch attitude he
effectively damps the long period motion beforeas a change to cause airspeed or altitude

variations.

Unfortunately, pilot opinion of instrument flight characteristics is considerably
affected by phugoid damping. Typical adverse a¢$fen instrument flight of decreasing
phugoid damping are:

1. Deterioration in the pilot's ability to trim apeecise desired airspeed.

2. Deviations from equilibrium trim conditions (alttte and airspeed) become
more frequent and annoying.

3. The pilot's instrument flying technique may change may be required to
monitor with increasing frequency the airspeedadatbr, altimeter, and rate of
climb indicator. With extreme “negative damping,” the pilot may find it
necessary to monitor very closely the horizon lhéne attitude gyro.

One study of the influence of phugoid dampingimstrumentflight characteristics
revealed that the pilot utilizet@ntimes more elevatorinputswhen the phugoid damping
was negative (- 0.23) than when it was positiv®.60). This reflects the increaspiibt
workloadassociated with poor long period characteristics.

The test technique for measuring phugoid charatiesi(period and damping ratio)
is very simple. The airplane is first stabilizedldrimmed in the desired configuration at
the desired flight condition. The elevator contadbne is then used tetabilize at an
airspeed approximately 15 KIAS slower or fastenttiae trim airspeed. Phugoids should

2 However, if the period of the phugoid is low ahe period of the airplane short period motion ghhi
such that P< Pgy the pilot is likely to continually excite the pipid in normal manuevering flight. This

is generally not the case for most airplanes.
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be initiated from airspeeds both slower and faitan trim for each trim airspeed being
evaluated. Trim tab settings and power are maintained at the trim condition. The elevator
control is then smoothly returned to the trim piositand released to initiate the controls
free oscillation; the 60-second sweep stopwatataged simultaneously. The pilot then
merely records a time history of airspeed (andualg, if desired) until enough cycles are
completed to define completely the characterisiiche oscillation (at least two cycles).
Elapsed time and airspeed should be recorded atonn airspeed, maximum airspeed,
and trim airspeed points. Airspeed changes ocexy siowly at minimum and maximum
airspeed points; therefongitchattitudeshould be monitored to aid in recording the correct
elapsed time at these points. Minimum and maxinainspeeds will occur at the point
wherepitchattitudeis approximatelythe sameasthe initial trimmed pitch attitude(refer to
Figure 4.24 in the Theory Section).

The pilot must keep the wings of the airplane catgdy level during the phugoid
measurementswvithout introducing any longitudinal control inputs  This may be
accomplished by use of rudder inputs, lateral friputs, or side pressure on the cockpit
control stick.

If the elevator is observed to “float” during thentrols free oscillation, the phugoid
characteristics should also be measured with the longitudinal cockpit control rigidly
restrained in the trim position. (Instead of reieg the cockpit control stick after it is
returned to the trim position, it is returned snmdpto the trim position and restrained
there.) The effect of elevator float can be seetha difference between the phugoids
performed with controls free and controls fixed.

Automatic recording devices may be utilized to record phugoid characteristics.
However, the long period and low damping of thegahd require continuous operation of
the automatic devices for a long time interval. Careful manual datas#auiyields
results of useable accuracy.

4.3.2.5 MEASUREMENT OF LONGITUDINAL TRIMMABILITY

Longitudinal trimmability, as related to nonmaneting tasks, is indicated by the
ease with which the pilot can reduce longitudirmaitool forces to zero at a precise airspeed
and the ability of the airplane to maintain thanimed condition without pilot attention.
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Trimmability depends on all the characteristics previously discussed. In addition, it

depends on the rate gperatio andsensitivity* of the longitudinal trim device as well as
the physical location and ease of operation ofrtheedevice in the cockpit.

Trimmability determination is mainly a qualitative assessment by the pilot.
However, measurement of the “trim speed band” is quantitative and requires some
explanation.

The “trim speed band” is bounded by the maximum andinmim airspeeds at
which the airplane will stabilize at a given trimtsng without pilot applied forces. The
technique for determining the “trim speed band’dagiven trim airspeed, configuration,
and altitude is rather difficult to explain on the round but easy to understand in flight. The
airplane is first very carefully trimmed at the ideg trim airspeed, configuration, and flight
condition. Power and trim tab settings are man@diat the trimmed conditions. A very
small longitudinal control force input is then ajgpl in the nose-down direction and the
airplane restabilized at an airspeed about 2 Kl&gatgr than trim speed. The longitudinal
control is then released and the pitch attitudpaese and airspeed response of the airplane
noted. If pitch attitude and airspeed remain atrtew stabilized conditions, the limits of
the trim speed band have not been exceeded.clf gititude and airspeed start to return to
trim immediately upon releasing the longitudinal control, the limits of the trim speed band
have been exceeded. The trim speed bariduss determined by both increasing and
decreasing airspeed from trim until the limits ezached. The speed band below and
above trim airspeed may not be the same dine&im airspeednay be anywherein the
trim speedand(Figure 4.50).

3Movement of the trim tab per unit time. This cleesistic is independent of the flight conditions.

4 Response of the trim device to a pilot trim inpatindicated by the degree of longitudinal corfoote
response to the trim input. This characteristia fanction of flight condition (dynamic pressues) well
as design of the trim system.
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The Trim Airspeed at which the airplane stabilizes initially may be 148 KIAS.
The Trim Speed Band measurement would then yield -1 KIAS and +5 KIAS as the
limits. However, the same Trim Speed Band of 6 KIAS would be reported.

Figure 4.50
The Trim Speed Band

4.3.3 Postflight Procedures

As soon as possible after returning from the flighé pilot should write a brief,
rough qualitative report of the longitudinal flyinmalities exhibited during the mission
tasks under evaluation. This report should betamitvhile the events of the flight are
fresh in his mind. The qualitative opinion of ttest pilot, appropriately related to the

mission tasks under evaluation, will be the mogtantant part of the final report of the
longitudinal flying qualities.

Appropriate data should be selected to substantiate the pilot's opinion. Methods of

data presentation are as numerous as flight test activities. No matter what method is used,

the presentation should be clear, concise, and complete. The data presentation to be

discussed here is only suggested and may be nudgielesired by the test activity.

4.3.3.1 MECHANICAL CHARACTERISTICS OF THE
LONGITUDINAL CONTROL SYSTEM

Mechanical characteristics are effectively presented in tabular form as shown in
Figure 4.51. Longitudinal control surface dampim@glso effectively presented on a time
history if automatic recording devices are utiliegyure 4.52).
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Breakout, Including Friction
Lbs Damping
Specification Limits| _Freeplay Damping Ratio _
Mil. Spec (Fwd & Aft) Centering
Measured i —|  Inches
(Forward & Aft) Cockpit
Min Max Elevator Control
Stick
52 H 3 3 Deadbeat 45 Positive
Figure 4.51

Suggested Table for Presenting Control Mechanical Raracteristics
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= Rap Input
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A . 0.5 1.0
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Figure 4.52

Longitudinal Control Surface Damping Presentation

4.3.3.2

STATIC LONGITUDINAL STABILITY

CHARACTERISTICS

Static longitudinal stability characteristics mayfresented as plots of longitudinal
control force stability, elevator position stahjliind flight path stability.
stability need not be presented in all caseshdukl be presented for all Power approach
configuration tests, however, as previously described in Figure 4.48.)
cockpit control position variation with airspeedMach number about trim may also be

presented. Typical plots are shown in Figure 4.53.
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CG: 36% MAC Altitude: 3,000 Ft

Figure 4.53
Static Longitudinal Stability Characteristics

The effectiveness of longitudinal stability plotspgnds a great deal on theales
chosen. The gradients may be made to appear stestyallow merely by changing the
scale relationship of horizontal and vertical ax8sales should be chosen so that the plots
are compatible with the pilot's qualitative opinjow., if the longitudinal control force
variation with airspeed felt “light” or “shallow’dtthe pilot, scales should be chosen so that
the relationshigppearshallow
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Discussion of static longitudinal stability chaexdtics in the report of the test must
be worded with care. The report must not implyt #ane characteristic waseasured
where, in actuality, flight test data onilydicatedthe characteristic. For example, in flight
test work, the parameters recorded, such as lafigalicontrol force and elevator position
variations with airspeed about trim, are omgicationsof stick-free and stick-fixed static
longitudinal stability, respectively. In generidle use of the terms “stick-fixed,” “elevator-
fixed,” “stick-free” and “elevator-free” is not recommended for the reporting of cstati
longitudinal stability characteristics determined from flight tests. The teanes used
extensively, of course, in text books, classroomlwand wind tunnel investigations.
The language of the report should reflectgheametersvhich wereactuallymeasured As
an example, the following introductory sentence might be used in the report: “Static
longitudinal stability, as indicated by the vamatiof longitudinal control force and elevator

position about the trim airspeed, was slightly fpesiin all configurations tested.”

Caution must also be exercised when discussing dgifzglient changes which
commonly occur at airspeeds below and above trim airspeed. As an example, the
longitudinal control force stability plot of Figuke53 shows a reversal in the gradient at
approximately 145 KIAS. This gradient reversiabuldmostemphaticallynot be reported
as static longitudinal instability, longitudinal ool force instability, etc. If the author
desires to discuss the reversal in gradient, itikkhbe reported exactly as its exists; i.e.,
“The variation of longitudinal control force witlrspeed exhibited a slightly stable gradient
through trim airspeed; however, the gradient reagssnoothly at 15 KIAS faster than trim
and push forces decreased to one pound at 30 Kdgt8rfthan trim.”

Static longitudinal stability data is sometimessar@ed in tabular form when many
loadings, configurations, altitudes, trim airspeetsd CG positions have been utilized.
An example is represented in Figure 4.54. Expression of longitudinal control force
gradients in “pounds per knot” has particular merit for comparing the static stability
characteristics for various configurations and @GSifpons.
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Loading Configuration Altitude Trim Airspeed CG Position Gradient (1)
(ft) (KCAS/M) (% MAC) (Ib/kt)

A CR 40,000 a7 21.69 .18

A P 40,000 .86 24.7 0

A P 35,000 91 18.1 -.15 >trim
0 < trim

C CR 30,000 .67 23.3 A2

C CR 30,000 a7 22.9 .09

A CR 20,000 277/.60 25.20) 0 > trim
.20 < trim

A G 20,000 211 22.9 0 > trim
.19 < trim

A D® 20,000 212 24.2 .16

A CR 10,000 261 15.5° .03 > trim
A3 < trim

A CR 10,000 289 25.5% .0 > trim
.09 < trim

A P 10,000 454/.83 21.0 0

A P 10,000 461/.83 16.8 0 > trim
.23 < trim

A P 10,000 524/.94 24,19 -.24 > trim
.07 < trim

C CR 10,000 291 25.3 .04

C CR 10,000 297 20.5 A3

C P 10,000 445/.80 23.2 .09

A TO 10,000 139 26.5% -.13 > trim
15 < trim

C TO 10,000 166 25.4% A3

A PA 10,000 147 21.7 .06

C PA 10,000 135 215 .20

A woO 10,000 116 22.2 14

C woO 10,000 124 24.1 24

(1) Longitudinal Control Force Gradient Through Trim Airspeed. Stable Gradients Carry a Positive Sign;
Unstable Gradients Carry a Negative Sign.

(2) IDLE Thrust.

(3) See CG-Gross Weight Relationship Shown in AplpelV, Figure 1.

Figure 4.54
Static Longitudinal Stability Table

4.3.3.3 DYNAMIC LONGITUDINAL STABILITY
CHARACTERISTICS - LONG PERIOD OSCILLATIONS

The phugoid or long period data are presentedvas histories of airspeed for the
controls free and controls fixed (if applicablegiiations. Altitude may also be plotted on
the time histories if desired. An example of Igeyiod data presentation is shown in
Figure 4.55. Characteristics of the oscillation (period, damping ratio, time-to-half
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amplitude or time-to-double amplitude, cycles-to-half amplitude or cycles-to-double) may
be presented on the time history if desired. Ttieide or airspeed variation on the time
history may be used to measure the characterigti¢ésgure 4.55, the airspeed trace was
arbitrarily chosen. Note that the phugoid motiecitbated about airspeed and altitude
different than the assumed trim conditions. Thisld be caused by a large trim speed
band or poor longitudinal control centering. Hoee\the data is stall usable.
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15 Time to Double Amplitude = 85 Se ~ 2
200 gycle§ to I?oublp Amplltuge = ‘1 ~N -
0 20 40 60 80 100 120 140 160 180 200 220
Time-Sec
Model Airplane
BuNo
Configuration: CR CG: 35.2% Mac
Loading: C Gross Weight: 35,500 Lb
Stab. Aug: On

Method: Controls Free

Figure 4.55
Long Period Characteristics
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4.3.3.4 LONGITUDINAL TRIMMABILITY

The determination of trimmability as presented hrerg based on the test pilot's
gualitative opinion. Therefore, gualitative discussionof trimmability in the technical

report is appropriate. The trim airspeed band beghown on the plots of longitudinal
control force stability, if the author desires érefgain to Figure 4.50).

4.3.3.5 DETERMINATION OF THE ELEVATOR POSITION AND
LONGITUDINAL CONTROL FORCE NEUTRAL POINTS

If plots of longitudinal control force and elevator position stability have been
obtained at more than one CG position for one goméition, altitude, trim airspeed, and
power setting, neutral points may be computecordier to obtain the most accurate neutral
points, the following points should be rememberethe conduct of the static longitudinal
stability tests:

1. Although tests at only two CG's are theoreticallfficient to obtain neutral
points, the flight test engineer should insist tin&t airplane is tested with the
CG in at least three widely separated locatiohg.id feasible to place the most
aft CG behind the neutral point, the neutral point can be determined by
interpolationviceextrapolationwhich should improve the overall accuracy.

2. The CG positions chosen should be evenly spaced (if possible) esnece
incrementsof CG travelresult in evenincrementsof elevatorpositionat the
same lift coefficient (see Figure 4.56). This faicts in fairing plots of elevator
position versugft coefficient

3. Airplane gross weight should be maintained neastamt for the various CG
positions, since the neutral point may vary wahgle of attack and power
setting. This is not too critical, however, simtetting the variables (elevator
position and longitudinal control force) verdifs coefficienttends to eliminate
the effect of variation igrossweight

4. The in-flight tests are performed exactly as fesiy described for longitudinal
control force and elevator position stability. Power and trim setting should not
be altered as airspeed is changed about the tmolitcans. In addition, power
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should be the same at trim for all CG positiontete$o eliminate power effects.
The small differences in climb or descent angleswhesult should not have a
significant influence on the accuracy of the data.

5. The pilot may have difficulty in attaining the sautnim airspeed for the various
CG positions tested if the trim speed band of the airplane is large. This will be
evident in the longitudinal control force versusspeed data. However, this

inconsistency is eliminated when the curves %f are replotted versus lift

coefficient. The slopes of such curves are independent of the initial trim
condition.

6. Accurate elevator position data is easy to obtain. However, accurate
longitudinal control force data is extremely ditfitto obtain because of friction
in the control system. The test pilot must exercise care to insure that the forces
measured are correct. If friction is large, maximand minimum forces for
equilibrium conditions must be measured at each stabilized point faster and
slower than trim airspeed.

7. Data accuracy will be enhancedgidleslipis maintained constant as airspeed is
varied about trim. Changes in pitching momentgyareerated by the horizontal
tail moving in relation to the slipstream of prdeeldriven airplanes. This is
not a particularly important point in testing pygeairplanes.

8. Plotting the elevator position data versus ligffiaient vice airspeed tends to
linearize the relationships. Also, the elevatasifion at zero lift coefficient is a

constant. This is a useful fact in fairing thevas:.

The graphical determinations of the elevator pasiind longitudinal control force
neutral points are presented in Figure 4.56 and. 4.5
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Theelevatompositionneutralpointis exactly the same as teck- or elevator-fixed
neutralpointif these neutral points are defined by a neutratigent of airplane pitching
moment coefficient versus airplane lift coefficient. Tbagitudinal control force neutral
pointis almost always never exactly the same as tbk-str elevator-free neutral point
because of gadgetry in the longitudinal controtesys Adding various gadgetry results in
an additional term being added to the longitudawaitrol force equation and an additional

dF.
value being added to the relationsgé :

4.4 SPECIFICATION REQUIREMENTS

Requirements for static and dynamic longitudinal flying qualities during
nonmaneuvering tasks are contained in the following applicable parago&pWigitary
Specification MIL-F-8785B(ASG), of 7 August 1969, hereafter referred to as the
Specification.

3.2  Longitudinal Flying Qualities (except 3.2.1.1.1)
3.2.3.1  Longitudinal control in unaccelerated flight
3.5.2 Mechanical Characteristics (control systeam)applicable)
3.5.3  Dynamic Characteristics (as applicable)
3.5.4  Augmentation Systems (as applicable)
3.5.5  Failure of augmentation systems
3.6.1  Trim System (as applicable)

6.2  Definitions
6.5 Engine Considerations

6.6  Effects of aeroelasticity, control equipment, ammdctural dynamics.

The requirements of the Specification may be medifiy the applicable airplane
Detail Specification. Comments concerning indi@deequirements of the Specification are
presented below.
3.2.1.1.1 Exceptionin Transonid-light This paragraph is self-
explanatory. It will be discussed more thoroughly subsequent section
on Transonic and Supersonic Flying Qualities.
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3.2.1.3 Flight-Path Stability The intent of this paragraph is to prohibit
rapidly increasing descent rates at airspeeds betomal approach speed
that might result in dangerous flight conditionsrequire excessive pilot

workload to maintain glide path. From previousdstigations, it has been
determined that if the slope requirements of phisagraph are met, the pilot
will be able to effectively use the elevator cohtdone to make small glide

path adjustments.

4.5 NONMANEUVERING TASKS - GLOSSARY

4.5.1 Terms

Mode of Motion Manner of doing, method. In this case, a methochahging
flight conditions in the airplane's plane of symmet

Frequency Number of cycles per unit time. A measure of thaickness”
of the motion.

Period Time required per cycle. Inversely proportionalremuency.

Damping Progressive diminishing in amplitude. A measure of the
subsidence of the motion when excited.

Nonmaneuvering Those tasks during which the transition from oneilégyium
Tasks flight condition to another is accomplished smoothly and
gradually; results in essentially unaccelerateghflconditions.

Incidence The acute angle between a chord of an airfoil and the
longitudinal axis of the airplane.

Tail Volume A measure of the size and location of the horizontalitail
Coefficient relation to the size of the wing and the airplane center of
gravity, respectively.

Tail Efficiency A measure of the modification in energy level of irflow

Factor between the point where the airflow first encounters the
airplane until it reaches the horizontal tail.
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The location of the center of gravity of an air¢cifair which
static longitudinal stability would be neutral. Tiheutral point
may be described as “stick-fixed,” “stick-free,” “elevator-
fixed,” “ elevator position,” or “longitudinal
control force” depending on the manner in which it was
determined.

elevator-free,

The distance between the actual center of gravity and the
neutral point of the airplane usually expressed as a percentage
of the mean aerodynamic chord.

A measure of the pitching moment coefficient change per
degree deflection of the longitudinal control soefa

As applied to the control surface of a reversible control
system: to ride in the airstream.

Methods of controlling the magnitude of the hinge moment
parameters.

The frequency of a dynamic system if zero damping is
exhibited.

Ratio of the damping exhibited to the critical damgp

As applied to a dynamic system, a measure of the static
restoring tendency.

A motion which does not exhibit periodic oscillats

Characterized by periodic motion.
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4.7 THEORY - MANEUVERING TASKS

4.7.1 Static Longitudinal Stability and Control in
Accelerated Flight

The previous discussion on static longitudinal #itgland control considered the
airplane flying onequilibrium unaccelerateélight paths. It is now necessary to study
static longitudinal stability and control alongrvedflight paths Obviously, every airplane
must be capable dlirning at least to some degree. The subjeduofing performance
will not be considered here, although it is a sabgf major interest in th@erformance
testingof many airplanes. The assumption is made thatuming performance of the
airplane is not limited by stability and controlaghcteristics, but by engine or airframe
characteristics. The areas of interest in thisudision are the static longitudinal stability
and control characteristics exhibited by the anplevhen it is subjected txceleratedlight
conditions with the lifgreaterthanor lessthanthe weight; i.e., imaneuverindlight. It is
essential that airplanes exhibit stability and controllabilitymaneuvering flight along
curved flight paths. Obviously, if the missiontbe airplane involves a great deal of
maneuvering, the investigation dbngitudinal maneuveringstability and control will
consume a considerable amount of flight test time. Salcairplanes are required to
perform somemaneuveringit is necessary to investigate these characteristics to some
extentin everyairplane

The flight path of the airplane may be curved lgy/ ot by performing wings level
pull-upsor push-oversor bybankingtheairplaneor by performing a combination of these
maneuvers. For this study of static longitudirabsity and control in accelerated flight,
consideration will be given tgteadypull-upsand steadyturns at a constant airspeed.
Several relationships will be developed first for teeeady pull-up maneuver these
relationships will then be expanded to tsteadyturn maneuver The relationships for
steady pull-ups are applicable alsgteadypushovers
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4.7.1.1 STEADY PULL-UPS

Consider that the airplane is initially trimmedsimnaight and level flight. If a climb,
then a dive with a wings level pull-out at the baitare performed such that (at least for an
instant) theoriginal trimmed values of altitude and airspeed are reghithe airplane’s
original equilibrium conditions will have been mbed in two ways (Figure 4.58).

1. Theangleof attackandlift coefficientwill be greater since extra lift is required
to sustain the curved flight path.

2. The airplane will exhibit a steady nose+gpeof rotation(pitch rate) about its
center of gravity. This pitch rate will be equal nmagnitude to the rate of
rotation of the airplane about the center of thiequut.

L=nW .
Nose Up Rotation

L az / //

ai A P/ ,/
y Flight - «
Zh Path Va X e
\4 ?’&“(\
w
w
(a) Level Flight (b) Manuevering Flight
L=W V2 = V]_
n=1 Oy =01
L>W
n>1

n = Normal Acceleration

Figure 4.58
Relationships of Unaccelerated and Accelerated Flig

Both these modifications generate changes in pitchnoments about the airplane
center of gravity which hopefully act so as to témdestore theriginal unacceleratedlight
condition Of course, in order to stabilize the airplanéhm accelerated maneuver, the pilot
applies and holds the necessary amounglef/ator deflection and longitudinal control
force Thus, the amount of elevator deflection and tagnal control force required are
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indications of static longitudinal stability of the airplane inaneuvering flight. The
increasan lift_coefficientgenerates changes in pitching moments according to the familiar

airplane static stability criterion in unacceledhtigght, %Cqm . The fact that the airplane is

rotating generates an additional contribution to the total pitching moment.  This
contribution, usually quite powerful, is a resuitie increasan effectiveangleof attackat

the horizontaltail, due to the horizontal tail moving downward retatto the air (Figure

4.59). (The air may be considered to be movingargwelative to the tail.) The change in
effective angle of attack at the horizontal tail during ewarering generally contributes
greatly to the stability of the airplane in accated flight. It can readily be seen that this

contribution is directly dependent on the airplaiteh rate,9, if airspeed is held constant.

For the pull-up maneuver just described, a constagle of attack pull-up, the magnitude
of the pitch rate is a function only nbrmalaccelerationf airspeed is held constant:

: _g(n-1)
Where:

0 = pitch rate, radians per second.

, . ft
g = acceleration due to grawty?, .

se
n = normal acceleration, g.
. ft

Vv = True airspeed—.

sec

Similarly, for thesteadylevel turn, the magnitude of the pitch rate is expressed as
follows:

: 9,1
steady level turn = v E eq 4.28

Because it is the pitch rate which causes the gidotise more or lesglevator
deflection and longitudinal control force during maneuveringflight than was required

duringnonmaneuveringlight, the airplanenormalacceleration, n, is generally used as the

independent variable in maneuvering flight. Tkisidirect result of the last two equations,
which show the fundamental relationships betwe&rhgiate and normal acceleration in
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maneuvering flight. Thus, in flight test work, tharameterséelevatorpositionperg” and

“longitudinalcontrolforceperg” are measured at a constant airspeed as classleakss of
the longitudinal maneuvering stability of the aaupé.

) gt »>|
| |
: Forward Relative :

|

Airflow _

' Pitch Rate . / . Horizontal
G 0 Aa, Gr =T,

Airplane <
CG Resultant Relative Upward Relative

Airfl t Tail ) _

rrow at fai Airflow Due to Pitch

Rate

Ao = Effective Increase in Angle of Attack of Horizontal Tail

Figure 4.59
The Horizontal Tail Angle of Attack Changes with Pich Rate

4.7.1.2 ELEVATOR POSITION MANEUVERING LONGITUDINAL
STABILITY

The elevator positions required to stabilize theplane at various values of lift
coefficientin_acceleratedlight at a constantairspeedre generally not the same as the

elevator positions required at various values of lift coefficientnacceleratedlight. As

stated previously, the angular rotation of the airplangitoh during curvilinear flight
creates an additional increment in effective tagdla of attack, which in turn generates an
additional pitching moment about the center of gyavThis pitching moment may be
expressed as:

atS eq 4.29

4 .civ



LONGITUDINAL FLYING QUALITIES

Where:
a = lift curve slope of horizontal tail.
Ly = “tail arm” length, in feet.
Ot = dynamic pressure at horizontal tail, in pounelssguare feet.
S = area of horizontal tail, in square feet.

(Note that tail arm length has a powerful influencethe magnitude of the pitching
moment).

In nondimensional coefficient formpitch ratedamping’ “damping in pitch,” or
“viscous damping in pitch” may be defined as:

0Cm, = !
Cp. = —=& = -2a n V=2 eq 4.30
° HHecH c
WZAVAN
Where:

ec . .
>V = the nondimensional pitch rate.
Nt = tall efficiency factor, nondimensional.
Y = tail volume coefficient, nondimensional.
[ = average chord length of wing in feet.

Without derivation, the elevator position requinedgteady wings level pull-upsat
a constant airspeed may be expressed as:

1 W EEblcmD , CmPSe C
Cmée ZpSSLV %]dq_ &D(ed 4 W/S

= 680_

5ePuII—Ups
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Where:
Oe, = elevator angle required for zero lift coefficiemtd zero
pitch rate; a constant.
Cmae = elevator control power.
%E = stick-fixed static longitudinal stability.
DdC‘- q:ixed

The derivative of the last equation with respect to normal acceleration yields a

classical index of longitudinal maneuvering staypifor steady, wings level pull-ups at a
constant airspeed:

W [
5eH ___1 /s %de + _p%.\(/: Cm. E eq 4.32
Ddn hyj-ups Cmée szSLV dC qﬂlxed 47 F

Similarly, the elevator position requiredgteadyturnsat constant airspeed may be
expressed as:

B 1 W D:UCmD mepgc
" B - \ i

0
€steady Turns €
Cmese 2 3pssiVe CL qilxed
eq 4.33

Note that the only difference between the exprassior elevator angle required in

pull-ups and steady turns arises from the difference in expressions for pitchér,ate,
presented earlier. Taking the derivative of the last equation with respect to normal

acceleration yields the classical index of longitatimaneuvering stability for steady turns
at a constant airspeed:

%H - _ 1 VV/S @:UC [l + Cmépgt@j + 1%
n?

Udn Lteady Turns Cmae szSLV %dCL Crixed 4 Vs

eq4.34
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Several important observations may be derived faostudy of the equations for
[dde

[dde [ tde _
Udn DSteady Turn

— and
Udn Dpyii-ups

o e . . [dd .
1. For longitudinal stability in maneuvering fllg%d—ﬁg must carry a negative

sign; i.e., to stabilize the airplane at a higher value pafsitive normal
acceleration, more trailing edge up (TEWdegativedirection) elevator must be
applied.

2. Both equations contain two parts (See Figure 4.68g first part is a “stability
term” due to the stick-fixed static longitudinaabtlity; the second part is a
“damping term” arising from the change in effective angle of attack at the
horizontal tail due to the pitch rate.

3. Alittle more elevator is required to pull the gsanmormal acceleration increment
in steady turns than in pull-ups. The difference in gnadient of elevator

position versus normal acceleration is directlyportional to % ; therefore the
n

difference becomes very small at high levels of normal acceleration.

dfn =5, L = .04 (See Figure 4.61).

Center of gravity movement naturally has a profound effect on maneuvering
longitudinal stability through both thetability termand thedampingterm(Figure 4.62).

dGn

As the CG is moved af(,—dq becomes smaller in magnitude. When the CG is at

)Fixed
. . . . dc]; . .

the stick-fixed neutral pint, the gradle%ﬁm Is only a function of thedampingterm

(The damping term decreases slightly in magnituedin@ CG is moved aft because thié

armlengthis decreasedl. If the CG is moved far enough aft, the gradi%% becomes

zero; this CG position is callgtie stick-fixed maneuveringneutralpoint Ny,. Thus, the

stick-fixed maneuvering neutral point N, should always be aft of the stick-fixed neutral

point y | In level flight Is the same In maneuvering flignt.
int No, it G& in level fiight is th i ing fligh
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Constant \4
8- Constant Altitude
Slope =®el]

Nd, Odn ]
7+
6l / Damplng Term
5 =
41 ~__ Stability Term
3 | I

1 2 3 4 5 6
Normal Acceleration
n
Figure 4.60

Classical Variation of Elevator Position
in Maneuvering Flight

TEU [ Constant4

sl Constant Altitude
Difference in Gradients
is Proportional tol

7 n2

o’ 6| Difference in Elevator
Required is Proportional
5to 1 - %

Elevator Position

Pull-Ups
Steady Turns

| |
1 2 3 4 5 6

Normal Acceleration
n

Figure 4.61

Relationships of Maneuvering Stability Characteristics

in Steady Turns and Pull-Ups
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TEU

Direction Constant %

T Constant Altitude
Constant Weight

Elevator Position
e

CG Moving
Aft
+
Normal Acceleration
n
Figure 4.62
[dde

CG Movement Effects on (Tdn []

The effects of altitude on the elevator positioadient in maneuvering flight may
be studied by considering a constant CG positi@h@mnstantequivalentairspeedvhile
varying altitude. Altitude variation, for thesenctitions, has no effect on the stability term.
However, as altitude is increasebe dampingtermdecreaselecause othe reductionin

density therefore the elevator position gradient in maneuvering flight decreases with
altitude increase at a constant equivalent airsffeigdre 4.63).
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TEU

Direction Constant ¥

Constant CG

Elevator Deflection
de

Increasing
Altitude

Normal Acceleration
n

Figure 4.63
, [dde
Altitude Effectson g7 at Constant Vg

(NOTE: The reader should not receive an erroneous impression from this discussion.
Pilots do not normally fly at theameequivalentairspeedst high altitudes as they fly at

low altitudes. Generally Ve is less at high altitude. Therefore, the pilot's natural
impression of the elevator position variation wittrmal acceleration at high altitudes may

be that it iggreaterthanatlow altitudes This is due to the fact that more elevator e

is required to produce a unit change in normal lacaton at the lower dynamic pressure

(lower equivalent airspeed) existing at the higiigtude.) If altitude is varied at@nstant
Machnumbey the elevator position gradient in maneuveringhfliincreases with increase
in altitude as shown in Figure 4.64.
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_TEQ Constant M
Direction| Constant Cq )
ncreasing

T Altitude

Elevator Deflection
Je

Normal Acceleration
n

Figure 4.64
. [dde
Altitude Effects on Tdn [ at Constant Mach

This is due to a slight increase in tti@mpingtermand a considerable increase in
thestability termwith increase in altitude at a constant Mach numbe

Airspeed variation has a very large influence andlevator position gradient in
maneuvering flight sincee\? appears in the equations f%%. An increase in equivalent

airspeedlecreasethe gradient of elevator position with normal.

Because of the large effect of airspeed variatiothe elevator position gradient, it
is extremely important that the pilot maintain da®ontrol over airspeed during the flight
test measurement of maneuvering stability charestiies. Small errors in airspeed can
generate erroneous data as shown in Figure 4.66.
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TEU

Direction | Constant CG
T Constant Altitude

()]
o

If Ve, = 2V

Elevator Deflection

Normal Acceleration
n

Figure 4.65
Effect of Varying Equivalent Airspeed on

TEU , Constant CG
Direction| Constant Altitude 175

f / 180

/
True Relationshipﬁ/ / 185
7
/ /

Elevator Deflection
e

Slope 2 = } (Slope }

Normal Acceleration
n

Assume the test pilot desired to measure the elevator position
gradient in manuevering flight at 180 KEAS. If he measured
points 5 KEAS slow, on speed, and 5 KEAS fast (in turn),
the erroneous relationship shown above is a possible result.

Figure 4.66
Effect of Poor Airspeed Control on Manuevering Stability Data
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4.7.1.3 LONGITUDINAL CONTROL FORCE MANEUVERING
STABILITY

The second criterion for longitudinal stability in maneuvering flight is the
longitudinal control force variation with normalaateration at a constant airspeed. This
parameter, commonly called “stick force per g” hasemendous effect on the overall
flying qualities of all airplanes. If the mission of the airplane requires extensive
maneuvering, the stick force gradient in maneuggflight is perhaps the most important
single characteristic of the airplane.

Longitudinal control forces in maneuvering fligmeayenerated by the requirement
for the pilot to move the elevator control to thespion required for maintenance of the
accelerated condition. If the control systemegersible elevator “float” may modify the
angle through which the pilot must move the elevator. For the irreversible control system,
classical elevator “float” is not a factor, althduagrtificial elevator float may be introduced
by extendible link devices, mechanical advantagegers, etc. Of course, longitudinal
control forces in maneuvering flight may also bedified by various other control system
“gadgetry” in reversible or irreversible control systems. In this manual, mariagv
control forces will be discussed for the reversibktantrol system, then the irreversible
control system. The effects of various devices“gadgetry” on longitudinal maneuvering
forces will then be presented.

4.7.1.4 STICK FORCES IN MANEUVERING FLIGHT -
REVERSIBLE CONTROL SYSTEM

For the reversible control system, the longitudinal control forces required in steady
wings-level pull-ups and in steady turns may beesged as follows:

C By2 0 0 Ch, C
w “~hs, ddc,0 2y hs

Foouius = K—= e Mf O -nO+ Kdplg(n-1c, - —=C

SPull-Up S Cmase 0dG. Tree BVey,,, O 0o %t T [

eq 4.35
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C d [
W “hs, DdGnD A V2 %‘:
F = K— e gimp e —nD+ K 3prgth- &
Ssteady Turns S Cm5 qu_ G:ree @Ve-mm ’Zp t9 ho‘t T
eq 4.36
Where:

K = a constant dependent on gearing ratio betweesléwator and
cockpit control stick, size of the elevator, and horizontal tail
efficiency factor.

Che = elevator hinge moment coefficient variation with elevator

e
deflection.

Cmae = elevator control power.

%E = stick-free static longitudinal stability.

DdCL q:ree

C = elevator hinge moment variation with change inlamg attack

ha
of the horizontal tail.
T = rate of change of effective angle of attack wihhrge of elevator

deflection.

Again, note that the only difference in the two equations arises from the difference
in expressions for pitch rate in steady wings lgwall-ups and in steady turns. The
derivative of these equations with respect to nbaueeleration (at a constant airspeed)
yields the following classical indices of longitndl maneuvering stability for the reversible
control system.

C 0 Ch, C
= w “h h
EU_SD - _K —= O E&H + K % plig Cr. - 69[ eq 4.37
dn l:l:’U”-Up S Cmée |]dCL qiree D ot 1 [
C
DED :_KWEB&E pfth1+—1DEC _ChaeE
an Eéteady Turn S Cmée qu_ Eh:ree n D D T [
eq 4.38
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Several important observations may be drawn from a study of the last two
eguations:

1. For longitudinal stability in maneuvering fligimcreases in longitudinal control
pull force must be used to stabilize the airplane gihévi values ofpositive
normal acceleration.

2. Both equations contain two parts (see Figure 4.BRg first part is a “stability
term” due to the stick-free static longitudinallstay. The second part is a
“damping term” arising from the change in effective angle of attack at the
horizontal tail due to the pitch rate.

3. A little more longitudinal control force is required to pull the same normal
acceleration increment in steady turns than in-ppH. The difference in the

gradient Dd—FS: is directly proportional to —12; therefore, the difference
UanL n

becomes very small at high levels of normal aceétanr. (See Figure 4.68.)

3 30+
= Constant \4
s , —[dFs[]
— 25} Constant Altitude Slope _DdTSD
D:_ AI:s J/
6 20 B 4
g L8 151 ~~ Damping Term
o4t 4
- 7
£ 10
E g Stability Term
“g‘» 5| / ‘; y
o
-

0 | | | | |

1 2 3 4 5 6

Normal Acceleration
n

Figure 4.67
Classical Variation of Longitudinal
Control Force in Maneuvering Flight
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Steady Turns
Pull-Ups

N
Ul
I

20~ Difference in Force
Required is Proportion
tol - n

V\/Difference in Gradients
is Proportional tle
n

Longitudinal Control Pull Force
Fs
Lbs
o

1 2 3 4 5 6

Normal Acceleration
n

Figure 4.68
Relationship of Maneuvering Stability Characteristics
in Steady Turns and Pull-Ups

Center of gravity movement naturally has a profoafidct on longitudinal control
force requirements in accelerated flight (Figu&O.

Constant ¥
A Constant Altitude
Constant Weight

CG Moving

Longitudinal Control Pull Force

Aft
1 L
Normal Acceleration
n
Figure 4.69

di fo)
CG Movement Effects on (—dﬁs) or LHide
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As the CG is moved af Cm B becomes smaller in magnitude. When the
Bdc, ree

CG is at the stick-free neutral point, the gradiég{Fﬁg is only a function of the damping
dn

term. (The damping term decreases slightly in ntada as the CG is moved aft because

the tail arm length is decreased.) If the CG iveubfar enough aft, the gradieé.{ijj%g

becomes zero; this CG position is called dtiek-free maneuveringneutral point Nm'.

The stick-free maneuvering neutral point generillgft of the stick-free neutral point,
No'. In certain instances power or Mach effects naayse this relationship to be reversed.

The effects of altitude variation on the longitudinal control force gradient in
maneuvering flight at a constant CG amgnstantequivalent airspeed is shown in
Figure 4.70. For these conditions, altitude vasrahas no effect on the stability term of
the equations; however, the damping term decrdasemuse of the reduction in density.
Therefore, for the reversible control system, the longitudinal control force graient
maneuvering flight decreases with increase irudlitat a constant equivalent airspeed.

Constant ¢
N Constant CG

Increasing
Altitude

Longitudinal Control Pull Force
Fs

Normal Acceleration
n

Figure 4.70
, dR
Altitude Effects on (—dﬁs) at Constant Vg

for the Reversible Control System
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If altitude is varied at aconstantMach number the longitudinal control force
gradient in maneuvering flight again decreasedgtitude for the reversible control system.
This due to the decrease in the damping term begczfibe density decrease (Figure 4.71).

Longitudinal Control Pull Force

Altitude Effects on

The effects of airspeed variation on longitudinal control forces in manegverin
flight for the reversible control system are instneg to study. First of all, the classical
equations were developed by assuming that the airplane was initially trimmed in
unaccelerated flight at a force trim speede V. .

longitudinal control forces required in maneuveriflight do not vary as trim airspeed is
varied if other factors remain constant (Figure24.7However is Ve is allowed to vary

from Ve, . the control forces vary considerably (Figure 4.73)e?(\/appears in the

Constant M
Constant CG

Altitude
Increase

Normal Acceleration
n

Figure 4.71
an | at Constant Mach

for the Reversible Control System

equations for longitudinal control force.)
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It should be noted th d':f) does not vary even if airspeed varies from trim

airspeed. Because of the situation shown in Figuf8, it is extremely important that the
test pilot maintain precise control over airspeedmd the flight test measurement of “stick
force per g.” If airspeed is allowed to vary fotnm airspeed, erroneous impressions of
maneuvering stability characteristics can be tkaltéFigure 4.74).

[}
2
. o
Constant Altitude w
Constant CG = Constant Altitude
All Vg, if Ve = Verim a “”% g Constant CG 3
§ —
v 5 Q
S [}
— O
£ °
©
= X~
o n
-
|
1 — .
+ +
Normal Acceleration Trim Airspeed, KEAS

n

Figure 4.72
For the Reversible Control System “Stick Force pemg”
is not Affected by Changes in Trim Airspeed
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ull

D Constant Altitude
Constant CG

Ve<V, 4= Ve= VeTrim

Stick Force (Lb)
Fs

Normal Acceleration
n

Figure 4.73
Affect of Speed Variation from Trim Airspeed
on “Stick Force per g”

Constant CG
Constant Altitude
T VeTrim = 180 KEAS 175

Longitudinal Control Pull Force
Fs

Normal Acceleration
n

Assume the test pilot desired to measure the
longitudinal control force variation with normal
acceleration at a force trim speed of 180 KEAS. If
he measured points slow, on speed, and fast (in
turn), the erroneous relationship shown above is a
possible result.

Figure 4.74
Effect of Poor Airspeed Control on Maneuvering Stability Data
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4.7.1.5 STICK FORCES IN MANEUVERING FLIGHT-
IRREVERSIBLE CONTROL SYSTEM

Some of the characteristics of longitudinal contoste variation in maneuvering
flight for the reversiblecontrol systemare the same for thereversiblecontrol system
These are:

1. More longitudinal control force is required to lghle same normal acceleration
increment in steady turns than in pull-ups. Howetlee difference ir‘(dF%n)

between the two cases is very small at high noateleration.

2. Aft CG movement decreases “stick force per g,” if other factors remain
constant.

3. Poor airspeed control during the measurementtok“force per g” can result
in erroneous impressions of longitudinal maneuwgstability.

Equations for longitudinal control force variatimnmaneuvering flight will now be
presented for two types of irreversible controlteys. For simplicity, the equations for
steady turns only will be presented.

Assume the irreversible control system is desigseth that longitudinal control
force is directly proportional to elevator deflect i.e.:

F = K|Ade eq 4.39

where K = a constant describing the characteristics of the system such as strength of the

feel spring, gearing ratio, etc. (This is one of the simplest and most widely used
longitudinal control systems, generally containgnignear feel spring.)
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For this type of irreversible longitudinal contsylstem, longitudinal control force
variation with normal acceleration in steady tusha constant trim airspeed may be written
as follows:

@‘;%ﬁ K W HG,D 233/ @_;ﬁ

= T >
teady Turns Cm 5 2PssL Verim CL Crixed

eq 4.40

The effects of trim airspeed variation of “stickdée per g” for this type control
system are shown in Figure 4.75, foo_compressibilityeffects Note the difference
between Figures 4.75 and 4.72. Also note that for the irreversible control system,
longitudinal forces are dependent on stick-fixedbsity vice stick-free stability.

Constant Altitude
Constant CG Constant Altitude
T 4 Constant CG

Increasing
Trim Airspeed

Longitudinal Control Pull Force
Fs

(]

)

3

N
Stck/e Per G

\/

1 e

+

+

Normal Acceleration Trim Airspeed, KEAS
n

No Compressibility Effects

Figure 4.75
Effect of Varying Trim Airspeed on “Stick Force per g”
for the Irreversible Control System Where Fs = KiQ0,
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Consider now a different irreversible control system which incorporates a dynamic
pressure (q) sensor such that:

Fs = K000, eq4.41

where K, = a constant describing the characteristics of ysgem, such as strength of the
feel spring, gearing ratio, etc. (This type longitudinal control system is commonly called a
“g-feel” system.)

For this type of irreversible longitudinal contsylstem, longitudinal control force
variation with normal acceleration in steady tuaha constant trim airspeed may be written
as follows:

eq4.42

B:i4e - K2 Yo dHiGnR |, Cmpe E:
Udn DSteady Turns Cmae dG. E‘:ixed 4W/S n

The influence of trim airspeed variation on “stitdkrce per g” for this type of
control system is the same as for the reversibigrobsystem (see Figure 4.72) if no
compressibility effects are present.

4.7.1.6 EFFECTS OF COMPRESSIBILITY ON MANEUVERING
STABILITY
The previous discussions have neglected compressibility effects (high Mach
number flight) which may have a profound influence on maneuvering control forces.
Without proceeding deeply into transonic and supersonic flight testing, which will be
discussed in a subsequent section, compressigéiterates the following phenomenon
which influence the maneuvering force gradient:

1. The wing aerodynamic center shifts aft in the goamc flight regime, which
increase(%%‘f). (This is analogous to a forward shift in airpdacenter of

gravity.)
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2. Shock wave formation and change in pressure distribution reduce the
effectiveness of the longitudinal control surfgaarticularly if the surface is an
elevator vice a stabilator.

Both the effects listed above tend to increase “stick force per g’ aledater
position per g” for both the reversible and irresiiele control system. Typical influence on
maneuvering stability is shown in Figure 4.76.
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Figure 4.76
Compressibility Influence on Maneuvering Stability

4.7.1.7 EFFECTS OF LONGITUDINAL CONTROL SYSTEM
“GADGETRY” ON CONTROL FORCES IN MANEUVERING FLIGHT
Longitudinal control system “gadgetry” has beemddticed earlier in this section
and its effect on longitudinal flying qualities during nonmaneuvering tasksusssd.
Schematics of these devices were presented in that part; therefore, many of the schematics
will not be reproduced here.
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The most commonly used means of alerting longitudinal control forces in
maneuvering flight is through the use of bobweights. The addition of a “positive
bobweight” - a bobweight mounted so aofposemovement of the longitudinal control
during accelerated flight - increases the “stick force per g” in maneuvering flight
(Figure 4.77). Conversely, the negative bobweilgitreases “stick force per g”.
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Figure 4.77
Bobweight Arrangement and Influence on Longitudinal
Control Forces During Maneuvering Flight

The following devices, generally used to correct shallow longitudinal control force
versus airspeed relationships in unacceleratekt fligsually increase “stick force per g” in
accelerated flight:

1. simple spring
2. downsprin§
3. Leading tab

S The constant load downspring has no effect otkstbrce per g” if it merely adds a preload foroetie
longitudinal control system. This is generally tiwé case since simple springs and downspringsailtym

add forces as a function of stick displacementcddirse, this arrangement does increase “sticle foec g.”
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LaggingtabsandServotabs generally used to reduce longitudinal controtéin
unaccelerated flight, also reduce longitudinal aaribrces in accelerated flight.

Theblow-downtabdoes not affect “stick force per g” as long asylet maintains
trim airspeed precisely during the in-flight measuent.

The preloadedspring tah has an interesting influence on maneuvering control
forces in that it introduces artificial nonlinegrinto the “stick force per g” plots (Figure
4.78).

T Spring Constant = (Same as Having No Spring Tab)

/ ~___Servo
/ Action

Longitudinal Control Pull Force
Fs

Preload

.

Normal Acceleration
n

Figure 4.78
Influence of Pre-Loaded Spring Tab on Maneuvering Control Forces

4.7.1.8 EFFECTS OF “RAPID MANEUVERS” ON MANEUVERING
STABILITY

The discussion of maneuvering stability has, te gaint, considered onlgteady-
state conditions where dynamic equilibrium has been achieved. Dutmagsient
maneuversvith rapidinputsof stick force and elevator position (sometimd&edasudden
pull-ups) the simple relationships previously presentedonger apply. It is extremely
important, of course, that the maneuvering stglilitaracteristics (particularly “stick force
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per g”) during sudden maneuvers be such that tiptaae is not easily overstressed. In
addition, the dynamic characteristics of the ampléshort period damping, in particular)
and the phasing between the pilot’s force inputhiéocontrol stick and the resulting stick
motion and normal acceleration response must ble that the airplane is not prone to
pilot-induced-oscillations in rapid maneuvering. Several factors affecting maimepver
stability during abrupt maneuvering will now be geated.

Consider an airplane equipped with a reversiblgitadinal control system with no
bobweight. If the pilot applies and holds a rapid input of longitudinal control pull force to
this system, the airplane response in normal aca@a will generally beless for the
sudderforce input than for the equivalesteadyforce input. This is due to the fact that the
elevator does not have sufficient time to reacHfitat” position in the rapid maneuver.
Therefore, the longitudinal control force are higper unit change in normal acceleration in
the sudden maneuver as compared to the steady maneuver levh®reis not over-
balanced (see Figure 4.79). (This is the samayasgsthe response in normal acceleration
per unit input of longitudinal control force is e the sudden maneuver.) The difference
in control force variation with normal acceleration between steady maneuvering flight and
sudden maneuvering is dependent onr#pedity of the sudden input. This difference is
largest at low values of normal acceleration andlst at high values. (At high levels of
normal acceleration, the steady pull-up or steady tmaneuver must be fairlgapid to
attain the high normal acceleration at a consiespeed.)

For the irreversible control system which exhibits no classic elevator float, viscous
dampers or other devices may be used to discourage rapid longitedntrol inputs.
These device tend to effectively increase manengexontrol forces during rapid, abrupt
maneuvering exactly the same as shown in Figui@ 4ifahe rapidity or the suddenness
of the input is increased, the difference between sudden and steady control forces in
maneuvering flight is increased.

However, consider the reversible control systemrag&ere the elevator is very

closely balanceo% '% % is very small). Satisfactory control forces in maneuvering flight
e

can be achieved for this situation by makicxg(Xt slightly positive This causes the

elevator to “float” opposite to the direction shownFigure 4.79. However, in rapid
maneuvers, large elevator deflections may be cdddiefore the airplane’s response builds
up the longitudinal control force through the flogttendency. This will generate large
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normal acceleration changes for undesirably snaadtrol forces in sudden maneuvers,
while in the steady state maneuver, longitudinal control force variation with normal
acceleration may be satisfactory (see Figure 4.80)

Final Elevator Position
For Steady Inpk

/ Sudden Input

g - ~— Initial (Trimmed) Position
Horizontal Tail Float A”9|e

Sudden Longitudinal Force Input is the same as the Steady Longitudinal
Force Input. For the Steady Maneuver, Final Elevator Deflection is Greater
because of Float Angle, which develops after a Finite Time Interval.

Sudden Maneuvers
@)

_______ ) Steady Maneuvers

Longitudinal Control Pull Force
Fs

Normal Acceleration
n

Figure 4.79
Relationship Between Maneuvering Control Forces for Steady
and Sudden Maneuvering for the Reversible Control $stem
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T Steady Maneuvers

\ Sudden Maneuvers

Longitudinal Control Pull Force
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Normal Acceleration
n

Figure 4.80
Typical “Stick Force per g” Characteristics for the Closely
Balanced or Overbalanced Elevator-Reversible Control System

The bobweight, previously introduced as a gadget used to tailor maneuvering
control forces in steady maneuvers, can have ausedegrading influence on longitudinal
flying qualities during rapid or sudden maneuvels.any type of control system the
bobweight tends to alter the phasing between to€pforce inputs and the resulting stick
motion and normal acceleration response. Con#idecase of an airplane which obtains
all or nearly all its maneuvering force gradienicfsforce per g) in steady maneuvering
flight from a positive bobweight. In rapid manetiag of this airplanethe cockpit control
stick can be movedwith very smallforce inputsto initiate the sudden maneuver. As
normal acceleration develops, the bobweight, responding to the normal acceleration,
attempts to pull the control stick back to neutrahis requires the pilot to add increasing
longitudinal pull forces to maintain the control input. The same relationshitpreen
sudden and steady maneuvers shown in Figure 480 agply for this situation. In
addition, the pilot may induce objectionable high-frequency oscillations in normal
acceleration in attempting to perform rapid maneimgetasks under these conditions. In
extreme cases, if the damping of the longitudinal control system is poor, the pilot feels the
control stick constantly slapping against his hdadng rapid maneuvering.
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In an attempt to alleviate poor control charact@ssin sudden maneuvering for

control systems utilizing bobweights, the arrangeinstown in Figure 4.81 is sometimes
used. The bobweight is not only sensitive to ndracaeleration, it is sensitive to rate of

change of normal acceleration, or pitch accelarafio

n— Aft Stick

Airplane CG

&
Wl_\—Q:E (T;E - , W,

Figure 4.81
Bobweight Arrangement Utilizing Bobweights
Fore and Aft of the Airplane Center of Gravity

From a study of Figure 4.81, the rationalizationyrba made that during rapid
maneuvering (during which normal acceleration aibchgate are changing), the fore and
aft bobweight arrangement applies additive foroethé control system whicbpposethe
pilot’s controlinput This tends to increase maneuvering control necesudden pull-ups,
etc. During steady maneuvering flight (during whiormal acceleration and pitch rate are
constant), the fore and aft bobweights apply irdiral forces to the control system which
tend to cancel each other. (Bobweight; Wrould increase “stick force per g’ and

bobweight W would decrease “stick force per g”.) The oveeéilct depends, of course,
upon the relative size of the bobweights, as wellheeir placement with respect to the
airplane CG and the cockpit control stick. However, the overall effect would generally be
that shown in Figure 4.79.
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4.7.2 Dynamic Longitudinal Stability and Controls Related
to Maneuvering Tasks

The previous discussion of longitudinal maneuvestabpility has been concerned
mainly with equilibrium flight conditions. The discussion will now bepaxded to study
the means by which one equilibrium flight conditisrchanged to another equilibrium
flight condition.

The means by which the airplane may be broughtarntondition of equilibrium
during maneuvering tasks has been previously dpedlo Further, théypical responsef
the airplane to a longitudinal control input thotigte two longitudinal modes of motion
was presented earlier in the discussion of nonmaneuvering tasks. It is convenient to again
refer to this typical response (Figure 4.82). Nt the control input generates pitching
moments whiclinitially cause only changes amgleof attack(andnormalacceleratiopat a
constant airspeed. This is the response of tidaaie through itshort periodmode of
motion. The characteristics of this mode of motypeatly influence the pilot’s ability to
perform both maneuvering and nonmaneuvering talllsscharacteristics arparticularly
critical for maneuveringasks Characteristics of thphugoidor long period modehave
little influence duringnaneuveringasksbecause:

1. The pilot generally has close control over pitch a#itwuring maneuvering
tasks, which effectively damps the phugoid motion.

2. The pilot is continually changing the airplane’s flight path during maneuvering
tasks. The short time interval between changéseiirplane’s flight path does
not allow the phugoid motion to develop.

It should be apparent from a study of Figure 41&# the short period mode of
motion is asecondorderresponseomposed ofingleof attack (andnormalacceleration
variations at an essentially constant airspeedisTihe pilot utilizes the short period mode
to make angle of attack and normal acceleratiomgés; therefore, during maneuvering
tasks, the pilot will devote much of his attentioncontrolling the short period mode of
motion.

The remainder of this discussion will be direct toward describing the origin,
characteristics, and parameters affecting the gleoidd mode of motion.
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Figure 4.82

Typical Airplane Response to Longitudinal Control Input

4.7.2.1 ORIGIN OF THE SHORT PERIOD MODE OF
LONGITUDINAL MOTION

Without derivation, the determinant of the transformed longitudiglagon of
motion for “small” disturbances may be written &swn in Figure 4.83.
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Drag

- 133
Characteristics S+ Dy Do = 9 g
Lift
L Lo -S _
Characteristics > u% S+ Ug =0
Pitching Moments 2
oy omens -M, ~M,S- My S° MgS
Characteristics
‘A A
Terms Generated by Terms Generated by
Changes in Horizontal Velocity Changes in Pitch Attitude

Terms Generated by
Changes in Angle of Attack

Laplace Operator

acceleration due to gravity

horizontal velocity (I = initial horizontal velocity

oD/ 0 . . : . o
- S = change in drag with change in horizontal velodityided by the mass of the
airplane.
oD/ oa . . . -
- = change in drag with change in angle of attackdaigliby the mass of the
airplane.
oL/ du e . . L
- = change in lift with change in horizontal velocity divided by the mass of
the airplane.
oL/ da o . -
~ = change in lift with change in angle of attack divided by the mass of the
airplane.
oM/ ou L . : .
I = change in pitching moment with horizontal veloddiyided by the moment
1%
of inertia in pitch, a speed stability term.
oM/ 0 S . -
I d = change in pitching moment with angle of attack divided by the
Yy
_ moment of inertia in pitch, an angle of attack sigtterm.
oM/ 0 L . .
I da = change in pitching moment with rate of changengfla of attack divided
vy
by the moment of inertia in pitch, a “downwash lagfm.
oM/ 00 S . . -
vy = change in pitching moment with rate of change of pitch divided by the

moment of inertia in pitch, a pitch rate dampingrte

Figure 4.83
The Longitudinal Determinant
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The solutions of the longitudinal determinant wilbvide useful information about
the longitudinal modes of motion. The classic short period approximation is now of
concern. In order to make this approximation save@ssumptions must be made. These
assumptions, based on flight experience and loggeedoning, are as follows:

1. Airspeed remains constant during the motion.

2. Short period motion is not affected foychattitude however, the short period
mode is sensitive tpitchrate

3. Drag characteristics have no influence on thet gfesiod mode.
4. Low Mach number (no compressibility effects).
If the above assumptions are valid, the lift andmant portions of the longitudinal

determinate (with airspeed terms set equal to zm}he controlling factors for the short
period motion. The “classic” short period approation may then be written as follows:

=0 eq 4.43

O O O L O
SZ+D—°‘—MG—MGDS-DMG+—°‘M'9D=O eq 4.44
[ug U U Up 1l
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The undampednatural frequencyof the short period mode of motion may be

developedl as follows:

Wng, = undamped short period frequency
1 P MZ
= \/—7 a St C, ﬁx—?G - N ME eq 4.45
lyy o
Where:
% = The ratio of the specific heat of a gas at constalnme to that
at constant pressurg (s a constant, generally taken as 1.4).
P, = absolute pressure, pounds per square foot.
M = Mach number
CL, = change in lift coefficient per unit change in angf attack (life
curve slope).
x—gG - Ny = nondimensional distance between the airplane @tck-

fixed maneuvering neutral D (sometimes called mesenmnargin
or maneuvering margin.

A simple expression for short period damped natisesjuency is derived if the
following assumption are made:

eq 4.46

T Several mathematical manipulations have been omitted.

4 .CXXXVil



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

The undamped natural frequency of the short periode of motion may then be

developed as follows

Wngy’

Several important relationships can be gatherea ficstudy of the equation for

1. The undamped natural frequency of the short pemiotion increases as Mach
numberincreasesthus the period decreases with increase in Mach number.
(The “quickness” of the motion increases.)

2. The undamped natural frequency of the short period motion decreases with

increase in pressure altitude at a constant Mastbau

3. The undamped natural frequency of the short perniotdon decreases as the
airplane CG is moved aft toward the stick-fixed maneageneutral point.
This is analogous to weakening the spring in thengpmass-damper system.
When the CG is at the stick-fixed maneuvering redyioint, the undamped
natural frequency is zero; i.e., the motion is remiatory.

4. The undamped natural frequency of the short pemiotion decreases with an
increase in moment of inertia in pitch. This iglagous to increasing the mass

in the spring-mass-damper system.

5. The damped natural frequency of the short periotiom is only dependent

on angle of attack stability, M, if certain simplifying assumptions are valid.

T Several mathematical manipulations have been omitted.
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The damping ratio of the short period mode of motion may be developsd
follows:

B2 t2 20
2 DCLO( Cmé Cma C
{sp = = = O a3 T T 0 eq 4.48
2 - —C_ CG _ NMD DW g Yy Yy |:|
|yy a O g 0
Where:
C., = liftcurve slope coefficient
Cm.e = pitch rate damping coefficient
Cm, = ‘“downwash lag”term coefficient

Certain important effects are visible from thisatenship:

1. Increasing lift curve slope, increasing pitch @denping, and increasing the
“‘downwash lag” term increases damping of the speriod mode of motion.

2. Increasing angle of attack stability decreased gleoiod damping.
3. Moving the CG forward decreases short period dagapi

4. Damping of the short period mode of motion isandtrect function of airspeed
or Mach number.

4.7.2.2 CHARACTERISTICS OF THE SHORT PERIOD MODE

Additional insight into the short period mode afdptudinal motion may be gained
by studying the flight path of an airplane duringhert period oscillation. Figure 4.84
shows a typical short period motion. It is so chpidamped out that the transient has

T Several mathematical manipulations have been omitted.
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virtually disappeared in a very short horizontatdhnce. The deviation of the flight path
from the original flight path is generally smalgtprincipal feature of the motion being the
rapid rotation of the airplane in pitch. (Compé#ne short period flight path with the
phugoid flight path presented earlier.)
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Figure 4.84
Typical Short Period Flight Path

4.7.2.3 EFFECTS OF VARIOUS PARAMETERS ON SHORT
PERIOD MODE OF MOTION

The influence of varying several parameters orstizet period motion will now be
shown using the convenient root locus plots. Tdlassic” short period roots, as well as
the “classic” phugoid roots are shown in Figures4.8

The short period mode shown in Figure 4.85 is tgihycstable, oscillatory, and
well damped. It is assumed that the CG is somesvftgward of the stick-fixed neutral
point.

The effect of varying angle of attack stability, M can be studied by first
assuming the ] is zero, then allowing | to increase negatively from zero. (This is the
normal sign for N, , since, for stability, positive (nose up) incremgeangle of attack

must generate negative (nose down) pitching momeiitse effect of increasing angle of
attack stability is shown in Figure 4.86. (Thi®isactly the same effect as moving the CG
forward.)
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Figure 4.85

Complex Plane Representation of Classic Short Perib
and Phugoid Modes of Motion
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Figure 4.86

Effect of Increasing Angle of Attack Stability, My

A typical effect of airspeed variation in the subo flight regime on the short
period motion is shown in Figure 4.87. As stateelvpusly, short period damping is
independent of airspeed, although undamped ndtegiency increases with increasing
airspeed.

4 cxli



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

Imaginary
Axis
Increasesyg, \
{spRemains Constant .
\ (Phugoid Period Increases;
\ Damping May be Decreased)
\
N\
\X
Real Axis
/%
/
/
/
/
)/ X
Figure 4.87

Influence of Increasing Airspeed on Longitudinal Slort Period
and Phugoid Characteristics

The influence of changing speed stability,, Mn short period characteristics is
shown in Figure 4.88. The most apparent phenomamntre pilot will be the divergent,
nonoscillatory phugoid tendency if Ms less than zero. Only in the transonic flight
regime is speed instability (negative Mgenerally encountered. This situation might be

characterized by a well-damped, high frequencytgberod motion; yet a pure divergence
in airspeed if speed is altered from trim, at léassmall disturbances.
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Figure 4.88

Influence of Reducing Speed Stability M,

One of the means of artificially augmenting shentigd damping is through the use
of a pitch ratedamper This device senses pitch rate and applies priopaitiongitudinal
control inputs which artificially increases M The effect is shown in Figure 4.89.

Another means of artificially adding short periahtping is via utilization of a pure
pitchattitudesensor(Figure 4.89). This device is not generally vgopd because it also
increases the frequency of the short period matmmsiderably. This results in a very
“rough ride” in turbulent air, particularly at higtynamic pressure.

4 cxliii



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

Increasesw, Slightly Imaginary
sp AXxis

Increasesg, / X
k X

Classical Influence of Increasing Pitch Rate
Damping, M , on Longitudinal Motion

Real Axis

X | 4a—X

Imaginary

AXxis
W

Increases;on
sp

Increases( g,

Real Axis

X/\X

X

N

Figure 4.89
Effect of Increasing Mé

4.8 TEST PROCEDURES AND TECHNIQUES MANEUVERING
TASKS

4.8.1 Preflight Procedures

A thorough investigation of longitudinal flying qualities during maneuvering tasks
must begin with thorough preflight planning. Tierposeand scopeof the investigation
must be clearly defined, then a plan of attack methodof test can be formulated.

4 .cxliv



LONGITUDINAL FLYING QUALITIES

Preflight planning must start wittesearch This includes a study of the airplane
and a thorough study of tHengitudinal control system+ including stability and control

augmentation if installed. The design of the loadinal control system should have a
major influence on both thecopeof the investigation and themphasisduring the
investigation. The theory presented earlier foigitudinal maneuvering stability should
provide excellent direction to the test pilot amgji@eer in formulating a test program for
the investigation of longitudinal flying qualitielkiring maneuvering tasks. For example,
major emphasigluring maneuvering stability tests on airplanes with reversible control
systems should be on tligearity of the longitudinal control force variation witlormal
acceleration at several selected trim airspeeasvésely, for airplanes with irreversible
control systems, major emphasis should be placed orvahation of the longitudinal
control force - normal acceleratignadient(stick force per g) with altitude and airspeed or
Mach number. Theory, although not always comgetdnot always classically applicable
to the practical tests, generally leads to the emphasis presented above because of the
following:

1. Nonlinear hinge moment characteristics at largeatbr deflections and high
Mach numbers can generate serious nonlinearitiegmeuvering control forces
for the airplane equipped with a reversible londitial control system. The
nature of the irreversible control system results in no aerodynamic force
feedback to the pilot from nonlinear hinge moments.

2. Reversible control system are usually utilized in airplanes with relatively
restricted flight envelopes. This fact, in conjtion with knowledge of the
characteristics of the reversible control systexadt to the rationalization that
the gradientof longitudinal control force with normal accelgoam should not
vary greatly throughout the operational flight diope for these airplanes. This
is generally not so for the irreversible controétgm. Because of the large
flight envelopes usually associated with airplanes possessing irreversible
control systems and the characteristics of irreversible control systems the
gradient of longitudinal control force with normal acceleration can vary
drastically within the operational flight envelope.

Preflight research also involves reviewing all éafale information on longitudinal
stability and control characteristics. Much useful knowledge may be gained from

conferences with pilots and engineers familiar \thin airplane.
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The particulamaneuveringasksto be investigated must be determined and clearly
understood by the flight test team. These tasksoworse, depend on the mission of the
airplane. Knowledge of theissionand themaneuveringasksallows determination of
appropriate test conditions - configurations, aftés, centers of gravity, trim airspeeds,
and gross weights. Test conditions should be camuorate with the missioanvironment
of the airplane. Center of gravity position is,colurse, extremely critical for these tests.
If flight test time permits, tests at the mostaitl most forward operational CG positions
should be performed after an adequate build-uprarag If flight time is limited, tests
should be performed (with care) at the most aft operational CG position (aft critical
loading). Note: Maneuvering longitudinal controtde gradients (stick force per g) may
actually limit forward and/or aft CG positions foperational use. If the test program is
aimed at determining these limits, appropriate CG restrictions will be pgated or
recommended by the test activity or higher autiorit

The amount and sophistication of instrumentatiolhadgpend on the purpose and
scope of the evaluation. A good, meaningful gaéiie investigation can be performed
with only production cockpit instruments and portable instrumentation-hand-held force
gauge and stopwatch. Automatic recording devisash as oscillograph, magnetic tape,
and telemetry, are very helpful in rapid data acquisition and may be essential in a long test
program of quantitative nature. Special sensitive cockpit instruments are also very useful,
not only aiding in data acquisition but also aiding in stadtion for equilibrium tests
points.

The final step in preflight planning is the preparation of pilot data cards. An
example of a longitudinal stability and control data card for the investigation of
maneuvering tasks is shown in Figure 4.90. Masy#ots desire to modify data cards to
their own requirements or construct data carde&wh tests. At any rate, the data cards
should list all quantitative information desireddashould be easy to interpret in flight.
Blank cards should be utilized for appropriate gate pilot comments.
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LONGITUDINAL STABILITY AND CONTROL RECORD

MANUEVERING TASK

CARD NUMBER

AIRPLANE TYPE PILOT PTR-BIS
BUREAU NUMBER T.0. GROSS WEIGHT DATE
T.0. CG
GEARDOWN__ %MAC GEAR UP—_ %MAC| T.O. TIME LAND TIME
EXTERNAL LOADING CONFIGURATION
TRIM AIRSPEED MACH POWER ALT. \ LONG. TRIM
BREAKOUT & CONTROL SYSTEM MECHANICAL CHARACTERISTICS FREEPLAY
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CN
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Figure 4.90

Longitudinal Stability and Control Record for Maneuvering Tasks
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4.8.2 Flight Test Techniques

4.8.2.1 THE QUALITATIVE PHASE OF THE EVALUATION

Longitudinal stability and control characteristiosist be evaluated in relation to
their influence on various maneuverimgssiontasks Therefore, the test pilot must devote
a portion of the evaluation to performing or sinting the maneuvering tasks which have
been selected. While performing these tasks,asiepilot gains the essentiglalitative
opinion of the longitudinal flying qualities andahd assign handling qualities ratings.
Without recording a single item of data, the telsitghould be able to form a good opinion
of the mission effectiveness of the airplane, astiéor the particular tasks being evaluated.
This opinion will be based on the amount of at@mt&nd effort the pilot must devote to
“just flying the airplane”. Due consideration skabe given during this phase of the test
to the following considerations:

1. Whether the mission tasks will be performed in VFR and IFR weather, or
strictly VFR conditions.

2. The amount of time and effort the pilot must deviat duties other than “just
flying the airplane” - duties such as setting ugempons system, coordinating
multiplane tactics, communicating with other aift@ a controlling station,
etc.

3. If stability or control augmentation systems astalled, the consequences of
their failure.

The test pilot’s qualitative opinion of the airp&s longitudinal flying qualities in
relation to the selected mission task is the most importe#otnmation to be obtained.
Therefore, this phase of the test must not be overlooked. The test pilot probably will have
some ideas as to the particular characteristicstwimake the airplane easy or hard to fly
even before proceeding to theantitativephase of the testing. Use of theantitativetest
techniques described below hopefully allows thé pést to substantiate his qualitative
opinion.
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4.8.2.2 MEASUREMENT OF THE MECHANICAL
CHARACTERISTICS OF THE LONGITUDINAL CONTROL SYSTEM

Mechanical characteristics of the longitudinal flight control system have been
previously introduced earlier in this section ompgdudinal Flying Qualities. Therefore,
test techniques for measuring mechanical characteristics will not be restated. This
discussion is mainly concerned with the direct effects of mechaaoiaacteristics on
longitudinal flying qualities during maneuveringka.

4.8.2.2.1 Breakout Forces, Including Friction

Friction in the longitudinal control system, sinté usually small, generally has
little or no effect on maneuvering handling qualities. However, if friction (without
breakout) is very large, longitudinal flying qualities duringnmavering tasks may be
seriously degraded. A large amount of friction Webimtroduce poor control “feel” in
maneuvering flight in that the friction would necessitatgnificant longitudinal control
force inputs before an airplane response wouldpipar@nt (Figure 4.91). This would be
particularly true while maneuvering at low values of normal acceleration since the friction
would effectively “mask” the airplane’s true “stiédrce per g” gradient, particularly if the
gradient were rather shallow.
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Figure 4.91
Longitudinal Control Friction Effects
on Maneuvering Force Gradient
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A judicious amount of longitudinal contrbreakoutforcegenerally is beneficial to
longitudinal flying qualities during maneuveringka. It may reduce excessive sensitivity
in longitudinal control feel about trim for certaairplane flight conditions (high natural
frequency and low damping of the airplane shortqeemode, low “stick force per g”
gradient). Addition of some breakout force mayuesl otherwise severe pilot-induced-
oscillation (P10) tendencies for these flight cdmahs. However, if too much breakout
force is added, the pilot feels a “lag” in the control system which may cause him to
overcontrol (attempt to drive the airplane to tesponse he desires) and generate pilot-
induced-oscillations.

Breakout forces must be suitably matched to thgitodinal maneuvering stability
characteristics of the airplane. A combinatioranfje breakout and shallow gradient of
longitudinal control forces in maneuvering flight (Figure 4.92) results in artificial
maneuvering force nonlinearity about trim. Thisgetes poor longitudinal control feel
when the pilot attempts to track precisely at l@kues of normal acceleration.
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Figure 4.92
Poor Matching of Longitudinal Maneuvering
Force Gradient and Breakout Forces
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In summary, some longitudinal breakout force isaliglbeneficial to longitudinal
flying qualities during maneuvering tasks, however, too much results in undesirable
characteristics. Friction generally should beraalkas possible in the longitudinal control
system.

4.8.2.2.2 Freeplay

Freeplay in the longitudinal control system should be as small as possible.
Excessive freeplay results in difficulty in perfang precise tracking tasks at low values of
normal acceleration about trim. The pilot will geally resort to tracking slightly “out of
trim” during precise maneuvering to avoid contitygiatoving the longitudinal control stick
through a large “dead band” of freeplay.

4.8.2.2.3 Centering

Positive centering of the longitudinal cockpit control stick contributes to good
longitudinal flying qualities during maneuveringka; positive centering allows the pilot to
change normal acceleration, angle of attack, atuh pattitude toward the trim (one Q)
condition merely by relaxing forward or aft force the control stick.

4.8.2.2.4 Control System Oscillations

Oscillations in the elevator control surface and the entire longitudinal control
system, initiated by either external perturbations or pilot inputs, should batiedge
deadbeat. Lightly damped or undamped motion can result in annoying motion in the
cockpit control stick during rapid maneuvering,\&@sll as objectionable oscillations in
normal acceleration.

4.8.2.2.5 Measurement of Longitudinal Maneuvering
Stability

Longitudinal maneuvering stability characteristiesre been shown to have a major
influence on the pilot’'s opinion of the airplaneaidg maneuvering tasks. In particular, the
longitudinal control force variation with normalaederation, or “stick force per g”, is a
primary “control feel” parameter. This parameteoi tremendous importance for airplanes
which will be maneuvered extensively in operatiamsg; however, it must be investigated
to some degree in all airplanes, irregardlessaeif thissions.
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4.8.2.2.6 Stick Force per g

The pilot’'s opinion of the maneuvering capabilities of the airplane are directly
related to the “stick force per g” gradient; theref it is necessary to design the airplane
very carefully to maintain this gradient within aptable limits. The acceptability of a
particular airplane’s “stick force per g” gradient will generally depend on at least the
following considerations:

1. The amount of maneuvering and the nature of theemzering tasks required
for mission accomplishment. If the airplane is designed to be maresv
extensively, the “stick force per g” gradient mistlow enough so that the pilot
is not fatigued excessively. However, the “stick force per g” gradient must not
be too low or the control feel may be too light aedsitive. Additionally, there
may also be inadequate protection against inadteaeerstress with a low
force gradient.

2. The limit load factor, or “g tolerance” of the glane. Obviously, the “stick
force per g” gradient must be high enough to disage inadvertent overstress.
“Stick force per g” gradients must be higher for airplanes with low g -
tolerances than for airplanes with high g- toleemcThe pilot rightly expects
untrimmed stick forces to be high when the airpliamaaneuvered near its limit
load factor.

3. The type of cockpit longitudinal controller; i.e., whether the airplane is
equipped with a wheel or center-stick controller. A wheel or yoke grip is
usually located higher with respect to the pilot's seat than a center-stick,
therefore, the pilot is able to exert larger forces, even with one hand.
Considering also that the pilot is able to comfblyause both hands with a
wheel controller leads to the rationalization it maximumacceptable “stick
force per g” gradients can be higher with a wheel controller than with a center-
stick controller. Similarly, theninimumacceptable “stick force per g” gradient
must generally be higher with a wheel controller because the pdot'sis
usually unsupported. The pilot has very good “i@tncontrol with a center-
stick even with a low “stick force per g” gradidrgcause the forearm is usually
supported on the thigh.

4.clii



LONGITUDINAL FLYING QUALITIES

4. There is some evidence from flying qualities itigagions to indicate that “stick
force per g” should béiigherat low speeds than at high speeds. This is
probably due to the fact that the pilot maintains tight control oxmermal
acceleratiorat high speeds, then gradually switches to tight cowtrgitch
attitudeat low speeds. Thus the pilot tends to use “sficcke per g” as a
primary control feel parameter at high speeds, then switchésniitudinal

controlforce per unit changen angleof attack (%) as a primary control feel

parameter at low speeds. In order to utilize Etmescriteria(%) for both slow

and fast speeds, criteria for “stick force per g”lat speeds can be made
inversely proportional to the parame@ﬁ (change in normal acceleration per

unit change in angle of attack, a direct measureo®f much rotation of the
airplane is required to obtain the normal accelenatesponse). Use of this
type of requirement can be justified by study @& tbllowing constant speed
approximation:

n
E) eq 4.49

It is very desirable that the plots of longitudinal control force versus normal
acceleration be linear within the range of norraatelerations which would normally be
attained during maneuvering tasks in operational (8me nonlinearity must be expected
in all airplanes; however, the departure from linearity should not cause excessive
differences between thecal “stick force per g’ gradient and the average fstarce per g”
gradient. Théocalgradientis defined by the slope of a tangent to the catvany point.

The averagegradientis defined by the slope of a line drawn from the |g point where
breakout including friction is overcome to the gamn the curve under consideration (see
Figure 4.93). In general, a departure from lintyanihich results in the local gradient
differing from the average gradient by more thamp&fent is considered excessive.

6 g is directly proportional to the slope of the airplane lift curve and the square of the airplane velocity.
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Figure 4.93
Graphical Explanation of Local Gradients
and Average Gradients of Stick Force per g

4.8.2.2.7 Transient Control Forces

During abrupt maneuvers, the longitudinal contostés must not be too light, or
the pilot may inadvertently overstress the airplahde attempting to maneuver rapidly. A
satisfactory “stick force per g” gradientsteady smoothlycontrolledflight is not absolute
assurance thatansientcontrol forces will not be too low. Essentialiyshould be more
difficult to overstress the airplane during abrugatdden maneuvers than during steady
maneuvers. Thus, one requirement on transient lahig#l control forces is that the
control force required to attain a certain norntakederation in guddenor abrupt maneuver
should not be objectionably light and the builddgontrol force during the maneuver
entry shall lead the buildup of normal acceleratioAnother criterion which has been
developed is a requirement on the ratio of longitaldcontrol force to normal acceleration
during maneuvers in which the pilot sinusoidallyrgs the longitudinal control at various
frequencies. This criterion states that thesesahould always be greater than 3.0 pounds
per g for a center-stick controller and 6.0 poupelsg for wheel controller.
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4.8.2.2.8 Elevator Position per g

Of lesser influence on the pilot’s opinion of thepkne during maneuvering tasks
is the variation of elevator position with normal acceleraii® maneuvering flight, or
“elevator position per g”. However, a positivewvator position gradient in maneuvering
flight; i.e., increasing trailing edge up elevatiaflection for increasing positive normal
acceleration is essential for satisfactory unaugetelongitudinal flying qualities; it is also
indicative of good basic airplane design. No maximor minimum limits are placed on
the elevator position variation in maneuveringttig The only criterion is that increases in
trailing edge up elevator deflection shall be reepito maintain increases in positive normal
acceleration throughout the range of attainablelacation.

4.8.2.2.9 Stick Position per g

The longitudinal cockpit control motion requirednraneuvering flight has some
effect on the pilot’s opinion of the airplane digimaneuvering tasks. Qualitative and
guantitative criteria have been developed for @eation of cockpit control position with
normal acceleration in maneuvering flight. “Stick position per g” should at least be
positive-increasing aft cockpit control positiomuéred to maintain increases in positive
normal acceleration - and the cockpit control mugioequired should not be so large or
small as to be objectionable. A guantitative cidte that has been developed for Category
A Flight Phases is as follows: the average gradiétdngitudinal control force per inch of
cockpit control motion during maneuvering flightosid not be less than 5.0 pounds per
inch for Levels 1 and 2 (this is actually desigtediscourage excessive control motion).
However, flying qualities investigations have shadiaimly conclusively thatsomefinite
“stick position per g” level is desirable during meaivering tasks. The main benefit of the
stick motion during maneuvering is the “filteringti@n” which the stick motion has on the
pilot’s control inputs. For instance, if an ainpéaexhibits a shallow longitudinal control
force gradient in maneuvering flight and littlerar “stick force per g” gradient, the pilot
has little longitudinal control “feel” in terms either force or motion and he may tend to
overcontrol during precise maneuvering tasks. “Btiek force per g” gradient for this
case may be optimum for the mission and charatterisf the airplane; if so, increasing
the stick motion during maneuvering flight may be tsolution for the overcontrolling
tendency.
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4.8.2.2.10Steady Pull-Ups
Test techniques which may be used to measure mameg\stability characteristics
- “stick force per g” “elevator position per g, tfsk position per g,” andi[1 will now be

introduced. The first technique to be presentdddsteady pull-up method.

The steady pull-up method involves obtaining data @onstant power setting, a
constant longitudinal trim setting, and a constardgpeed (trim airspeed) while varying
normal acceleration by varying pitch rate during stabilized wings-level pull-ups. It is
performed as follows:

1. Stabilize and trim carefully in the desired configurateinthe desired flight
condition. If using automatic recording devices, a “trim shot” should be taken.
Record appropriate data such as power, longitudiimalsetting, trim elevator
and/or stick position, anflel guantity Note any correction to be applied to
cockpit sensitive accelerometer readings (“tarefesziion) and set the floating
pointers of the accelerometer to 1 g.

2. Without changing power or trim settings, decekemtclimbing attitude (zoom
climb) then push over to enter a shallow dive tae original trim altitude.
As the airspeed increases toward the trim airspeed, steadily apply a pull
longitudinal control force to establish a nose-itplprate and increase normal
acceleration to approximately that selected fotéisepoint.

3. Is using the hand-held force gauge on a centek-stintroller, the force input
must be madehroughthe force gauge; i.e., with the force gauge already
applied to the control stick. Theansientforce inputnecessary to initiate the
pitch rate may be different from tlsteadyforce inputrequired to maintain the
established normal acceleration. The test pilot must keep in mind that the
floating pointer of the force gauge will remaintla¢ maximum force applied,
which may not be thsteadyforcewhich he desires to measure.
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4. For a short period of time during the steady wings-level pull-up, airspeed,
longitudinal control force, and normal acceleratwiii be stabilized. During
this period of time, the pilot should activate theéomatic recording devices and
mentally note stick force, stick or elevator pasitiand normal acceleration. If
using the hand-held force gaudeok atit quickly during this period; do not
rely solely on the floating pointer. For wheelymke-control airplanes, it is
possible to establish the normal acceleration wité hand while holding the
force gauge in readiness with the other. Then veleilization is attained, the
force gauge can be applied quickly and the steadira forces measured.

5. Airspeed control is critical for this test. Deviations in airspeed from trim
airspeed of more tharr 5 KIAS during data gathering is considered
unacceptable.

6. Altitude would be withint 2000 feet of the base altitude during the staduliz
portion of the steady pull-up. Pitch attitude dgrithe gathering of data should
be within+ 15 degrees of the original trim pitch attitude.

7. The technique of arriving at the desired airspeed, altitude, andiattitiith
approximately the desired g is difficult, but canrbastered with practice. (Do
not discard an otherwise perfect data point ifekecttarget g is not attained. A
reasonablgpreaddf normal acceleration is all that is required.)

8. After the run, the pilot should decelerate in a zoom climb in preparation for the
next data point while recording appropriate infotioraon the pilot’s data card:
counter number (if applicable), g attained, stick force, stick and/or elevator
position, and deviation from trim airspeed (if adyying measurement.

9. Normal acceleration should be increased in steps from near Ig toward the
maximum useable in operational use. The maximueahle may be limited by
structural considerations, severe buffeting, oll.stdany of these limiting
cases are reached, no further efforts should besrtmthcrease the applied
normal acceleration. (Buffet onset normal acceleration should be noted, if
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reached prior to maximum useable normal accelerasioce it is indicated on

the data plots. (Nonlinearities in “stick forcerjgg and g usually occur at

normal acceleration levels past buffet onset.)

As applied normal acceleration increase, the deatt®bn prior to entering the
dive, the steepness of the dive, and tagidity of the control force input to
initiate thepitchratemust be increased. As a matter of fact, for some airplanes,
the pull-up for high-g points may have to be irtgih at airspeedfasterthan

trim airspeed because it may be impossible to keep the airplane from
decelerating as the normal acceleration is applied.

4.8.2.2.11Steady Pushovers

The steady pushover is probably the optimum metifazbtaining maneuvering
stability characteristicat lessthanlg. This method is simply a “reverse steady pull~up.
It is performed exactly as the steady pull-up ekcep

1.

A dive is entered initially to increase airspehf trim, then a climb is initiated
toward the original trim altitude. As the airspabstelerates toward the trim
airspeed, steadily apply pushlongitudinal control force to establish a nose-
down pitch rate andecreas@ormal acceleration.

For a short period of time during the steady, witeyel, pushover, airspeed,
longitudinal control force, and normal acceleratrah be stabilized. Record or
note pertinent parameters at this time.

Minimum normal acceleration attainable during these tests will probably be
limited by thetrailing edgedown elevator deflection stops or the airplane
structural units.

4.8.2.2.12Steady Turns

This method involves obtaining data at a constant power setting, constant
longitudinal trim settings, and a constant airsp@goh airspeed) while varying normal
acceleration by varying pitch rate during stabdizerns in both directions. This method is
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somewhat easier than wings-level steady pull-ups because the test pilot has a better
opportunity to stabilize exactly on trim airspeedianormal acceleration. Additionally,
because of the nature of the technique, the stabliicondition can be maintained for a
longer time period, which facilitates obtaining all the required data. Staadg are
performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. If using automatic recording devices, a “trim shot” should be taken.
Record appropriate cockpit data such as powerjtiotigal trim setting, trim
elevator and/or stick position, arfdel quantity Note any correction to be
applied to cockpit sensitive accelerometer readjtigee” correction) and set the
floating pointers of the accelerometer to 1g.

2. Without changing power or trim settings, roll the airplane slowly and smoothly
into a turn while simultaneously lowering the nasleghtly to maintain trim
airspeed If using the hand-held force gauge on a ceniek-gontroller, the
longitudinal force input will have to be matteoughthe force gauge.

3. When well stabilized on trim airspeed, bank angtel normal acceleration,
mentally note longitudinal control force, stickalevator position, and normal
acceleration. If using the hand-held force galmek atit if possible during this
period. If the airplane is equipped with a wheattcoller, stabilize with one
hand while holding the force gauge in readinesh wie other, then apply the
force gauge and measure the force. If automatic recording devices are utilized,
“take a picture” of the stabilized condition.

4. After the run, roll wings level and climb in preption for the next test point
while recording appropriate cockpit data: counter number (if applicable), g
attained, stick force, stick and/or elevator position, and tewmigrom trim
airspeed (if any) during measurement.

5. Airspeed again is the critical parameter for t&. The test pilot must note or

record data only when stabilized precisely on tainspeed. Deviation from
trim by more thar+ 5 KIAS is considered unacceptable.
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Stabilized data points should be obtained at 30aAd 60 degrees of bank
angle, then in approximately one-half g incremeatshe maximum useable
normal acceleration. Again, do not discard a pelfegood data point if the
exactvalue of normal acceleration is not attained. A reasonable spread of
normal acceleration is all that is necessary. Only slight increases in bank angle
are necessary above 2 g in order to increase stibfi{athe g increment.

Little altitude is generally lost for the stabilized points at 60 degrees of bank or
less; therefore, a considerable time interval can be spent attaining good
stabilization without exceeding the allowable atfit band (base altitude2000

feet). At greater bank angles (higher normal acceleration), the test pilot should
start above the test altitude prior to enteringstieady turn. Obviously, at these
higher levels of normal acceleration, stabilization must be quicker because
altitude is being lost rapidly.

At the higher normal acceleration levels (60-9grdes of bank), top or bottom
rudder should be utilized as an aid in precisepaigd control. A little bottom
rudder can salvage a run if the airspeed stadgd¢oease. Usually, if airspeed
increases sharply, top rudder will not be effective in stopping the increase, thus
the run must be aborted.

Both left and right steady turns should be peramFor jet airplanes, little
variation in maneuvering stability characterisikgenerally attributable to the
direction of turn. For propeller driven types, lamjfferences may be noted due
to direction of the turn; these differences are usually caused largely by
“gyroscopic effects.”

The time and effort required to obtain maneuvestadility characteristicat
lessthanl g in steady turns is excessive. Therefore, these characteristics
should be obtained durirgieadywings-levelpushovergpreviously described.
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4.8.2.2.13Wind-Up Turns

The third method which may be used to obtain maegnyg stability data is the
“wind-up turn”. This technique is exactly the same as the “alternate technique for
accelerated stall investigations” presented previously. It merely involves gradually
increasing normal acceleration from 1 g to maximus®able in a wind-up turn (left or
right) at constant airspeed. The wind-up turnésm@venient method to utilize for obtaining
a large amount of data in a short period of tinreutbmatic recording devices are utilized; it
is also a good “quick look” qualitative techniquese without automatic recording devices.
The wind-up turn should be performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. Record a “trim shot” with the automatécording devices. Record
appropriate cockpit data such as power, longitudnma setting, trim elevator
and/or stick position, anfdiel qguantity

2. Actuate the automatic recording devices and snhpatid slowly roll into the
wind-up turn. Increase normal acceleration smgadhid slowly by gradually
increasing bank angle and aft stick position whikgntainingairspeedconstant
At high levels of normal acceleration (bank angjesater than 60 degrees), use
rudder inputs to aid in airspeed control. Actuate the event marker at
predetermined g increments, at buffet onset, amlaximum useable normal
acceleration. Deactivate the instrumentation while recoverind tg flight
conditions. Record counter number and set ughionext run.

3. Some flight test activities have advocated thentixdown turn” as a means of
obtaining maneuvering stability data at less than 1 g normal acceleration.
However, this method requires extreme pilot skilll a hardly worth the time
and effort involved.

4.8.2.2.14Sinusoidal Stick Pumping, Out-of-Trim
Releases, and Sudden Pull-Ups
Three methods will be introduced through which transient control force
requirements in abrupt maneuvers may be determiméé.technique to be utilized in a
particular test program will depend on the amountingtrumentation available and the
guantitative requirement being used as a criteria.
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Sinusoidal stick pumping at various frequencies can be used to determine the
minimum transient stick force per g ratio. (Thenmium stick force per g ratio results
when the control system is pumped sinusoidally flaéquency close to (the closeness
depending on short period damping ratio) the stick free airplane short period natural
frequency.) This technique requires automatic riogrdevices in the test airplane. The
procedure is merely to trim the airplane in theidesconfiguration at the desired flight
condition, then merely pump the cockpit controtistiore and aft sinusoidally at various
frequencies. The test pilot should attempt toudel the frequency at which maximum
normal acceleration response is obtained for twedb control force inputs. The amplitudes
of fore and aft stick motion, push and pull stickdes, and positive and negative load
factor excursions should be as nearly equal aslgessThe sinusoidal stick pumping is
recorded on the automatic recording traces. Typésalts are shown in Figure 4.94. The
minimum ratio of stick force per g in the transiemaneuver should be greater than 3.0
pounds per g for center-stick controllers and @0nals per g for wheel controllers.

Out-of-trim stick releases is a method of “artidiky” introducing a rapid pull-up.
The airplane is trimmed in the desired configuraamd flight condition. It is then rolled
into a steady turn and stabilized at a desired abatceleration.Maintaining the steady
turn, the test pilot notes the stick force requireéntheduces it to zero by retrimming. The
airplane is then rolled out of the turn, andhout retrimming returned to the test altitude
and trim airspeed. (The trim airspeed is stabili#th wings level by maintaining a push
force on the control stick.) The pilot then meredtyeases the stick and notes the peak
normal acceleration response. The stick forceiredun the steady turn and the peak
normal acceleration response provide a point wimiaki be compared to the “stick force per
g” gradient forsteadypull-ups Caution should be exercised in performing ths; tetart
with low g points and build up to higher valuesnoirmal acceleration. This test is not
rigorous although valuable qualitative informataan be obtained. The validity of this test
is particularly questionable if the longitudinaintml system has appreciable friction or if
control system centering is poor.

The sudden pull-up merely involves measuring the ratio of longitudioatrol
force to normal acceleration change with various rates of cockpit control motion. The
airplane is trimmed in the desired configuratiod #8ight condition. If a hand-held gauge
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Typical Data from Sinusoidal Stick Pumping
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is being used it is applied to the cockpit constidk so that the abrupt force input can be
made through the force gauge and recorded witfldh@éng pointer. The cockpit control
stick is then smartly and rapidly deflected to tear a predetermined, safe amount, then
returned to the trim position. The peak loadihal control force and peak normal
acceleration during the abrupt maneuver are notddhis ratio is then compared to “stick
force per g” gradients in steady pull-ups. Thedsurdpull-ups should be performed with
various rates of cockpit control motion; the total elapsed time for the cockpit control input
(from start to return to the trim position) shoblel varied from approximately one-half to 6
seconds. If the airplane is instrumented for aatarecording of stick force, normal
acceleration, and elevator position, a continueasnd of the entire maneuver will yield the
necessary quantitative information. This test &hbe performed with due caution; the test
pilot should make initial elevator inputs rather small until a good feel for the “g-response”
in abrupt maneuvers is obtained.

4.8.2.3 MEASUREMENT OF LONGITUDINAL SHORT PERIOD
CHARACTERISTICS

Damping and frequency (or period) of the airplahersperiod mode of motion
have been shown to have a profound effect on overall longitudinal flying qualities.
However, it is most appropriate to investigate tt@racteristics of this motion during
maneuvering tasks because of the effect of theaeacteristics on theesponseof the
airplane to external perturbations or longitudic@htrol inputs. It is necessary to discuss
the effect of varying short period characterisbgsvarying only one parameter at a time.
For the discussion of the effect of varying shatipd frequency it is assumed that the
damping ratio of the short period motion is fixeé@a acceptable level.

4.8.2.3.1 Short Period Frequency

The parameterwdspis the damped frequency of the second-order, short period

mode of motion. Ifitis a real, positive number, it is disecelated to the physical
frequency (or quickness) with which the airplane responds to an elewgtatr or an
external disturbance. In visual flight, the pilot notes this frequency of response by
reference to the pitch attitude of the airplane,ibrmal accelerometer, or angle of attack
indicator. The pilot is also sensitive to thisquency of response through the normal
acceleration he feels. When flying by reference to instruments, the normal accelerometer,
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angle of attack indicator, and “normal acceleration feel” provide cues of the response
frequency of the airplane. Obviously, the dampedidency of the short period mode of
motion has a very large influence on the pilot’s opinion of the longitudinal flying qualities
of the airplane. However, tidampedrequencyis dependent odampingratioas well as

the undampednatural frequency Therefore, airplane short period flying qualities

requirements and data are usually presented irstefrthe undamped natural frequency,
Wng, and damping ratiodg,. Although the undamped natural frequency migktrseo be

of academic interest only (at first glance) it wibw be shown that it is actually a useful
means of describing the longitudinal maneuveringgb®r of the airplane as the pilot sees
it.

With satisfactorydampingof the short period mode, the following rationatinns
may be made concerning the effect of various short period natural frequencies on
longitudinal flying qualities:

1. For “low” Wng, values - the pilot finds that the airplane tends to “dig-in”

during maneuvering. This characteristic is ex@édiby the fact that the airplane
does not respond quickly enougitially to the pilot’s control input. The pilot
therefore tends to put itoo largean input when attempting to make a rapid
flight path change, such as a sharp pull-up odrayoin entry. The large input
yields the desiredhitial response; however, the pilot soon finds thatfthal
response, once it develops, is more than he wanted. Thus it imitibk
response which the pilot finds lacking when attengpvigorous maneuvering
tasks at low short period natural frequencies. If the airplane is always
maneuvered slowly and smoothly, the pilot probaladgs not object to the slow
initial response. (The large transport or passeaigglane, with large moments

of inertia in pitch, are characterized by low shmetiod natural frequencies.
Since these airplanes do not have to be maneuvered extensively in their
missions, however, the pilot may feel the respamsgacteristics are perfectly
satisfactory.) Trimmability may be impaired somevh Wng, is too low.

This is due to the fact that every trim input the pilot makes requires a relatively
long time interval to take effect. Thus the ptlainks he is in trim initially, but
finds later that a little further trim correctios mecessary. The pilot does not
have a good, firm knowledge of when the trim sgtishexactly correct.
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If the short period undamped natural frequency is “medium” to “high”, the
response of the airplane to longitudinal contrplts is generally satisfactory
for maneuvering tasks. The airplane is quick radpw longitudinally and the
pilot will generally feel very confident during gsight tracking or bombing
deliveries. During vigorous maneuvering, the pilot has a strong, positive
feeling that the normal acceleration responsebelexactly what was desired
when the elevator input was made. This “predititgfactor” is important to

the pilot. Additionally, the medium to high sheeriod frequency enhances
longitudinal trimmability. With the medium to hidrequency, every correction
made during the task of trimming takes less time @mes to a completion
quicker. This gives the pilot the feeling that he knows exactly what trim
correction is necessary. In other words, the aimgls longitudinal trim point is
well defined and corrections to the trim point ax@de quickly.

For “very high”wnsp values - the pilot may complain that the inite¢ponse of

the airplane is too fast or too quick. This is due to the fact that the high natural
frequency makes the airplane too sensitive and responsive to very small
longitudinal control inputs. During precise tracking maneuvers, the pilot tends
to “bobble” the nose position of the airplane. This may impair precise
placement of ordnance during certain maneuveriskstaequired in mission
accomplishment. If the airplane is flown in turbulence, it may respond so
abruptly through angle of attack and normal aceétam changes that the pilot is
subjected to an uncomfortable, teeth-rattling ride. Flying qualities
investigations have shown that increasing “stigkcéogper g” gradients tend to
attenuate the sensitivity and “bobbling” tendena@ssociated with high short

period natural frequencies. The higI(r%?) gradients merely require the pilot to
uselargerforce inputs during any maneuver, which tends to decrease the initial
abruptness and sensitivity experienced with Iigl(u%) gradients. However,

this type of compromise is never completely satisfactory sigteady
longitudinal control forces in pull-ups and turnayrbecome excessive. If the
short period natural frequencyusry high, even the best compromise value of

(%) cannot make the maneuvering characteristics aatuept
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4.8.2.3.2 Short Period Damping
The parametergp, is the damping ratio of the short period modenotion. Its

value strongly affects the time or dynamic resparfdbe airplane to a longitudinal control
input or an external disturbance. Pilots are \s&wsitive to this parameter. It may be
detected in visual flight by observing the pitch attitude of the airplane asinfblane
responds to an elevator input. The pilot notegtek value and oscillatory nature of the
response. The damping ratio can be detectedtimuiment flight by reference to the normal
accelerometer or angle of attack indicator.

Short period damping ratio has a direct effect ibwtipng technique and the pilot’s
opinion of the longitudinal flying qualities of tterplane, particularly during maneuvering
tasks. At a constant short period undamped nattegliency of reasonable value, the
pilot's description of the airplane can be varied from “over-responsive” to “sluggish”
merely by changing the damping ratio. Assuming a satisfacw,qyp, the following

rationalizations may be made concerning the efieearious short period damping ratios
on longitudinal flying qualities.

1. Forverylow damping ratios - the airplane short period motgwery easily
excited by pilot inputs or external disturbanc@&sce excited, the motion (pitch
attitude, normal acceleration, and angle of attatllations) tends to persist for
a relatively long period of time. When the pilot attempts to manetiver
airplane vigorously, he finds the longitudinal respe is oscillatory and the
resulting oscillations in angle of attack and ndraeleration disconcerning
and uncomfortable. Thus, the pilot will probably switch to cautious
longitudinal control inputs in an attempt to keepn exciting the short period
motion. Longitudinal control forces required inmeavering will probablyfeel
lighter to the pilot than the actual force gradiefhis is because the initial
response of the airplane is quicker than the piotksit should be, therefore,
the pilotthinkshe applied more force than he should have applied.

2. Forlow short period damping ratios - the airplane shertqad motion is still
guite apparent to the pilot, however, it is veryioeably damped. The pilot
may still use somewhat cautious control inputs bseeaa noticeable overshoot
in desired angle of attack and normal acceleratimours when large, abrupt
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inputs are made. However, the pilot will feel mooenfortable in maneuvering
vigorously than he would with thevery low short period damping.
Longitudinal control forces in maneuvering flighaynstill seem a bit light.

3. Formoderateshort period damping ratios - the airplane sheriqa motion is
natural and predictable. The response of theangto a longitudinal control
input is such that the pilot feels that he can geaangle of attack, pitch attitude,
and normal acceleration to whatever values he @®sim addition, the pilot
feels that he can make these changes precisely without any overshoot or
undershoot in amplitude. Longitudinal control fesduring maneuvering flight
feel normal. The pilot thus feels very secure in maneuvering the airplane
vigorously; maneuvering tasks required in mission accomplishment are
performed without undue pilot effort.

4. Thefairly heavyand heavyshort period damping, the airplane short period
motion is not evident to the pilot. The responkthe airplane to longitudinal

control input approaches a steady state value with a minute overshort or it
approaches the steady state purely asymptoticAlythe short period damping

ratio increases, the airplane response becomes slower and slower; the pilot
resorts to “forcing” the initial response by applyilarge elevator inputs to get

the response started. For this situation, the pilot describes the airplane as
“sluggish” during maneuvering, and because he teddp using large initial
elevator inputs, longitudinal maneuvering control forces feel higher than
normal.

4.8.2.3.3 The Short Period “Thumbprint.”

The results of a pilot opinion study have indicatieak there are combinations of
short period undamped natural frequencies and dagptios which provide satisfactory
longitudinal flying qualities fortrackingmaneuvering tasks. A typical display of these
combinations, or “thumbprint” as it is commonly leal, is presented in Figure 4.95 with
various pilot comments describing the airplanefgjitudinal characteristics at appropriate
points outside the thumbprint. (The “thumbprintscussion (Figure 4.95) is valid for
only one particular airplane; however, the trerméstiae same for all airplanes.)
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Good flying but not a fighter.
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Figure 4.95
The Short Period “Thumbprint”
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4.8.2.3.4 Residual Oscillation
Any sustained residual oscillations in pitch shoulok interfere with the pilot's
ability to perform the tasks required in the missad the airplane. For levels 1 and 2,
oscillations in cockpit normal acceleration of greater than.05g or pitch attitude
oscillations greater than3 mils (Category A Flight Phases) are consideregssive.

4.8.2.3.5 Additional Short Period Criteria

It is generally agreed that short period frequency and damping alone are not
adequate to completely describe the acceptability or unacceptability of the short period
response. An additional parameter has been wtilizan attempt to resolve discrepancies

existing between the results of various pilot opimstudies in which onIyJonSIO and (gp

were considered. This parametgr,, has been previously introduced in the discussfon

maneuvering stability characteristics. The rafimaximum pitching acceleration to steady

2
[4he)
state normal acceleration during maneuvering isagmately equal to % This
a

pitching acceleration is the airplane longitudiredponse which developearlier during
maneuvering. Many of the objections to both vaghtand very low short period natural
frequencies are due to deficienciesgniial response Therefore, requirements for short

period natural frequency have been expressedwasciidn of g; these requirements are

2
(40
Y
course, short period damping is always extremefoitant and must also be maintained

within acceptable limits.

designed to maintain essentially constant (see Figures 4.96 a, b, and©f

7 Assumptions of constant airspeed and a “high-feeqy” control systems are made.

4 clxx



LONGITUDINAL FLYING QUALITIES

outside the range shown are defined |

by straight-line extensions.

100

10

1.0

n/a ~ g's/rad

Figure 4.96a
MIL-F-8785B

4 clxxi



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

100 ; T
,,,,,,,,, Note: The boundaries for values gf
—————————— outside the range shown are defined
—————————— by straight-line extensions.
ysirag B"ﬂ%
n
O g O
10.0
)/" 11 3.6
|
10 ‘ ‘ e\ e A
| \’e\l | ‘
| | ‘J)/
T A
\©
wnsp - |
rad/sec |
y 0.085
| | \ 3
| i i 0.038
\ \
| K
| eV b | il |
\ 2
1.0 ~ | i YA
i e
i
1 \ | I
1 Th
T
i
| T
i |
0.1
1.0 10 100
n/a ~ g's/rad
Figure 4.96b
MIL-F-8785B

4 clxxii



LONGITUDINAL FLYING QUALITIES

100
"“Note: The boundaries for values gfgreater
""""" than 100 are defined be straight-line extensions: )
"""" The level 3 boundary fofa less than 1.0 is E]UJD rlspg
"""" also defined by a straight-line extension. O g
,,,,,,, a
gy 10.0
l\//
| l)))
; | 36
S~ L
/ \/e\le\'l J))
)))))/
10 e »
.y L~ o\
P e \&
L~
L \y
D e at
gy P > 016
| .
I J 70,096
W, ~ 7 _ = =
rad/sec 2 w2 0 AN o )
Z 62 o 8 éfﬂ/ o
. =gl S
s
1.0 A5 S
2 inmme et (,‘/f ‘ T >
2 IR P ! q>_)| -
; P DTM‘ =
z ~
\‘\ T } * \,e“e\b
""" Note: For Class I, 1I-C, and IV Airplanes;
Wng, shall always be greater than 0.6
radians per second for Level 3
01 i ! i ! oron i
1.0 10 100
n/a ~ g's/rad
Figure 4.96¢c
MIL-F-8785B

4 clxxiii



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

4.8.2.3.6 The Doublet, Pulse, and 2 g Pull-Up

Three methods will be introduced for obtaining quantitative short period
characteristics. The method utilized for a particular flight test will depend on the
characteristics of the airplane, the requiremegésnst which tested, and the preference of
the individual test pilot.

The“doubletinput” excites the short period motion nicely, while stggsing the
phugoid. It is generally considered to be theroptn means of exciting the short period
motion of any airplane. The doublet input manufees a deviation in pitch attitude in one
direction (nose-down), then cancels it with a degrain the other direction (nose-up).
The total deviation in pitch attitude from trimtae end of a doublet igero Thus, the
phugoid mode is suppressed. However, the shadgerotion will be evident since the
doublet generates deviations in pitch rate, norwakleration, and angle of attack at a
constant airspeed. Short period characteristioglmadetermined from the manner in
which these parameters return to the original tradmmonditions.

The doublet is performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. If using automatic recording devices, activate them before initiating
any deviation from trim. (The first part of thete then serves as a “trim
shot.”)

2. With a smooth, but fairly rapid motion, apply dépe nose-down longitudinal
control to decrease pitch attitude a few degrd®s) teverse the input to nose-
up longitudinal control to bring the pitch attitudackto trim. As pitch attitude
reaches trim, return the longitudinal cockpit control to trim and release it
(controls-free short period) or restrain it in the trim position (mistfixed
short period). (Both methods should be utilizedf)the end of the doublet
input, pitch attitude should be at the trim posit{or oscillating about the trim
position) and airspeed should be exactly trim @&esp The doublet input and
various other significant parameters are showngare 4.97.
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3. Obtaining quantitative information on short period characteristics from cockpit
instruments is difficult and will be almost impdsi& if the motion is heavily
damped. However, if a sensitive accelerometeraars@nsitive angle of attack
indicator are available in the cockpit, and if the motion is not too heavily
damped, the test pilot may be able to see enoutitedfee oscillation to obtain
a half-cycle amplituderatic From this parameter, a@mpproximatedamping

ratiocan be quickly obtain€d The time requiredfor a half-cycle may be
measured with a one - or three - second sweep atocpw Doubling this time
yields the approximatdampedperiodof the short period motion. From this
parameterapproximatevalues for damped frequency and undamped natural
frequency may be computed, if deskedf the pilot cannot see enough of the
motion to measure and time a half-cycle amplit@d®ythe short period motion
should be qualitatively describedessentiallydeadbeat

4. If automatic recording devices (oscillograph or magnetic tape, etc.,) are
available, the entire doublet input and short presponse may be recorded

and analyzed later for accurate quantitative information.

5. The frequency with which the doublet input is agpbepends on thieequency
and responseharacteristics of the airplane. The test pilot must adjust the
doublet input to the particular airplane. The maxin response amplitude will
be generated when the time interval for the complete doublet input is
approximately the same as the period of the unddmapert period oscillation
(see Figure 4.97).

6. The amplitude of the doublet input must be langeugh to generate a large
enough short period response to analyze. Ease and accuracy of analysis
increases with size of the short period respotisis. judicious to make small
amplitude inputs until familiarity is gained witheé response characteristics.
This is particularly important for a low altitudeigh speed flight condition or
any high dynamic pressure flight condition.

8 See “Analysis of Second Order Responses” in the introduction of this manual.
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7. The doublet input may be made by first applyingsétk, then reversing to
forward stick. However, this results in less tHgnnormal acceleration at the
completion of the doublet and is more uncomfortédrehe pilot.
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Figure 4.97
Doublet Input and Airplane Short Period Response

Thepulseinputalso excites the short period nicely; however, it also tends to excite
the phugoid mode. This confuses data analysise sive response of the airplane through
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the phugoid may be taken as a part of the shoibgheesponse. This is particularly true
for low-frequency, slow responding airplanes. Hifere, the pulse can usually only be
utilized for high-frequency, quick responding a&pés in which the short period motion
subsides before the phugoid response can devélbe.pulse can always be used for a
quick, qualitative look at the form of the shortipd motion. It is performed as follows:

1. Stabilize and trim in the desired configurationhet desired flight condition.
Actuate the automatic recording devices, if available, before initiating any
deviation from trim.

2. With a smooth, but fairly rapid motion, apply airplane nosdammitudinal
control to generate pitch rate, normal acceleratonl angle of attack changes,
then return the longitudinal control stick to thient position. The short period
motion may then be observed while restraining the control stick atrithe
position (controls-fixed short period) or with tbentrol stick free (controls-free
short period).

3. The pulse is actually the last half of a doubiput. The parameters shown in
Figure 4.97 at the completion of a doublet input will be the same at the
completion of the pulse inpekceptairplanepitchattitudewill be different from
trim andwill returnto trim only throughthephugoidmotion

4. Pulses may also be performed by first applyinglaie nose-down longitudinal
control.

The2qg pull-up excites the short period motion nicely and supg@gshe phugoid if
performed correctly. It requires more time and rffioan either the doublet or pulse inputs.
However, it is useful for investigating short pericharacteristics in low frequency, slow
responding airplanes. It may also be used in anpjaae which exhibits heavy short
period damping and a large amplitude motion isréesior analysis. The 2g pull-up is
performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight

condition. If using automatic recording devicedet a trim shot, then turn the
devices off.
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2. Decrease airspeed by increasing pitch attitues dipply airplane nose-down
longitudinal control to enter a dive.

3. Trim altitude should be approached in a fairlyepteose-down attitude. As
airspeed increases toward the trim airspeed, actuate the automatic recording
devices and apply airplane nose-up longitudinatrobio establish pitch rate,
normal acceleration, and angle of attack changes.

4. As the airplane pitch attitude approaches the initial trim pitch attitude, airspeed
should be trim airspeed, and normal accelerationlshbe approximately 2g.
As the pitch attitude reaches trim, smartly retinencockpit control stick to the
trim position and restrain it there or release it.

5. Observe appropriate short period characteristics and deactuate the automatic
recording devices after the motion has subsided.

4.8.3 Pilot-Induced Oscillations

The pilot-induced oscillation (PIO) can be defined as sustained oscillations or
instabilities resulting from the pilot being in thentrol loop. These oscillations would not
occur if the pilot had not closed the loop, sinagthview exceptions the airplane alone is
dynamically stable. It follows that control systelynamics as well as airframe and pilot
dynamics enter into this phenomenon. In other woitds the total system that must be
considered when evaluating PIO.

Several open loop type flight tests have been dgeesl to identify characteristics
that tend to contribute to PIO. One test is thesoidal pumping of the elevator control at
frequencies up to the short period. The phase angle between the elevator and stick is used
to assure adequate performance of the elevaton.sé&ior this same type of pumping at all
input frequencies, the ratio of peak stick foraepeak load factors is used as an indicator
of how bobweights, augmentation systems, and leasitol systems interact. If this ratio
decays significantly below steady state stick faeeg, the airplane tends to become either
very sensitive in maneuvering or PIO may be encengrtt. Tests on the atrtificial feel
system including centering, breakout, friction, freeplay, and damping may also yield
information about control system characteristied tontribute to the problem.
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All of these open loop tests may be used to paimtapeas of the flight envelope
where PIO tendencies exist; however, the PIO céogaedloop phenomenon and tasks
involving close pilot control of the airplane must be included. One such test is high-speed
formation flying where the pilot attempts to holgcise wing position. Others involve
precise pitch tracking of either another aircrafsimall ground and cloud targets. If PIO is
encountered, the pilot should get out of the cdritrap since the natural stability of the
airplane will normally damp out the oscillationBhis can be done by simply releasing the
cockpit controls or by “clamping” the stick in the neutral position with both hands.
Obviously, if the PIO is encountered at very low altitude, the best recovery technique is to
smoothly but positively apply a pull force and commence a climb befdeasiag or
restraining the stick.

Since the PIO involves a closed loop where the short period mode is driven
divergent, it is obvious that a lightly damped fosgillation short period may contribute to
P10O. Also, since the dynamics of the pilot areoitred, the higher frequency airplanes are
usually more prone to PIO. However, it does not necessarily follow that thiylig
damped, relatively high frequency airplane will #8hP10 tendencies. Thorough testing
of both open and closed loop response characteristiall flight phases is necessary to
fully define PIO tendencies.

There are no rigorous test techniques with whicimtestigate PIO tendencies.
The straight-forward approach is probably the bégtthe airplane in the flight conditions
where PIO tendencies are predicted and see if @ngrecountered. This approach should,
of course, be made in gradual steps, building up to the most critical conditions as
experience is gained. The following general guidelines are offered in planning and
conducting a test program for investigating pitadticed-oscillation tendencies:

1. The airplane should be maneuvered as it would be while making precise
corrections in pitch attitude and normal acceleratiClose formation flying and
precise gunsight tracking tasks are “tight spoteérme P1O tendencies may be
readily apparent.
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2. A properly planned test program using variousueggties of “sinusoidal stick
pumping” would practically force the test pilot to experience a PIO if the
tendency were present. Sinusoidal stick pumping pvaviously introduced in
the discussion of transient maneuvering contraldsr

3. Extremecautionshould be exercised in attempting a test program of this nature
of the LAHS flight regime. The amplitude of normal acceleravariation
during a PIO in this regime could precipitate dramand sudden structural
failure of the airframe and possibly incapacitat pilot so that escape would be
impossible.

4. If longitudinal stability augmentation is installehe effect of its failure on PIO
tendencies must be investigated with a carefutlbug program.

4.8.4 Postflight Procedures

As soon as possible after returning from the flighe pilot should write a brief,
rough qualitative report of the longitudinal flyimgialities exhibited during the mission
tasks under evaluation. This report should betamitvhile the events of the flight are
fresh in the test pilot's mind. Qualitative pilmpinion, appropriately related to the mission
tasks under evaluation, will be the most imporgart of the final report.

Appropriate data should be selected to substarthatepilot’s opinion. Several
suggested means of presenting data will be intredludNo matter what method is used, it
should be clear, concise, and complete.

4.8.4.1 MECHANICAL CHARACTERISTICS OF THE
LONGITUDINAL CONTROL SYSTEM

Mechanical characteristics may be presented asrsposviously in the discussion
of "Test Procedures and Techniques - Nonmaneuvéasgs."
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4.8.4.2 LONGITUDINAL MANEUVERING STABILITY
CHARACTERISTICS

Longitudinal maneuvering stability characteristics may be presentquods of
longitudinal control force, elevator position, and longitudinal cockpit control position
versus normal acceleration at a constant trim airspeed. This presentation shows the

linearity or any nonlinearities of the relationshiplf g is linear applicable specification
limits for the local % gradient can be plotted on the longitudinal cdrfoce curves as an

aid in determining specification compliance (ivehen local % gradient is steeper than

minimum or shallower than maximum specification requirement)ngltadinal control
system breakout forces, including friction should be considered when fairing curves

through the data points and when drawing specitiodimits. The % curves and the

specification limit lines should originate at the longitudinal control force value
corresponding to breakout, including friction itheir the push or pull direction. Typical
plots are shown in Figure 4.98.

(NOTE: For the example shown, no difference in the characteristics andetseted
between left and right steady turns. For singlgires single rotation propeller airplanes,
the difference may be significant enough to faives for both left and right turns.)

If enough data points are obtained during the meer&ng stability tests, and/or if
no significant differences can be detected fordtaarns and steady pull-ups, it is not
necessary to attempt to fair a curve through the data. In this case, the data points
themselves define the curves. Typical plots acevshin Figure 4.99. An additional plot
helpful in determining and presenting specificatbompliance is shown in Figure 4.100.

Wind-up turns at constant airspeed yield as maty plaints as the engineer desires
to obtain from the automatic recording tracesaufomatic data reduction facilities are
available, enough data points can be obtainedhimt ‘tun” the data. A typical example of
this method of data presentation is shown in FigdrE01 for the "stick force per g"
characteristics only.

If maneuvering stability tests are performed ataas CG positions for the same
configuration and essentially the same flight conditions, the data may be presented as
shown in Figure 4.102.
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Figure 4.99
Longitudinal Maneuvering Stability Characteristics

4 clxxxiii

5.0



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

c
Q
©
S
O]
2
- - — - - - - - -
o
\ 5
L
X
L
Mil Spec—— LiitS,
— L
@®
£
o
2
— — —m—'_ — —
c
o
-
| | | | | | @
2 3 4 5 6 &
Normal Acceleration - g
Model Airplane
BuNo
Configuration: Power Trim: 450 KIAS, 5,000 Ft.
Loading: C Gross Weight: 18,340 Lb.
CG: 21.6% MAC Stab Aug: On
Figure 4.100

Longitudinal Maneuvering Stability Characteristics
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Possible Means of Presenting "Stick Force per g"
Data from a Wind-Up Turn
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Figure 4.102
Longitudinal Maneuvering Stability Characteristics in Configuration Cruise

Longitudinal maneuvering control force data is sbme presented in tabular form
when many loadings, configurations, altitudes, tinspeeds, and CG positions have been
utilized. An example is presented in Figure 4.103.

CG Trim Control Force
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Loading| Configuratio | Position | Gross Wt.| Altitude [ Airspeed | Gradient (1)
n (%MAC) (Ib) (Ft) (KCAS/M) (Lb/g)
A CR 17.1 14,310 40,000 | 181/.62 23.6
A CR 21.1 14,155 40,000 | 221/.77 11.1
A P 23.2 15,240 40,000 | 274/.90 9.2
C CR 20.6 16,875 30,000 | 235/.64 9.2
C P 25.1 (2) | 18,380 30,000 | 324/.81 6.9
A P 18.3 14,850 10,000 | 521/.92 6.8
A P 21.3 14,500 10,000 | 515/.915 5.0
A CR 24.2 15,830 10,000 | 433/.775 5.2
A CR 24.1 15,775 10,000 | 289/.52 5.6
C CR 19.4 (2) | 16,565 10,000 | 346/.63 11.0
C P 24.9 (2) | 18,240 10,000 | 445/.79 4.9
A PA 25.0 15,690 10,000 | 129 16.6
C PA 22.9 17,500 10,000 | 150 19.0
(2) Average maneuvering control force gradient meakstr@m one g to maximum g

attained in a wind-up turn.

(2) See CG- Cross Weight relationship shown in Appenhdi Figure 1.

Figure 4.103
Longitudinal Maneuvering Stability Table

The flight test team may desire to presented the variation on the "stick force per g"
gradient with altitude and airspeed (or Mach numbdéfrso, averagegradientsof stick
force per g can be determined for different trins@eeds and altitudes and presented on the
same plot (Figure 4.104). In general, the avegédient should be computed for the
same normal acceleration increment at each trim point; i.e., "average gradient between 1.0
and 3.0g" or "average gradient between 1.0 g affétoonset.” At any rate, the normal
acceleration increment used to compute the avayeagient should be presented on the
plots.
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Figure 4.104

Variation of Stick Forces per g with Altitude and Mach Number

4.8.4.3 AIRPLANE SHORT PERIOD CHARACTERISTICS

The presentation of airplane short period characteristics will batedttby the

amount of data available.

If the scope of the evaluation is limited, short period

characteristics are effectively presented in tabidem. An example is shown in Figure
105. If the short period motion was recorded atillograph, magnetic tape, or telemetry,

the actual trace, approximately annotated, mayésepted in the report. Angle of attack is

the most desirable parameter to use in analyziagest results, since it exhibits the pure
short period response better than any other parameter, particularly at low speeds.
However, normal acceleration or pitch rate may aksaitilized in obtaining approximate
guantitive short period characteristics.
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Configuration| Altitude|  Trim CG Stab Wng, Lsp %

(Ft) Airspeed | (%MAC) | Aug (Rad/

(KIAS, Sec)
IMN)

Power (P) 40,000 1.2 35.0 On 3.9 0.3 1.4
Power (P) 5,000 550, 0.9 355 On 5.0 0.6 0.5
Power 5,000 130 26.0 Off [ Motion Essentially
Approach Dead Beat

Figure 4.1705
Airplane Short Period Characteristics

When the flight test team desires to shown theatmm of airplane short period
characteristics with airspeed or Mach number, a plot similar to that shown in Figure 4.107
may be utilized.
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4.8.4.4 PILOT-INDUCED OSCILLATIONS

Any tendency of the pilot-airplane combination toward PIO during any of the
maneuvering tasks must, of course, be thorouglsigudised in the technical report. This
discussion may be a separate section within therrep integrated into other sections of
the report, such as mechanical characteristicseaaming stability, or short period motion
discussions.

4.9 SPECIFICATION REQUIREMENTS

Requirements for static and dynamic longitudinal flying qualities during
maneuvering tasks are contained in the following applicable paragraphs of Military
Specification MIL-F-8785B(ASG), of 7 August 1969, hereafter referred to as the
Specification.

3.2.2 Longitudinal maneuvering characteristics.

3.2.3.2 Longitudinal control in maneuvering flight.

3.5.2 Mechanical characteristics.

3.5.3 Dynamic characteristics.

3.5.4 Augmentation systems.

The requirements of the Specification may be medify the applicable airplane

Detail Specification. Comments concerning onlystportions of the Specification which
require some interpretation are presented below.

3.2.2.2.1 Control Forces in Accelerated Flight
The terms "local gradient" and "average gradient” are not defined in the
Specification. The definitions presented earlrethis section should be utilized in the

analysis of test results. Note that limit locadtéa, n_, is defined as the symmetrical flight
limit load factor for a given Airplane Normal Stateased on structural considerations. If
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this information is not defined by the contractdilize the maximum allowable load factor
for the particular configuration, store loading;.etn computation of Specification limits

for maximum and minimum local force gradientaterpretationof the % limits of table

V. Because the limits o% are a function of both nand g , table V is rather complex.

To illustrate its use, the limits are presented-ggure 4.107 for an airplane having a
center-stick controller and i+ 7.0.
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Figure 4.107
MIL-F-8785B
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4.10 MANEUVERING TASKS - GLOSSARY

Pitch Rate Damping

Stick-Fixed Maneuvering
Neutral Point

Stick-Free Maneuvering
Neutral Point

Maneuvering Tasks

Local Stick Force
per g Gradient

Average Stick Force
per g Gradient

Pilot-Induced-Oscillation
(P1O)

Pitching moment created because of the angular rotation
of the airplane in pitch during curvilinear flight.
Sometime called "damping in pitch" or "viscous

damping in pitch."

The location of the center of gravity of an airtridr
which the gradient of elevator position versus normal
acceleration at constant airspeed would be zero.
Sometimes called the "elevator position maneuvering
neutral point."

The location of the center of gravity of an airtrédr
which the gradient of longitudinal; control forcergus
normal acceleration at a constant airspeed woultle
"longitudinal control force
maneuvering neutral point."

Sometime called the

Those tasks which result in accelerated flight comuk;
during these tasks, transitions for one equilibrilight
condition to another are made quickly, and possibly,
somewhat roughly.

Slope of the tangent to the curve of longitudiraitcol
force versus normal acceleration at any point.

Slope of a line drawn from the 1g point where breakout,
including friction is overcome to the point under
consideration on the curve of longitudinal confroke
versus normal acceleration.

A divergent oscillation of the pilot - airplane cbmation
where the airplane alone exhibits at least someseeanf
dynamic stability.
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4.12 MISCELLANEOUS LONGITUDINAL TESTS

4.12.1 Introduction

There are numerous miscellaneous longitudinal vésish have not been discussed
previously and which are conveniently presented g@up. These tests are the subject of
this section.

4.12.2 Longitudinal Trim Changes

Since changing power, lowering the landing geaermding the flaps, opening the
speed brakes, and movement of other external \@r@dsition devices cause pitching
moments, the magnitude of the forces involved in opposing these moments must be
determined. The specification contains a table of the most commonly encountered
"configuration changes" along with the trim spetedse used and the initial configurations
to be set up prior to varying the configuration. Eachthed configurations represents
conditions of flight under which the configuration change would logically be made.
Consider the following example:

Initial Trim Condition
Flight Altitude | Speed Landir]gHigh-Lift Thrust [ Configuratio Parameter
Phase Gear Devices Change to be Held
& Wing Constant
Flaps
Approach| hg Normal | Up Up TLF Gear Down Altitude
min
Pattern and
Entry Airspeed*
Speed

*Throttle setting may be changed during the maneuve
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In this case, the airplane is being prepared fa@roach. The trim speed (zero
stick force) is the normal gear extension speedfgiience should be made to table 1 of the
specification which definesh. .) Power applied is sufficient to maintain leviggffit at

the trim speed. The configuration change is lomgethe landing gear. The peak forces
involved in holding altitude and airspeed consfanta 5-second period after initiation of
the configuration change are the data desiredterane specification compliance. A
greater period of time may be of interest for neissuitability considerations.

The specification allows considerable latitudehiis particular test. The table set
forth in the specification is only a recommended scope of investigation. It states
specifically that the changes should be made ucadleditions of flight representative of
operational procedures. A majority of the objestido the table result from the speed
brake section which is not too realistic in thag #ffect of extension and retraction of
brakes in dives is not included. Accordingly, ea@mmended addition to the scope of the
tests for Class IV airplanes is an investigatiothef effect of extending speed brakes in a
dive with the parameter to be held constant beitilude( or the aiming point of the dive
prior to extension). The trim changes resultimpfrspeed brake extension and retraction
at different airspeeds as well as during jet imagnt penetrations, GCA approaches, and
landing approaches should also be assessed.

Another item to be considered when conductingtdssis the airplane’s response
to the changes in configuration. With modern ocolrdystems, the forces are usually low,
even when the pitching moments are consideraliherefore, the response of the airplane
is quite important in determining suitability frompilot’s point of view. In particular,
when putting wheels and flaps down under instrurfigyhtt conditions, a rapid pitch-up or
down is highly undesirable even though the foregsiired to maintain altitude constant are
of a low order. Another condition which arisesquently is a roll or yawing moment
which results from asymmetric extension or retaacof flaps or wheels. This is annoying
as pilot attention must be directed to directiarad/or lateral trim changes in addition to the
longitudinal change normally expected.

For each trim change condition, an attempt shoeldnbade to trim out the final
forces resulting from the change in configuration.some cases, when holding altitude
constant is the requirement, the additional draged by extension of wheels or flaps may
cause the speed to reduce to stall. In such attese is no final value, only a peak force.
Usually upon completion of a card, examinationhaf tlata will reveal that several of the

4 .cxcix



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

configuration changes which could logically be changed simultaneously will require
application of longitudinal force in the same dires. For example, if two configuration
changes require a push force individually, mostlifkheir combined effects would be
additive. The test pilot should determine which comimmabf configuration changes
would be encountered in the airplane’s missionianestigate them thoroughly.

4.12.3 Longitudinal Trimming Device Irreversibility

It is highly desirable that the longitudinal trimming device maintain a given setting
indefinitely, unless changed intentionally; or tat g differently, it should be irreversible.
In order to test a longitudinal trimming device fioeversibility, it is necessary that the tab
or variable stabilizer be subjected to a high amglattack at as great a "g" (dynamic
pressure) as is feasible. This is down by cangfuiinming the airplane at an airspeed,
entering a dive, and increasing the airspeed ®edo the maximum permissible airspeed
of the airplane without retrimming. A high g, syramcal pull-out is executed at a lower
altitude (at least 10,000 feet) and without retrimgn a check is made at the original trim
airspeed, altitude, and power setting. If the ituttinal trimming device is irreversible, the
force required to maintain the trim speed will leeaz If, however, the tab is reversible, a
push or pull force will be required to maintain then speed.

The tab indicator itself is not reliable inn detémmmg movement of the tab. If
control system friction is high, a change in tatiisg may not be apparent through the
airplane’s stick-free stability. In such casewyill be necessary to instrument for tab
position if the reversibility is actually annoying. Normally, if there is not apparent change
in trim (as reflected by zerq Fat the original trim speed, the fact that thettab moved is
not too objectionable, unless the tab movement usome other condition of flight is
bothersome.

4.12.4 Ground Effect Hold-Off

For airplane configurations with the horizontal tshind the wing, "ground effect”
reduces the angle of downwash at the tail. Siheedbwnwash behind a wing not in

ground effect reduces the talil angle-of-atta(df),the change caused by ground effect

results in an increase in the tail angle-of-attanl a corresponding increase in tail lift.
This effect is illustrated in Figure 4.108.
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Out of Ground Effect
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Figure 4.108
Ground Effect

Since tail lift is increased by ground effect, mapeelevator is required to maintain
a given lift coefficient( G) in ground effect than out; if follows that becatise elevator

deflection is physically limited, its capacity to produce nose-up pitching moments is
lessened by ground effect. In some airplanes,imeéethat the elevator effectiveness is
insufficient to obtain an aerodynamic stall. Nafithe airplane is flown in ground effect,

the effectiveness of the elevator is further rediy@nd very likely it is not possible to
obtain the minimum guaranteed landing speed or even the minimum speed that was
attainable at altitude.

Approach and landing speeds are becoming more anel onitical and should not
be limited by longitudinal control effectivened8ecause of this, we test for what is called
the "ground effect hold-off speed;" i.e., the minim speed attainable in ground effect in
configuration L and the stick force required to ntain the required elevator deflection at
this speed. It is important to understand thattéss is conducted to evaluate longitudinal
control effectiveness in close proximity to the gmd and is not intended to be a test of
landing characteristics with idle power/thrust.
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4.12.4.1 METHOD OF TEST

With a forward critical CG loading, the airplandrgnmed in configuration PA at
normal approach speed and at low altitude (10@D@D feet). It is then flown to the field
traffic pattern and, without changing trim, a failbng, flat straight-in approach is made at
an airspeed 20-30 knots above normal approach spésdthe end of the runway is
crossed at roughly 20 feet altitude, power (thrissteduced to "idle." The airplane is
leveled off 2-3 feet above the runway and, as pleed decreases, up elevator deflection is
increased so as the maintain a constant heighteabewunway. Care should be exercised
to avoid changes in height during this phaser#ta-of-descent is set up, more up elevator
is required to stop the rate-of-descent and hold a given speed than would have been
required to hold the same speed at a constant helfhn aerodynamic stall does not
precede application of full-up elevator, the airplane will settle to the runway soon after the
elevator has reached full-up deflection. The s@gevdhich the airplane touches down and
the elevator force required to maintain a stickipms just short of the "stop” is noted. If
the airplane is not instrumented for automatic rdow of longitudinal stick force, it is
normally necessary to make two approaches, regptdaminimum hold-off speed during
one approach and the longitudinal stick force aitimand-held force indicator during the
next.

Caution should be exercised during the later plodslee hold-off. There is a
definite tendency to neglect some of the more itambiaspects of landing an airplane when
concentrating on the test being conducted. Fottlung, the test shouldotbe conducted
in a strong cross-wind for obvious reasons. Furtaéouch-and-go type landing will be
planned from the start of the approach, unless runway length is extensive, as a large
portion of the runaway is usually used during thilfoff.

4.12.4.2 ALTERNATE METHOD OF TEST (GEOMETRY LIMITED)

The geometry of certain airplanes precludes attamtrof a stall attitude during a
hold-off landing. For example, the tail of the kvl strike the runway before either a stall
or full aft stick is reached. In such cases, thexHication requires that longitudinal control
effectiveness in ground effect be sufficient to main the geometry-limited touchdown
attitude in level flight.
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The test is performed in the same manner as fondhgeometry limited airplane
except that the maneuver is terminated when thaepranined geometry-limited attitude (or
angle of attack) is reached in level flight. Iteispecially important that the hold-off be
performed in close proximity to the runway (2-3tjder acceptable data and to prevent
hard landings. After the test pilot has reachedpiedetermined attitude and noted the
appropriate data, he should concentrate on makimgmal touch-and-go landing or a
wave off. If automatic recording devices are installed the "event marker" should be
actuated to denote the predetermined attitude. Longitudinal trim must remain at the initial
setting (normal approach speed). After the final landing elevator position and force (if the
system is irreversible) required for level flightground effect are recorded.

4.12.5 Nosewheel Touchdowns

The nosewheel touchdown speed is defined as thedsggevhich the nosewheel
touches the runway following a landing in which tekevators are held in the full up
position during the rollout. There is no specifica requirement for this characteristic at
the present time; however, it is considered useful information and worthy of investigation.
It is common practice to slow airplanes equippetth wicycle landing gears by holding the
nose-up as long as possible during the landingubll This creates more drag than would
be present with the nosewheel on the runway beadafube higher angle of attack. By
using such a technique, it is possible to minimize the use of brakes in slowing the airplane
to a safe speed before turning off the runway.

4.12.5.1 METHOD OF TEST

Using the trim settings normally used during thera@ach, a smooth landing is
made on the two main wheels. The nosewheel isdféttie runway by application of up
elevator. As the full elevator deflection is attadl, the airplane will nose over and the
nosewheel will contact the runway. The speed at whichdbars is the nosewheel
touchdown speed.

4.12.6 Nosewheel Lift-Off

As explained earlier in the "Ground Effect Hold-Osgection, the effectiveness of
the elevator is reduced when in close proximity to the runway. In extreme cases, a lack of
elevator effectiveness can compromise take-off performance. For example, a given
airplane can produce enough lift at 95 knots to take off, provided sufficient angle of attack
can be attained. The elevator, however, may not be effective enough to rotate the airplane
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to this angle of attack. Therefore, the airplafte bff at some speed greater then 95 knots.
This penalizes the airplane in that a longer taleron is required to attain the speed
necessary to lift clear of the runway. This test is of padiciiportance for carrier
airplanes in that insufficient longitudinal control effectiveness will probatadgult in
serious pitch control problems during the normédtion required during catapult launches
or bolters.

Since the speed at which the nosewheel can be fitben the runway is essentially
the speed at which take-off attitude can be obthine determine nosewheel lift-off speed
and use it as an indication of elevator effectigsnia take-off. If the nosewheel lift-off
speed is determined to be equal to or less th&h,;9 (as defined in paragraph 3.1.8.2 of

the specification), then elevator effectivenesssdus compromise take-off performance.
The loading tested should be the CG position that produces the greatest load on the
nosewheel. For carrier airplanes, elevator control effectiveness must be sufficient to
prevent an undesirable nose-up or nose-down pitivden the minimum catapult end-
speed (as published in the Launch Bulletins) ankiréfis above this speed.

If the airplane is equipped with a trimmable stabilizer, or a unit horacail
(stabilator) with deflection limits which vary witiim setting, the take-off trim used can
have a profound effect on the minimum nosewheebfifspeed obtained. Increased nose-
up trim will produce increased nose-up pitching moments attainable with full aft
longitudinal control deflection. The trim settinged when testing airplanes equipped with
tab trimmed elevators affects only the forces pnedering the run. Caution should be
exercised when checking the effect of applying additional nose-up b@Tause some
airplanes "break ground" rapidly once the nosewbeeins to lift. For this reason, a
"build-up" should be employed, making a seriesunisrat increasing nose-up stabilizer
settings. The amount of nose-up stabilizer thattEatolerated will depend upon its effect
on the forces encountered during the take-off agukition to the "clean” condition. For
both land and carrier-based operations, satisfataie-offs should not be dependent on
the use of the trimmer during take-off or on comgted control manipulation by the pilot.
All forces encountered during take-off and the emg@cceleration phase should be low
enough to be handled easily with one hand. lingithe landing gear and flaps causes a
nose-up pitching moment, the force required to cwere this pitching moment should be
considered when deciding upon the trim settingetosed.
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The landing gear will usually be retracted immesljatafter becoming airborne.
Consequently, if a push force is encountered dutegnitial acceleration after take-off
and a push force results from retraction of the,gb@ combined forces will be additive.
While the longitudinal trim setting used is optignamust be held constant throughout the
take-off run and subsequent accelerationi,y,, (as defined in paragraph 3.1.8.1 of the

specification). Normally it will be a setting wiiavill give zero stick forces just after
becoming airborne and will result initially in alpftorce (if the airplane has positive stick
force stability), which will lessen throughout ttade-off run.

This test should be conducted only on a smooth runway as nose-up pitching
moments applied through the nosewheel strut casecdie nosewheel to lift off prior to
attaining a speed at which the elevator effectigeng sufficient to rotate the airplane.
Rapid application of nose-up elevator control stalso be avoided. A careful check of
inflation of the nosewheel strut should be madmsore that the prescribed pressure is
used. Usually this test is conducted as a matteowrse during each take-off; i.e., usually
flights are not exclusively devoted to determinihg nosewheel lift-off speed. Although
the forces encountered during the take-off arent&rest, unless the airplane is provided
with a means of automatic recording of longitudicahtrol forces and speed, the most that
can be hoped for are the forces at nosewheefffiftake-off, and Vhayx,, plus, of course,

qualitative comments as to the acceptability offtinees.

4.12.6.1 METHOD OF TEST

The airplane, loaded at the forward critical CG loading, is aligned with the runway
heading and take-off power (or thrust) is applied. With the stick held in the full aft
position, the brakes are released. The speediaehwle nosewheel leaves the runway is
noted and the run is aborted or a take-off is agdisimed. If it is decided to continue the
take-off, a normal take-off attitude should be established after the nosewheel lift-off speed
is noted. Recent experience indicates that ibssible with full-up elevator to hold certain
airplanes in nose-up attitudes which preclude effecting a take-off due to drag effects.
Caution must be exercised in some airplanes togotedamage to the aft fuselage or tail
section by overrotation.
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4.12.7 Thrustline Level

This test is the nosewheel lift-off test's oppositenber for determining elevator
effectiveness during the take-off run of airplaegsipped with tail wheel type landing
gear. Because there is less drag present witththetline level than in a "three-point”
attitude, acceleration will be greater during takeH the thrust line is level. Further, the
distance required to take off is directly related to the acceleration. This leads to the
conclusions that the initial phase of a minimuntahse take-off should be made with the
thrustline level. And, in a majority of casesstis true. The normal technique used is to
raise the tail wheel as soon as the elevator eféewtss permits and then accelerate with the
thrustline level until the take-off speed is apptoad. At this point, the stick is eased to the
rear in such a manner as to reach a "three-pdiittide simultaneously with attaining take-
off speed. Therefore, the ability of the elevatoraise the tail to a thrustline level attitude
and the speed at which this is possible is of @stesince it affects take-off performance.

In the nosewheel lift-off test, ground effect lessé elevator effectiveness. The
converse is true in this test where the increasingdue to "ground effect" aids the

elevators in lifting the tail. As would be expattéhe critical loading is the normal service
loading that provides the greatest tail heavy maméinshould be pointed out that CG
position alone does not define this condition. dings are possible wherein the effect of
increasing weight predominates over CG positionr éxample, a lightweight, aft CG
position loading will probably not cause as greateaght on the tail wheel as a much
heavier loading will, at a CG position slightly veard of the light loading CG position.
The longitudinal trim setting is optional, but slhibbe a setting which does not result in
excessive forces during the take-off run or immiediyaafter becoming airborne. As in the
nosewheel lift-off test, trimmable stabilizers danadjusted so as to provide a nose down
pitching moment so long as the elevator forces encountered during take-off are not
excessive.

4.12.7.1 METHOD OF TEST

The pilot aligns the airplane with the runway headand locks the brakes. The
flaps are extended to the optimum take-off posiéind the power is increased until the tail
wheel is just lifting from and returning to the wigy surface. As much power should be
applied as possible, without the risk of nosing over. (If the airplane begins such a
maneuver as the power is increagettasehe brakesmmediately. As you will find out

4 ccvi



LONGITUDINAL FLYING QUALITIES

from running this thrustline level test, it is imgsdble to nose an airplane over, even with
full forward stick and full power applied unles®thrakes are used.) Next, the brakes are
released, take-off power is applied, and the s8akased to the full forward position.
Remember the order in this sequence of eventst, felease the brakes; second, apply full
power; third, ease the stick full forward. Fulhi@rd stick position is maintained until the
thrustline is level. The indicated airspeed iseoand the force required is determined.
The test should be repeated until reliable datdbtained. The major problem is that of
determining when the thrustline is level. It issexmended that a given nose attitude be
arbitrarily chosen as the equivalent of thrustleneel. This is the only way that repeatable
data will be obtained unless an outside obseraesmitting a "mark" is utilized.

4.12.8 Speed Brake Effectiveness

Investigation of the effectiveness of the speeddsas a qualitative task. Speed
brakes can be used for airplane deceleration, dive speed limitation, allowing higher engine
speed during penetrations and approaches, etcpdrtieular functions desired from the
speed brakes will depend on the airplane’s missfothorough test plan encompassing all
possible uses of the speed brakes should be fotetuldn general, for the particular
airplane mission, the speed brakes should be sufficee provide adequate control of
airspeed, flight path, etc. at any flight condisamithin the Operational Flight Envelope.

4.12.9 Longitudinal Control Forces in Dives

The purpose of this test is to determine the magnitude and rate of change of
longitudinal control forces in dives to maximumspeeds and the ease with which these
forces can be maintained near zero by retrimming.

4.12.9.1 METHOD OF TEST

The airplane is trimmed for\yg1 (level flight) at high altitude. Without changing
power, a dive is entered so as to reach maximumatpeal airspeed at a low altitude. The
maximum longitudinal control force required at nrayim operational airspeed is noted.
During a similar dive, the ability of the pilot keep longitudinal control forces near zero by
retrimming is determined.
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4.12.10 Longitudinal Trim System Effectiveness and Failures

The purpose of this test is to determine the céipabf the longitudinal trim system
to reduce control forces to zero at all operaticmaspeeds. Longitudinal trim system
failures should also be investigated.

4.12.10.1 METHOD OF TEST

The airplane is flown from minimum airspeeds to maxn operational airspeeds
in all configurations, and the ability to trim the longitudinal control forces to zero is
evaluated.

Trim system failures are simulated at representative operational airspeeds by
running the longitudinal trim in the nose-up and nose-dowectibn until full control
deflection is reached, excessive control forcesegeired, or the maximum trim travel
limits are reached. The controllability of thepdane is then evaluated.
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CHAPTER FIVE

LATERAL-DIRECTIONAL FLYING QUALITIES

5.1 INTRODUCTION

The investigation of lateral-directional stabilaypd control involves the study of
characteristics exhibited in the airplar@@nesof asymmetry These planes of asymmetry
divide the airplane into unsymmetrical parts ofteomcomponents of motion onlglong
theY axisandabouttheX andZ axes(see Figure 5.1).

Figure 5.1
Airplane Axis System and Planes of Asymmetry

Airplane motion in the planes of asymmetry or lateral-directional motion generally
results insomemotionin the plane of symmetry dongitudinalmotion For part of the
study of lateral-directional flying qualities, tH@ngitudinal motion will be considered fairly
insignificant. However, in some flight conditiodateral-directional motion can generate
significant longitudinal motion and vice versa. These conditions will be discussed
thoroughly in a subsequent section.
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Lateral-directional flying qualities must be investigated fragquilibrium and
nonequilibriumflight conditions. From equilibrium condition$et static lateral-directional
characteristics may be determined. These chaisitielare:

1. Variation of directional control forces and rudg@esitions with sideslip angle
in steady heading flight at a constant trim airgpesatic directional stability
characteristics).

2. Variation of lateral control forces and ailerorspions with sideslip angle in
steady heading flight at a constant trim airspeed (static lateral stability
characteristics or dihedral characteristics).

3. Variation of bank angle with sideslip angle iraskg heading flight at a constant
trim airspeed (sideforce characteristics).

Dynamic lateral-directional flying qualities are investigated froonequilibrium
flight conditions. This requires study of the daeristics of the three lateral-directional
modesof motion- the Dutch roll mode, the spiral mode, and themmde - which are

suppressed in equilibrium flight. Two of the laterakditional modes differ from the
longitudinal modes in that the pilot does not usuakliberatelyexcite the Dutch roll or
spiral modes. Excitation of these modes is notiiregl to maneuver the airplane under
normal flight conditions. However, the Dutch roll and spiral modes are continually
inadvertently excited by the pilot or by externattprbations. Therefore, the characteristics
of these modes greatly affect the pilot's opinibthe airplane during all phases of mission
accomplishment. During certain special flight cibiods, such as flight with asymmetric
power or landing with a crosswind; the pilot majilakrately utilize the Dutch roll mode to
generate sideslip changes in order to maintairdgteaading flight. Since the Dutch roll
mode is a second order response generally invohartg lateral and directional motion, the
characteristics of this mode to be investigated are

1. Frequency or period of the motion.

2. Damping of the motion or lack of it.
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3. The relative magnitude of the lateral part ofrti@ion to the directional part of
the motion, or simply, the "roll to yaw ratio”.

4. The degree of excitation of the Dutch roll modemyuncoordinated, aileron
only turns.

Since the spiral mode is a first order motion whitdly be convergent, divergent,
or neutral, the characteristics of this motioneadrivestigated are:

1. The nature of the motion; i.e., whether it is dit, neutral, or convergent.
2. The time required for the amplitude of the finster motion to double or half.

Obviously, the pilot will deliberately excite thelrmode in order to make bank
angle changes required in all phases of missioonaplishment. Characteristics of the roll
mode have a significant influence on the pilot®i@m of the airplane. The roll mode is an

essentially first order response and is usually heavily damped. Therefore, the
characteristics of the roll mode to be investigaed

1. The roll mode time constant.
2. Steady state roll rates obtainable with variotesd control inputs.
3. The nature and amount of yawing motion generateidgirolling maneuvers.

The pilot's opinion of lateral-directional flyinguglities depends aaill the static and
dynamic characteristics mentioned ab@hes the characteristicof the lateral-directional
controlsystem In addition, other parameters influence lateliedctional flying qualities
because of inseparable interaction phenomenon, such as roll response to a directional
control input, and yaw response to a lateral cémput and roll rate. Therefore, it is not
possible to state which of the aforementioned dtarstics are dominant in a particular
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flight condition. They are all important to varginlegrees and must all be investigated to
determine their influence on every piloting task. In the interest of simplicity, lateral-
directional flying qualities will be presented wur sections:

1. "Normal" lateral-directional flying qualities.
2. Rolling performance and roll coupling.

3. Asymmetric power.

4. Miscellaneous lateral-directional tests.

Lateral-directional stability and control characteristics profoundly affect the pilot's
ability to perform both maneuvering and nonmaneuvering tasks required in mission
fulfillment. Satisfactory lateral-directional claateristics allow the pilot to trim the airplane
easily and simply, maneuver the airplane safelymedisely without excessive effort, and
maintain adequate control of the airplane undep@disible operational flight conditions.
Thus, mission tasks can be performed safely, singriy precisely, and overall mission
effectiveness is correspondingly enhanced.

5.2 THEORY - NORMAL LATERAL-DIRECTIONAL STABILITY AND
CONTROL

5.2.1 Static Lateral-Directional Stability and Control

It is now necessary to study the stability chanasties of the airplane when its
flight path deviates from thglaneof symmetry This means that the relative wind will be
making some angle to the airplanglaneof symmetry this angle is referred to as the

sideslipangle B (see Figure 5.2). The angle of sideslip diffepsn the angle of attack in

that it lies in a different plane and its actiomjiste different. Angle of attack determines
the airplane's lift coefficient and, therefore,atsspeed (for unaccelerated flight conditions)
or normal acceleration (at a constant airspeeaweder, sideslip is generally quite useless
to the pilot. It can be used to increase dragiacreéase rate of descent during landing, or it
can be used to make airplane heading the samewayuneading during crosswind
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landings, or it can be used to ease the pilot'klwad during flight with asymmetric
power, etc. Nevertheless, it can be stated thageneral, it is advantageous to maintain
zero sideslip in almost all flight conditions. Tefore, the problem dlirectionalstability

and control is to insure that the airpldeedsto maintain zero sideslip and to insure that the
pilot is provided a suitable means cdntrolling sideslip during maneuvers that tend to
produce sideslip, or during maneuvers in which feh@s to deliberately induce sideslip.

Obviously, the pilot must also be provided with satisfactory control of the
airplane'sangleof bank @; this control is necessary to provide a forcedoeterate the

flight path in the horizontal plane; i.e9 turn the airplane A subsequent section on
Rolling Performance will discuss thoroughly thejsaboflateralcontol. However, since
sideslip generally induces a rolling moment, nésessary to introduce here the concept of
dihedraleffector lateralstability. This is really not staticstability in the true sense of the
term since the rolling moments created are nosaltef bank angle but are a result of
sideslip. However, dihedral effect has a signifidafluence on the pilot's opinion of the
airplane's lateral-directional flying qualities.

Relative Wind

Sideslip Anglef3

Airplane CG

Figure 5.2
The Sideslip Angle
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In order to discuss the theory of later-directidhahg qualities, it is necessary first
to develop some terminology which will permit a quete description of the forces and
moments acting on the airplane during any manetinagiinvolves sideslip.

5.2.1.1 LATERAL-DIRECTIONAL TERMINOLOGY

The angle of sidesliff, is equal of the arcsi&) or for small angles encountered

in normal flight, B = % (Figure 5.3). The sideslip angle is arbitraglyen a positive
sign when the relative wind is to the right of geometric longitudinal axis of the airplane.
The angle of yawy, is defined as the angular displacement of thglaie's geometric

longitudinal axis in the horizontal plane from soanbitrary direction taken as zero at some
instant of time. Note that for a curved flightipagaw angle does not equal sideslip angle.
In a 360 degree turn, the airplane yaws throughd@ftees but may develop no sideslip
during the maneuver if the turn is perfectly coaeded. If the airplane is sideslipped to
maintain a straight path, the angle of yaw is equatagnitude but opposite in sign to the
angle of sideslip.

Considerable confusion can arise if the terms 8glasad yaw are misunderstood.
In this manual, sideslip will always be used toadib®e the angle generated by the relative
wind not being perfectly aligned with the airplangeéometric longitudinal axis in the XY
planel However, the term yaw will also be used in ddseg ratesandmomentsn many
cases. This is necessary since, for instancaithkane can exhibit gaw ratewith zero
sideslipor can havezawing momentgenerated atero sideslip With the meanings of
sideslip and yaw in mind, other lateral-directional stability derivatives may now be

developed.

1 sideslip is invariably used to describe this argllight test work. However, yaw is almost inialy

used in wind tunnel work and in many theoreticatkgdo describe the same angle.
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Flight Path

Arbitrary Direction
at Some Instant
of Time

Curved Flight Path Straight Flight Path

V = Velocity of the Airplane Tangential
to the Flight Path at any Time

v = Component of V along the Y Axis of
the Airplane

Figure 5.3
Sideslip Angle and Angle of Yaw

5.2.1.2 LATERAL-DIRECTIONAL STABILITY DERIVITIVES-
SIDEFORCES AND SIDEFORCE DERIVATIVES

Whenever a sideslip angle is imposed on the aieplsideforces are developed by
the fuselage, wings, and the vertical tail. Themgantributions come from the fuselage
and the vertical tail. Wing interference with the flow of air over the wing-fuselage
combination makes the estimation of the sideforce due to the fuselage alone very difficult.
The portion of the sideforce that is due to thdie@rtail is more predictable (Figure 5.4).
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+B Relative Wind

By = Sideslip Acting on
Vertical Talil

o = Sidewash Angle Caused
by Wing Tip Vortices and
Fuselage-Tail Interference.
Similar to Downwash Angle
for Longitudinal Case.

Y|3v = Sideforce Generated by

Vertical Tail at an Angle of
Sideslip,By

Figure 5.4
Generation of Sideforce Due to Sideslip by the Vertal Tail

5.2.1.2.1 Vertical Tall Contributioﬁ{Bv or CyBV

When the airplane is subjected to a sideslip afyglthe vertical tail is subjected to

a sideslip anglep,,, which is generally less thghbecause of the sidewise inflow of air

which occurs prior to the airflow impinging on tlertical tail. Thus, the vertical tail
develops a force which is directed sideways witipeet to the airplane. The magnitude of
this sideforce may be expressed as:

Yg, =-a, B-o0)ay s eq 5.1
Where:
ay = lift curve slope of the vertical tail, a vertic¢ail design parameter.
B = airplane sideslip angle.
o = sidewash angle, a measure of the change ictidineof the relative wind

in the XY plane due to interference from airplanenponents, best
determined from wind tunnel studies.
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Ay = dynamic pressure at vertical tail in pounds perasg|
foot.
S = area of the vertical tail in square feet.

The sign of the sideforce created by the vertical taihégativesince the sign
convention utilized in this manual is that forcesirag out the right wing of the airplane are
positive. Thus, since positive sideslip generatgtical tail sideforces acting to the left,
YBVcarries a negative sign. Similarly, the nondimenal derivative form, g:BV , also

carries a negative sign and may be expressedlaw$ol

B dogl S,
Where:
ny = vertical tail efficiency factor%" , Where q is free stream dynamic
pressure.
Sy = area of the wing in square feet.

5.2.1.2.2 Sideforce Due to Roll Ra\{?, or Cy
p

A sideforce is developed at the vertical tail whesrghe airplane is rolling. As the
airplane rolls, every point on the vertical tail that is not on the rolling axis is subjected to a
side velocity. This side velocity createssideslip at the vertical tail, even though the
airplane may have zero sideslip (Figure 5.5). Thistribution, called sideforce due to roll
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rate, Yy, is generally small unless the airplane has a hegl vertical tail. It carries a

negative sign, since a positive (right) roll rate, creates sideforce acting to the [eft.
Similarly, the nondimensional derivative formpr also carries a negative sign.

Free Stream T T
Relative Wind = | Relative Wind at

By /<1 Vertical Tail
4\‘ |

Side Velocity Generated by

Airplane Rolling - to the Right
in this Example

Sideforce Due to<
Roll Rate, \@

Figure 5.5
Generation of Sideforce by the Vertical Tail Due toRoll Rate

5.2.1.2.3 Sideforce Due to Yaw Rafg,or Cy,

Whenever the airplane exhibits a yaw rate, r, aragideforce is developed. This
sideforce, Y, is developed as a result of side velocity duth&oyaw rate (Figure 5.6).
The sideforce due to yaw rate is generally faimaBl. The vertical tail and other surfaces
aft of the CG develop a positivg ¥r C,, ; areas forward of the CG develop a negatiye Y

or Cy . The vertical tail contribution is generally derant, therefore, Yand G, usually

carry a positive sign.

1 This is the “right hand rule” convention. If thigght hand is placed along the airplane axis under
consideration such that the thumb points in thetpesdirection, the fingers of the hand will cuml the
positive rotational direction. Positive axis ditieas are defined as (from the airplane CG) towhedright

wing, forward, and down.
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- Free Stream
1\ By = Relative Wind

Side Velocity |
Generated by | Relative Wind at
Yaw Rate, r Airplane Yawing | Vertical Tail

- to the Rightin

ﬁ this Case/J—>

Sideforce Due
To Yaw Rate, ¥

Sideforce Due
to Yaw Rate, Y

Figure 5.6
Generation of Sideforce Due to Yaw Rate

5.2.1.2.4 Sideforce Due to Rudder Deflection,

Yér or CY6r

A deflection of the rudder control surface makeswértical tail-rudder combination
a cambered airfoil. This generates a sideforceftioe vertical tail (Figure 5.7). The

magnitude of this sideforce,ay, may be expressed as follows:

Where:

rate of change of effective tail sideslip angle with rudder deflection,

sometimes Written% . It is a function of the ratio of the area of the
r

rudder to the area of the entire vertical tail; tfoe all-moveable vertical
tail, T, = 1.0.

rudder surface deflection.
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The sideforce due to rudder deflection carriessatipe sign, since trailing edge left
rudder deflection, considered positive rudder deflection, generates a sideforce acting
toward the right.  Similarly, the nondimensionatidative form, G, , also carries a

r

positive sign and may be expressed as follows:

_ Sy

wn
=

Relative Wind

\J

\\:l

|
/ O [

Figure 5.7
Generation of Sideforce Due to Rudder Deflection

5.2.1.2.5 Sideforce Due to Gravity, W giror C|_(p

Whenever the airplane is banked, there is a gitamital component of sideforce.
The magnitude of this sideforce is dependent omtagnitudes of the bank angle and the
weight vector of the airplane. It is the projentf the weight vector on the Y axis of the
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airplane (Figure 5.8) and may be expressed as Wpsiar mg sing .1 In
nondimensional form for "small" bank angles, it nadso be expressed as_(pC Since the

gravitational component of sideforce acts throdghdirplane CG, it generates no rolling or
yawing moments.

W or mg

Figure 5.8
Gravitational Component of Sideforce Due to Bank Amgle

5.2.1.2.6 Sideforce Due to Lateral Control Deflattio
Y5a or CY6a

If the lateral control devices are located clos®mard on the wings, their deflection
may disturb the airflow around the fuselage enough to generate a sideforce. In supersonic
flight, shock wave formation due to lateral contieflection may cause a similar effect.
This sideforce is generally very small and, thenefcs usually neglected.

1 Where W is the weight of the airplane, m is thesspandyp is the bank angle.
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5.2.1.3 LATERAL-DIRECTIONAL STABILITY DERIVATIVES -
ROLLING MOMENTS AND LATERAL STABILITY DERIVATIVES

5.2.1.3.1 Rolling Moment Due to Sideslip, Dihedrté&&t
LB or CEB

Whenever a sideslip angle is imposed on the aigplaniing moments are generally
developed as a direct result of the sideslip. Tollsng moment due to sideslip is called
dihedraleffect Dihedral effect is generally referred to as begiositive if the airplane tends
to roll in a direction opposite to the imposed slge However, the sign of the moment,
L g or nondimensional derivativé:gﬁ, is negative for "positive" dihedral effect singe

positive (right) sideslip angle would result in egative (left) rolling moment. Dihedral
effect is mainly influenced by geometric wing dingld wing sweep, wing placement on
the fuselage, and vertical tail height, as welpawer for propeller-driven airplanes, and
flap deflection if the flap hinge line is sweptf the airplane exhibits a positive wing
dihedral anglel” (tip chord above the root chord), the airplan&seto roll away from any
sideslip which is developed because the forwardyvsnsubjected to a higher effective
angle of attack than the trailing wing (Figure 5.9hus, positive geometric wing dihedral
contributes to positive dihedral effect.

Wing sweepback tends to contribute to positive dibkeffect since the forward
wing's effectivesweep angle is reduced and the trailing wiredfectivesweep angle is
increased (Figure 5.10). Neglecting compressybdftects and assuming that the airplane
is not operating close to its stall angle of attdhk lift coefficient on the forward wing is
thus increased and the lift coefficient on thelitmgiwing is decreasel. Therefore, wing
sweepback contributes to positive dihedral effect. Additionally, dihedral effect of the
airplane with swept wings is directly related fbdioefficient (Figure 5.11) Airplanes with
sweepback will exhibit increasing positive dihedrtiect with increasing lift coefficient;
these airplanes may tend to have excessive poditieglral at low airspeeds.

1 See Figure 2.3, Page 2.6 of the “STALLS” section.
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Rolling Moment | Lo

Left Sideslip Angle
Zero Bank Angle

View Looking Directly Along
Relative Wind Vectors , Relative Wind

Higher Effective Angle of /A\B,,
Attack on Left Wing

Top View

Figure 5.9
Rolling Moment Generated by Sideslip and Geometri®ihedral

\
v B Relative Wind
Vectors
Right Wing

Effective Sweep Angle

Left Wing is Increased
Effective Sweep Angle C, is Increased

is Increased v

C, is Reduced

Rolling Moment
No Compressibility Effects
a <a gtall

Figure 5.10
Rolling Moment Generated by Sideslip and Wing Sweep
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-.0002]_ Sweep Forwar ~
~
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0 \ \ |
0.5 1.0 15
Lift Coefficient
CL
Figure 5.11

Typical Variation of Dihedral Effect with Lift Coef ficient

Interference effects between the wing, fuselage, and vertical tail influence the
airplane dihedral effect; however, the influencbaghersome and difficult to analyze. In
general, a high wing placement on the fuselagestemthcrease dihedral effect, a mid wing
design has negligible influence, and a low wingigiesends to decrease dihedral effect

(Figure 5.12).

‘%7 ———» EquivalentTo —— » gy

——» EquivalentTo ———» %
‘U—'
E ) —————» EquivalentTo —— » *

\ [—

Figure 5.12
General Relationships Between Wing Placement and Edctive Dihedral

The vertical tail can contribute to the dihedral effect if it is located abthe
airplane's center of gravity. This contributiorgiste easily computed from the sideforce
created by the vertical tail when sideslip is imguben the airplane (Figure 5.13). Since
positive sideslip generates a rolling moment frown tertical tail which tends to roll the
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airplane in the direction opposite to the sidedlg, vertical tail contributes to positive
dihedral effect. The magnitude of this rolling memh contribution may be presented as
follows in nondimensional derivative form:

do[] S, Z
Cp. = —a %— — = =V 5.5
7y v B0 Ny S, b eq
Where:
Z, = \Vertical distance between center of pressure of the vertical tail and
airplane center of gravity in feet.
b = airplane wing span in feet. (b appearsiomentrelationships in order

to nondimensionalize the moment derivatives).

Rolling Moment, L, = -Y\Z,
»/\

Yy < T | Center of Pressure of

e
Sideforce Developed
z, ? . Airplane CG
\ —

e
Z, = Distance of Vertical Tail CP Above

Airplane CG
Sideslip from Right (Positive)

Figure 5.13
Influence of Vertical Tail on Dihedral Effect

The influence of power on dihedral effect is apparent only if the airplane is
equipped with one or more reciprocating or turboprop engines. This influence arises
because of the displacement of the propeller slipstream in a sideslip, resulting in one wing
being immersed in the slipstream to a greater éxttem the other (Figure 5.14). This
tends to cause the airplane to roll in a directmmard the sideslip; thus powésndsto
cause negative dihedral effect in propeller driggplanes. This power influence is largest
in full-power, low-airspeed flight conditions whettee ratio of slipstream velocity to free

5 .XXXix



FIXED WING STABILITY AND CONTROL
Theory and Flight Test Techniques
steam velocity is the greatest. The "destabilizinffuence of power on dihedral effect
may be extremely pronounced with inboard flapsredee, since the flap on one wing will

be immersed in the slipstream more than the flajhermther wing. If the flap hinge line is
swept forward, the contribution toward negativeedital effect is increased (Figure 5.14).

Relative Wind
Y“jf

Power Effect and Flap
@ Deflection

Figure 5.14
Possible Influence of Power and Flap Deflection obihedral Effect

5.2.1.3.2 Rolling Moment Due to Yaw Rdte,or C,,

A rolling moment is generated if the airplane isvirag; this is the "roll due to yaw
rate,” Ly, or in nondimensional derivative forrg,, . This rolling moment is composed

of contributions from the vertical tail and the wing. When the aigpl& yawing, a
sideforce is developed by the vertical tail (seguFé 5.6). A positive (right) yaw rate, r,
generates a positive (right) rolling moment conitiin from the vertical tail. The left wing

of an airplane yawing to the right advances into the air slightly more rapidly than the right
wing. As a result, the left wing develops slighthore lift, which generates a rolling
moment to the right. This rolling moment is pragaral to lift coefficient, G , and the
magnitude of this contribution increases with decreasing speed. A positive yaw rate
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generates a positive rolling moment contributiamfrthe wing. Thus, both the vertical tail
and wing contribute positively to the rolling moneiue to yaw rate. Therefore,, land

C,, carry positive signs.

5.2.1.3.3 Rolling Moment Due to Rudder Deflectiog,
or Cgar

A deflection of the rudder produces a sideforcslaswnn earlier in Figure 5.7.
This sideforce generates a rolling moment which begxpressed as follows:

Ls =Yy Zy eq 5.6

eq 5.7

As shown in Figure 5.15, a positive rudder deflection generates a positive rolling moment,
therefore, |.5r andC,, carry positive signs. If the airplane has a vwgh vertical tail,
r

this derivative can be substantial.

Trailing Edge Left
Rudder Deflection
» Y6I’

\

— 7 —

.

Rolling Moment, L5, = Y5 2,

Figure 5.15
Rolling Moment Generated by Rudder Deflection
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5.2.1.3.4 Rolling Moment Due to Lateral Control
Deflection,L 5, OF Cféa

From the previous discussion, it can be arguedtti@pilot can maintain control
over bank angle by use of simple rudder controbwkver, this method is not practical
because of the lack of precision of control andnany instances, lack of any bank angle
control at all by use of the rudder. Therefore, the majeans of controlling rolling
moments and bank angle is through the use of laterdrol devices - ailerons or spoilers
or a combination of the two. The ailerons on eaity deflect asymmetrically, thereby so
altering the spanwise load distribution that amglimoment is created (Figure 5.16). Wing
spoilers act in a similar manner.

‘ T ‘ T ‘ No Lateral Control Input
A Right Lateral Control Input
Left Aileron - Trailing Edge Down
3 Right Aileron - Trailing Edge Up
3a
Top View
Figure 5.16

Generation of Rolling Moment from Aileron Deflection

The magnitude of the rolling moment due to aileron deflectiqg,, br the lateral control
power coefficientC,, , may be evaluated by the strip integration mettiogure 5.17)
a

and expressed as follows:

Y2
Ls, = —2ay Ta an'yl cydy eq 5.8
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Cgéa = % I;/lzcydy eq5.9
Where:
T, = rate of change of effective wing angle of attautk aileron deflection.
0, = aileron deflection, right wing trailing edge dowonsidered positive.
c = wing local chord.
Na = aileron efficiency factor%al where q is freestream dynamic pressure.

«———— b/ 2—>|

«——————— Y | dy

Y1 Y2

Figure 5.17
Strip Integration for Léa and CL5
o

The sign convention used here is such that right wing trailing edge down aileron is
considered positive aileron deflection, and this aileron deflection generates a rolling
moment in the negative (left) directionéall_andcfES normally carry negative signs.

a
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5.2.1.3.5 Rolling Moment Due to Roll Rate, Roll
Damping,L , or Cgp

As the airplane rolls, a modified wing lift distributiowill be created that is a
function of the rolling velocity, p. On the downgg wing, the effective angle of attack is
increased, on the upgoing wing, the effective anflattack is decreased. The resultant
changes in lift distribution generate a rolling moment,, Lwhich opposes the rolling

moment due to aileron deflection,aéll_(Figure 5.18). Inrolling maneuvers, it is this
opposing rolling moment, }, which determines the final steady state roll fatea given
aileron deflection. Therefore, |- and the nondimensional derivative forltﬁ,gp are

commonly referred to as "roll damping" or "dampingoll”. It can readily be seen that
roll damping depends almost exclusively on wingigleparameters such as lift curve
slope and wing span, however, a high verticaldai have some contribution. Since roll
damping usually acts to oppose the rolling momentkegated by lateral control deflection,
Lp anngp generally carry negative signs. If the airplaméying at low airspeeds near

stall, an increased angle of attack on the dowmgaimg may stall that wing. This causes
C I to become positive and the wing will "autorotatetiless corrective action is taken by

the pilot.

1 Uncontrolled rolling motion, as in a spin.
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Lp
B Change in Lift Due to Roll Rate
/i\ 1 ’\
I
\i«—Y—» ]
v ‘) V = Airspeed
PY = Local Velocity Vector at
Vv = Individual Section Imposed
Aa ‘ PY by Roll Rate
Aa = Change in Angle of Attack
Effective Relative Wind at Individual Sections

Ao =R (for Small Angles)

Figure 5.18
Generation of Roll Damping

5.2.1.4 LATERAL-DIRECTIONAL STABILITY DERIVATIVES -
YAWING MOMENTS AND DIRECTIONAL STABILITY
DERIVATIVES.

5.2.1.4.1 Yawing Moment Due to Sideslip, Directiona
Stability, Ng or C”B

Whenever a sideslip angle is imposed on the airplaj@ying momentsare
generally developed as a result of the sidesliphd yawing moments tend to reduce the
imposed sideslip angle, the airplane exhithitsctionalstability or "weathercock stability".
The strength of this directional stability is orfelee most important characteristics of the
airplane. The main contributions to this charastercome from the fuselage, nacelles,
and the vertical tail. The wing contribution isua#ly negligible since a sideslip angle
creates only very small sideforces on the wingweleer, the contributions of the fuselage
and nacelles to the yawing moment due to sidesfiusually significant andnstable The
vertical tail must be designed to offset the destabilizing fageinacelle contribution and
provide some level ddirectionalstability for the airplane. The contribution of the vertica

5.xlv



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

tail to the yawing moment due to sideslip is usua#lry powerful and is generated as a
result of the sideforce created by the verticd(FEagure 5.19). This contribution d\\l/ may

be expressed as:

_ 3 do
NBV = —YBV L, = ay %‘ ?BDQVS,EV eq 5.10
or in nondimensional derivative form:
ly % do S W
= - — = - — — — A1
CnBV Cyp,v b a'V dBD r]V SN b eq5
Where:
ly = horizontal distance between center of pressutieeofertical tail and the

airplane center of gravity in feet.

o
| B Relative Wind

Relative
Wind

Center of Pressure
of Sideforce Develop

Yy

-

Figure 5.19
Contribution of the Vertical Tail to Directional St ability
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The airplane’s total yawing moment due to sideslipgdirectional stability, is the
sum of the contributions from the wing, fuselagagalles, and vertical tail:

= +
C”B C”BW, N CnBV eq5.12

If C”B is positive, i.e., positive sideslip generatgmaitive yawing moment, the

airplane is directionally stable. Obviouslyg fdnd (;]B normally carry positive signs.

The running propeller can have large effects orati@ane directional stability. A
sideforce is generated as a result of the airflagsmg through the propeller disc at a
sideslip angle. This effect is sometimes called"fhropeller fin effect.” From a study of
Figure 5.20, it may be rationalized that the effettpropeller operation on directional
stability depends on the location of the propeNéh respect to the airplane CG. If the
propeller is positioned ahead of the CG, propeafézcts aredestabilizing The influence
of jet engine operation on directional stabilitghe same.

</ Relative Wind

1 B

Yawing

Moment
N / |

v N =Y

1

o))

L i6cc

Figure 5.20
Propeller Power Influence on Directional Stability
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5.2.1.4.2 Yawing Moment Due to Yaw Rate Damping,
Nyor Cp,

The sideforces created when the airplane is yaabayt its CG with some yaw
rate, r, generate yawing moments which generafig te oppose the motion. This "yaw
rate damping” or "damping in yaw" derives mosttefmagnitude from the vertical tail.
The vertical tail is subjected to a sideslip andlg, due to yaw rate even if the airplane

sideslip angle is zeto (see Figure 5.6). The resultant sideforce generates a yawing
moment, N, which opposes the yawing motion (Figud). The magnitude of the yaw
rate damping contribution from the vertical tailyrze expressed as follows:

/.2

"

or in nondimensional derivative form:

_ 0C, _ Sv 2
2V
Where:
25% is called the "nondimensional yaw rate"
V = true airspeed

(Note that vertical tail "arm length/',, has a powerful influence on the magnitude of the

yaw rate damping.)

Yaw rate damping is increased through a wing contribution particularly at high lift
coefficients. This contribution arises because"thaer" wing is traveling forward at a
slightly higher airspeed than the wing to the iesid the turn. The outer wing therefore
develops more profile and induced drag, which gatesran additional yawing moment
opposing the yaw rate.

1 This situation is approached in a perfectly cauatid turn.
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Yaw Rate

N
/)

G___

Figure 5.21
Generation of Yaw Rate Damping from the Vertical Tal

Yaw rate damping, N or G, , normally are negative quantities since theircacti
is in opposition to the established yaw rate.

5.2.1.4.3 Yawing Moment Due to Rudder Deflection,
Ng, or C”ér

The sideforce generated at the vertical tail due to rudder deflection produces a
yawing moment about the airplane CG (Figure 5.22). agnitude of this yawing
moment is a measure of the rudder effectivene8sidder control power". The yawing
moment due to rudder deflection may be stated as:

or in nondimensional coefficient form:

Cn6r = -a, Ty Ny -% % eq 5.16
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Nes, and Cﬁar normally are negative quantities since a positive (trailing edge left)

rudder deflection generates a negative yawing mamen

Airplane CG

'e;{—

A
|
|
|
T
|
|
|

N

3y :_Yasrév

Figure 5.22
Yawing Moment Due to Rudder Deflection-Rudder Power

5.2.1.4.4 Yawing Moment Due to Lateral Control
Deflection,N5_or Cn6a

The lateral control surfaces - ailerons and/or lgp®i- usually generate yawing
moments when deflected. If the yawing momentsteteact so as to rotate the nose of the
airplane opposite to the direction of roll, the yagvmoment is termed "adverse." If the
yawing moments act so as to rotate the nose isahee direction as the roll, the yawing
moment is termed "proverse.” (These terms doindhemselves, devote unfavorable or
favorable flying qualities. In some cases, adve®se& contributes more to good flying
gualities than proverse yaw!) For airplanes egedpwith ailerons, the yawing moments
created with aileron deflection are usuativerse This is due to an increase in drag due to
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the increase in lift on the wing with the ailer@ailing edge down and vice versa (Figure

5.23). The yawing moment due to aileron deflecti&l@a or, in nondimensional derivative
form, Cnsa, will be positiveif the yawing moment is adverse. (Right ailenailing edge

down is positive left roll is generated; if yawing moment &lverse a right (ositive
yawing moment results.)

L@‘l @ '

| —
Left Aileron Right Aileron Reduced
Trailing Edge Down Trailing Edge Up Increased_p— Iljnrdauced
Increased Lift Reduced Lift Induced 9
Increased Induced Reduced Induced Drag
Drag Drag
Figure 5.23

Generation of Adverse Aileron Yawing Moment

For airplanes equipped wigipoilertype lateral control devices, the yawing moment
due to lateral control deflections may peoverseor adverse This is because spoilers
generate changesimofile drag as well amduceddrag. If the changes due poofile drag
are predominant, the yawing moments due to spagection argroverseif changes due
to induceddragpredominate, the yawing moments are adverse (Figure 5.24). Therefore, at
high airspeeds, spoilers tend to generate proyeegmtive) yawing moments, while at low
airspeeds, spoilers tend to generate adverseiy@ysiawing moments.

For airplanes equipped with differential horizontal stabilizers, the yawing
movements due to lateral control deflections areallg proverse. This is because the
intensified pressure field generated above thalstabon the downgoing side is also felt
by the vertical tail.
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Proverse if Profile Drag
Effect is Predominant

N X AD;

da

T /\

T
e T
¢

ADy

Left Spoiler Right Spoiler Up
Faired Reduced Lift
Reduced Induced Drag
Increased Profile Drag

NP

N5,

Adverse if Induced Drag
Effect is Predominant

Figure 5.24
Yawing Moments Generated by Spoiler Deflection

5.2.1.4.5 Yawing Moment Due to Rolling Velocity,
Np or Cnp

Yawing moments are also generated by rolling vé&jocThe main contributing
factor to this yawing moment, N or in nondimensional derivative form, n|(o: is the

wing, although large span horizontal and vertiadktcan have appreciable effects. The
wing contribution is due to the changes in effectngles of attack on the downgoing and
upgoing wing during rolling (see Figure 5.18). $hehanges result in tilting of the lift
and drag vectors on the respective wings (along ehtanges in the magnitudes as well).
As shown in Figure 5.25, the modifications to tifieMectors generally are predominant,
resulting in a yawing moment which tends to yawdhplane opposite to the direction of
roll. The influence of théaorizontaltail would be the same. The sideforces generated at
the vertical tail due to roll rate (see Figure 5.5) would resulaipawing moment which
tends to yaw the airplane in the direction of ralhich is exactly opposite to the wing
effect. The total yawing moment due to roll raedghe sum of the contributions of the
wing, horizontal tail, and vertical tail. Since the wing contribution is normally

predominant, N and C}]p are normally negative quantities, since a rigbsigpve) roll rate

would result in a left (negative) yawing moment tlu¢he roll rate.

5.lii



LONGITUDINAL FLYING QUALITIES

The influence of the yawing moment due to roll rate is frequently incorrectly
included in the effects of aileron adverse or preggyaw, G, . This is due to the fact
a

that, in a rolling maneuver, the yawing momentsegated are a result of bothnécg and

Cnp. It is never possible to completely separateweduring flight test investigations.

The test pilot and engineer should be careful ®amrect technical terminology when
describing the phenomenon observed during fligtiste

Left Wing Np Right Wing
Section 5\ Section
ALy
Effective 0 t ALy

Relative Wind ALy %— y—‘_) D
M /L Bln éoj: L \5‘ °

Airplane Rolling Right

Effective
Relative Wind

Figure 5.25
Wing Contribution to Yawing Moment Due to Roll Rate

A tabular presentation of the lateral-directiortabdity derivatives is presented in
Figure 5.26.
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Non-
Dimensional
Derivative | Norma Prime
Force or Moment| Symbo Form | Signs Contributing Remarks
Factors
Contributes to Positive
Sideforce Due to Vertical Tall, Dihedral Effect, Positive
Sideslip Yg c),B - Fuselage Directional Stability
Contributes to Roll
Sideforce Due to Damping, Yawing
Roll Rate Yo c;yp - Vertical Tall Moment Due to Roll Rat¢
Sideforce Due to Contributes to Roll Due
Yaw Rate Y, Gy, + Vertical Tall to Yaw Rate, Yaw Rate
Damping
Vertical Tail- Contributes to Roll Due
Sideforce Due to Rudder to Rudder, Rudder Contrgl
Rudder Deflection Ys, Cy, + Combination Power
Sideforce Due to Generates No Rolling or
Gravity W sing CLo + Whole Airplane Yawing Moments
Sideforce Due to
Lateral Control Ys, Cys None | Aileron, Spoiler
Deflection i Location Usually Neglected
Wing Design,
Although a High | “Positive” Dihedral Effect
Rolling Moment Vertical Tail and | Corresponds to a Negatije
Due to Sideslip- Lg C/ Power (Recip) Stability Derivative
Dihedral Effect P - Can Influence
Magnitude of Wing
Rolling Moment Wing, Vertical Contribution Increases
Due to Yaw Rate L, Cs, + Tail with Decreasing Airspeed
Rolling Moment Vertical Tail- Of Significant Magnitude
Due to Rudder Rudder if Airplane has a High
Deflection Ls, Cr, + Combination Vertical Tail
r
Rolling Moment
Due to Lateral
Control Deflection,
Lateral Control
Power Ls C, - Aileron, Spoiler
a N
Rolling Moment Ls, and L Determine
Due to Roll Rate- Wing, Although a| {he steady State Roll Rafe
Roll Damping Lp C, . - High Vertical Tail | t5r a Given Lateral
Can Influence Control Deflection
Figure 5.26

Lateral-Directional Stability Derivatives Summary
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Vertical Tail Must be

Yawing Moment Designed to Offset
Due Sideslip- Destabilizing Influence
Directional Ng Cn + Vertical Tail, of Fuselage-Nacelle
Stability P Fuselage, Nacelle§ Combination
Vertical Tall,
Yawing Moment Although the Wing| Wing Contribution is
Due to Yaw Rate- Has Some Largest at High Angles
Yaw Rate Damping N, Cn, - Influence of Attack
Yawing Moment
Due to Rudder Vertical Tail-
Deflection-Rudder Rudder
Control Power Ns, Cn, - Combination
Yawing Moment
Due to Lateral Ailerons Generally
Control Deflection- Produce Adverse Yaw.
Adverse or Proverse Lateral Control Spoilers May Generate
Yaw N C + Device Design Adverse or Proverse
% ns - Yaw
a .
Wing, Although a
Yawing Moment High Vertical Tail | Sometimes Incorrectly
Due to Rate of Can Have Some | Included in Aileron
Roll Np Cnp - Influence edverse or Proverse
aw.
Figure 5.26

Lateral-Directional Stability Derivatives Summary (Cont’d)

5.2.1.5 STEADY HEADING SIDESLIPS

The steady heading sideslip is a common maneovai pilots. It is sometimes
utilized to maintain airplane heading equal to ragweading during crosswind landings,
or to increase drag and steepen the glide patigl &irplanes. However, the primary
reason for studying steady heading sideslips igandetermine the feasibility of utilizing
the maneuver in normal operations, although thisrd@nation is obviously a by-product
of the study. The steady heading slideslip reguihe pilot to balance the forces and
moments generated on the airplane by the sided#lipappropriate lateral and directional
control inputs and bank angle. Since these cofdroés and positions and bank angles are
at least indicative of the sign (if not the magday of the generated forces and moments
(and therefore of the associated stability derivative), the steady heading sideslip is a
convenient flight test technique.
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The equilibrium equation for the steady headingsligh will not be presented in
terms of the stability derivatives. Since the djelaeading sideslip results in zero yaw rate

and zero roll rate, all force and moment coefficients due to yaw rate or roll rate are

eliminated from the equations. Also, the sidefafae to aileron deflection, \¢ , will be
a

neglected, since it is usually very small. Thhg, $teady heading sideslip equations for
sideforce, yawing moment, and rolling moment mawhb#en as follows:

SIDEFORCE Cyo * Cyg B+ Cyy 8 +CL ¢ =0 eq5.17
YAWING MOMENT Cro * Cng B+ Cny & + Cpy 83 =0 eq5.18
ROLLING MOMENT Cry + Cryg B+ Cyy 8 +Cpy 8y =0 eq5.19
Where:

Cyo+ Cny» andC,, are sideforce yawing moment, and rolling momentdéves

when rudder deflection, aileron deflection, banglanand sideslip angle are zero
and areconstants These constants could result from asymmetrid¢igorations,
loadings, etc.

The variables in the steady sideslip equations can only be bank angle, rudder

position, aileron position, and sideslip angle, By differentiating the lasatemn with
respect to sideslip angle, the constants can berelted and useful relationships for the
variation of rudder position, aileron position, amahk angle with sideslip angle in steady
heading flight can be developed. Differentiatiaeigs:

ds dp _
SIDEFORCE Cyy + Cy;, a+CL P =0 eq 5.20
YAWING MOMENT c. +c. B B _ g 5.21
g+ Cns, @+ Cns, @ " eq 5.
ROLLING MOMENT c, +C,. ¥, Ha_g
IR N °q5.22
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Solving the last three equations for the variab\g%, dd—%‘ , and g—g yields the

following important classical relationshipsvhich will be analyzed in turn:

_ S g Cm, Sp O
d6I’ N3y U /‘5a anB 0
— = C C eq 5.23
dp - Se Ca [f
- <. ¢, 4o
O féa n‘sr ]
S N I T
do, c&sa 0 cnar % O
c C eq 5.24
dB H N3, €5r U
- <. G 4d
0 é5a ”Br O
dp _ 1 dd,
@B T {Cyﬁ + Cy5r d_B} eq5.25

5.2.1.5.1 Rudder Position Required in Sideslip

The variation of rudder position with sideslip Engeduces to the following simple
relationship if q‘éa IS zero:

C
oy _ _
B t’nTr eq 5.26

Thus, a positive variation of rudder position waildeslip angle indicategositive

directionalstability since G,, is invariably a negative quantity. Obviousl%% yields
r
absolutely no information as to the magnitude of the directional stabih[y, ihless the

magnitude of the derivative,rg:r , Is known.

T Several mathematical manipulations have been omitted.
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Even if G, is not zero, the gradiel%% still has a major influence on the pilot's
a
opinion of lateral-directional flying qualities.h& denominator:
EJL T c—E 5.27
- eq 5.
[ ¢ L
can usually be considered to be one and can beatedlin analysis.

However, the numerator:

1- == i eq 5.28
34 F”B 4~

can have a significant influence on the ruddertos required in sideslips. For example,
a swept wing airplane in approach configuration ¢eve a ratio of dihedral effect to

[Cyp C
directional stability BC%E as high as three. If these airplanes exhibitiBaant aileron
B

adverse yaw, %a, in this flight condition, the gradier%% may be reduced drastically

even though directional stability,ng, may still be strong. Thus, adverse aileron yad a

high dihedral effect can combine to reduce sigaifity the pilot's opinion of the directional
"stiffness” of the airplane.

Obviously, some level of positive rudder position variation with sideslip angle
(Figure 5.27) is required in any airplane. Thigat#on is sometimes referred to aglder
positiondirectionalstability or directionalstability, rudder-fixed
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Rudded P sition;(‘}I

TEL, +

Left, - Right, +
Sideslip Anglef3

Figure 5.27
Rudder Position Required in Steady Heading Sideslip

5.2.1.5.2 Rudder Forces Required in Sideslips

Of great importance to the pilot is the variatidmudder pedal forces required in

steady heading sideslips. Rudder forces are gerkby the requirement for the pilot to
move the rudder to the position for equilibrium. If the directional control system is

irreversible rudder forces are merely a functiorrediderposition i.e.:

F K109, (linear feel spring syster eq 5.29

or:

F K-0Ad, ("q — feel" system eq 5.30

Where:
K, and Ky are constants describing the characteristicseo$ystem, such as

strength of the feel spring, gearing ratio, etc.

However, if the directional control systenréversible the rudder is free to float in
response to hinge moments developed. This flod¢indency can have a large influence
on the directional stability of the airplane. Hetrudder floats so as to align itself with the

relative wind at the vertical tail, the restoringmment generated at the vertical taiInBC
\
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(and therefore {;‘B), will be decreased (Figure 5.28). Converselyh# rudder floats
opposite to the relative Wind,ng: will be increased. The floating angle of the reddan

be expressed analytically as follows:

Chg
- _ \
Ortioar = T Top, PV °q5.31
Where:
ChB = rudder hinge moment coefficient variation withesilip angle at zero
\%
deflection, normally carries a positive sign.
Chy = rudder hinge moment coefficient variation withded deflection at zero
r

sideslip angle, and carries a negative sign.

- P
| Cn|3Float < Cr'|3No Float

Relative
Wind

C
YYNo Float

Figure 5.28
The Vertical Tail Contribution to Cnﬁ May be Reduced by Rudder Float
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Since the pilot must apply rudder forces to moeertidder from its float position
to the position for equilibrium, the analytical expression for rudder forces in the reversible
system is as follows:

R = —KCh ST {6rEquilibrium B 6fF|oat} €q5.32
Where:
K = a constant describing the characteristics efsiystem, radians per foot.
Qy = dynamic pressure at vertical tail, pounds peasg|foot.
S = area of the rudder, square feet.
[ = average rudder chord, feet.

The variation of rudder forces with sideslip angle is obtained by differentiating the
last equation with respect to sideslip:

dFr — = 6r d6r Float
B " -K Ché,— dySCr % B eqg 5.33
Now since:
C
o, _ g . . _ . -
ol t’ﬂTr (if the assumption %a = O is valid) eq 5.34
and
C
dOrpipat _ hg, ( _ do)
B - o, 1 @B eq 5.35
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the gradient of rudder forces with sideslip angletiie reversible system may be expressed
as :

dR Chs, g Cns, Chp, (1 B do) 0q5.36

@w® - Ke— ST 51' CnB + o, aB

n5r

I

The expression enclosed in braces in the abovdiequs sometimes referred to as
"directionalstability,rudder-freé'’ The destabilizing or stabilizing (dependingtbe sign
of ChB ) influence of rudder float is represented by tkygression:

\

Cn Ch
o v (1— d") eq 5.37

h5r d

Obviously, the pilot always desires some positikadgent of rudder pedal force
with sideslip angle (Figure 5.29). If the gradienshallow or zero through zero sideslip,
the pilot experiences difficulty in maintaining mesideslip during maneuvering. If the
gradient is high, the airplane feels "stiff" directionally to the pilot and he is generally quite
satisfied from this point of view.

T Several mathematical manipulations have been omitted.

7 Left rudder pedal force is considered positiver & positive rudder force gradient, left ruddedaidorces
are required with right sideslip angles, and viessa.
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Figure 5.29
Rudder Forces Required in Steady Heading Sideslips

5.2.1.5.3 Rudder Lock

If the directional control system is reversibleg fhilot may be confronted with
nonlinearities in rudder pedal forces at high didesgles even though the rudder position
variation is linear. This situation, depicted iigtre 5.30, is due to an increase in rudder
float angle at large sideslip angles because of changes in rudder hinge moment
characteristics. If the float angle equals thederdangle required for equilibrium, the
rudder forces required will be zero. Any increassideslip beyond this point results in
the rudder floating all the way to the stops unkdespilot applies opposite rudder force.
This situation, called "rudder lock," is obviouslysatisfactory if it is encountered in a
flight condition representative of an operational situation. Rudder lock may also be
generated by nonlinearities in the rudder position gradient with sideslip angle, i.e., a
directional stability problem. This situation, detpd in Figure 5.31, results in the same
rudder pedal force variation with sideslip anglé tan be differentiated from the "float-
induced rudder lock™ because the rudder positiadignt is nonlinear.
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Rudder Required

L%I for Equilibrium
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Figure 5.30

"Rudder Lock" Generated by

Float Characteristics
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Figure 5.31
"Rudder Lock" Generated by Directional Stability Problem

5.2.1.5.4 Aileron Position Required for Sideslips

The relationship for aileron position for equiliton in steady heading sideslips is
rewritten for convenience:

B I e P 1
oy _ ‘52 [ N3y g [ eq 5.38
d H B C”éa Cfér ] ’
5 T, CTn E
a r
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If roll due to rudder deflectionC,, , is zero, the above relationship reduces to the
r

following simple form:

C
dd, _ ‘g
@B - % eq 5.39

Thus, a variation of aileron position with sidesdipgle such thafjgls—é1 IS negative

indicatespositivedihedraleffect sinceC,, is invariably a negative quantity. Obviously,
a

dd—%‘ yields absolutely no information as to the magtetwf the dihedral effecthB,

unless the magnitude of the aileron control powy, , is known.
a

Even ifcfar is not zero, the gradier%l%a still has a major influence on the pilot's
opinion of the lateral-directional flying qualitie®\gain, the denominator:
m_rr'f[ eq 5.40

can usually be considered to be one and can be neglectaalysis. However, the
numerator:

EIL t—c%r TCHB E 5.41
- eq 5.
l N gl

can have a significant influence on the ailerontmrs required in sideslips. For example,
a swept wing aircraft with a high vertical tail in supersonic flight ta@ve a ratio of

C
directional stability to dihedral effec-le/:—B as high as two. The ratio of roll due to rudder
B

C/

£

to rudder control powers—-
n5r

is equal to the ratio of vertical tail height,, Jto vertical
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tail length (fv), which may be about one-half for a high vertieal. t Therefore, in high

speed flight, the rudder can provide a signifi@nbunt of the rolling moment required for
equilibrium in steady heading sideslips.

The steady heading sideslip test conducted undsetbonditions would yield little
useful information as to the ratio of dihedral effeo aileron control power. However, the
results of the test would still be very important from a flying qualities standpoint,
particularly in the analysis of lateral-directiomaimmability and the ease of controlling

bank angle with rudder.

The desired magnitude of aileron position variatoth sideslip angle has never
been clearly determined. Analysis of many flyinglifies investigations reveals that, in
general, pilots prefesome positive gradient such that right lateral control position is
required in right sideslifs and vice versa (Figure 5.32). However, if thadient istoo
steep, lateral-directional flying qualities maydegraded also. This variation is sometimes
calledcontrol-fixeddihedraleffect or dihedraleffect(aileronposition)

5 »g‘.“
= Sy, _
B A
S
[
[
<
+ +—
- z
=
= x

Sideslip Angle3

Figure 5.32
Aileron Position Required in Sideslips

8 This results indd—%a being a negative quantity since right (positivieleslip would require right aileron

trailing edge up (negative) deflection.
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5.2.1.5.5 Aileron Forces Required in Sideslips

Aileron forces in the steady heading sideslip aeegated by the requirement for
the pilot to move the aileron to the position regdifor equilibrium. If the lateral control
system isirreversible aileron control forces are merely a function itér@an position |f
the lateral control system igversible the aileron is free to float in response to hinge
moments developed. However, aileron float is gahevery smallduring steady heading
sideslips. In some cases, aileron float has bbearged in airplanes with higfeometric
dihedra? such that a positive gradient of aileron posii®exhibited with a flat, or zero,
gradient of aileron control force with sidesliporfe positive gradientof aileron control
force with sideslip angle is desired such thattrigteral control forces are required in right

sideslips, and vice versa. This result%%‘r being anegativequantity (Figure 5.33). The

variation of lateral control forces with sideslipghe is sometimes referred to @mntrol-free
dihedraleffector dihedraleffect (aileronforce) Lateral control forces will be discussed
more thoroughly in the section on Rolling Perforoan

Rudder Control Forcel,
Left\ Right, -

Right +

—
D
=

Sideslip Angle3

Figure 5.33
Lateral Control Forces Required in Steady Heading Sideslips

9Aileron float in steady sideslips appears to inseeith geometric dihedral and sweepback, although

reversible lateral control systems are seldomzetillion airplanes with high sweepback.
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5.2.1.5.6 Bank Angle Required in Sideslips

The classical relationship for bank angle variatioth sideslip angle, developed
earlier, is as follows:

— 1 dd
. s

o.lo.
IS

If yawing moments due to aileron deflectio%g, can be assumed negligible, the rudder

requirement with sideslip can be written:

C
do, ng
=L = - 4
B rnsr eq 5.43

dp _ 1 0 _ Cyér C
m = C_L %Cyﬁ _Cn5 CnBE eq 5.44
However, C;,B can be expressed as follows:
= + .
CyB CyBWing, Fuselage, Nacelles Cy[—"Vertical Tail €q 545
and CﬂB can be written:
= +
CnB CnBWing, Fuselage, Nacelles Cn|3Vertical Tall
_ _ Ly
: . . : . - Cyar .
(the b is required to nondimensionalize the vertmélength.) and=— can be written:
na,
Cyar _ Cyar — _ b 5 47
Cs,  -c, N & '
r CY5 )
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Therefore, making the above substitutions:

do 1 b EP Ly
dp C. B:VBW, F N Cva fy O7MBw, F, N Cva b

dp _ _ 1 % b E
do _ _ + b
dp T FYewen T 7 Crnen eq 5.48

The point of the last tedious derivation is to eagke the fact that if gga IS zero,
the bank angle requirement in steady heading sp#eisl dependent strictly on "tail-off"
parameters. Also, if gga IS zero,g—g is not included bylihedraleffect Even if Qéa IS

not zero, the bank angle requirement in steady heading sideslips is primarily dependent on
the sideforces and yawing moments created by viiisgjage, and nacelles. The gradient,

3—%’ , Is most often referred to as thigleforcecharacteristic It is a rather important flying

quality, since it provides a cue to the pilot deslip is developed. @% is zero, the pilot

will probably find that the airplane is easy tantrup in awings level sideslip Some
positive gradient of;—(g - right bank angle required in right sideslips amck versa - is

desirable for satisfactory lateral-directional figiqualities (Figure 5.34).

Left, -

Right, +
BanK Angle

—
0]
=l

Right +

Sideslip Angle

Figure 5.34
Sideforce Characteristics
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5.2.1.5.7 Miscellaneous Characteristics Observest@aady
Heading Sideslips

There are several other characteristics of lesgeoiitance which can be determined
from the steady heading sideslip test. The fifgshese is the indicated airspeed error
induced by sideslip. Subjecting the productiorséed source to a sideslip angle can
result in erroneous airspeed indications in th&pibc Generally, boom-mounted airspeed
sources utilized for sensitive airspeed read aetsiat as susceptible to airspeed error with
sideslip, particularly if the boom head swivelsasoto align itself with the relative wind.
Large indicated airspeed errors with sideslip angamally employed in operational usage
is obviously an undesirable, if not dangerous, abtristic. Airspeed errors may vary
with the direction of sideslip.

Pitching moments are generated by sideslip angles due to changes in airflow
characteristics and effective angles of attackeatwing and horizontal tail. Propeller-
driven airplanes commonly exhibit a nose-down pitghmoment with sideslip from one
side and a nose-up moment with sideslip from the opposite side. This is due to the
phenomenon of moving the horizontal tail in andafthe high energy propeller slipstream
when sideslips are induced. These pitching momenttongitudinal trim changes are
manifested to the pilot through the elevator deflection and longitudinal cofdrok
required to maintain airspeed constant in the steady heading sideslips. Excessive
longitudinal trim changes with sideslip angels normally utilized in operational flight
conditions would place excessive demands on pilehon and coordination.

Sideslip angle almost invariably result in increases in airplane drag @esffi
Thus, to maintain airspeed constant without chagiower setting, the pilot notes an
increase in rate of descent during sideslippirghtli This characteristic has been utilized to
increase the landing approach flight path angleght airplanes. However, excessive rate
of descent with sideslip angles normally utilizacdperational flight conditions would be
undesirable.

5.2.1.5.8 Steady Heading Sideslip Review

The forces and moments which must be balancecistéady heading sideslip are
summarized in Figure 5.35.
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Figure 5.35
Forces and Moments Balanced in Steady Heading Sidgss
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5.2.2 Dynamic Lateral-Directional Stability and Control

The previous discussion of lateral-directional gitghas been concerned only with
equilibriumflight conditions. The discussion will now be exipded to study the means by
which one equilibrium flight condition is changexanother equilibrium flight condition,
either by pilot control inputs or by external pebations. The study of dynamic lateral-
directional stability and control characteristics will require the invesbgatiof
nonequilibrium flight conditions.

The origin, characteristics, and parameters affgdhe lateral-directionahodesof
motionwill now be introduced.

5.2.2.1 ORIGIN OF THE LATERAL-DIRECTIONAL MODES OF
MOTION

Without derivation, which can be found in approfwibterature, the determinant of
the transformed lateral-directional equation of motion for "small" disturbances may be
written as shown in Figure 5.36. (Note: The ldtelieectional determinant is presented
with the assumption that the effect of lateral-clie@nal inertia cross-coupling is included in
each of the terms of the equation. This crossdooy s a result of the product of inertia in
roll and yaw, k7. The assumption that} effects are "built into" each of the stability
derivatives is deemed valid for qualitative analysis. However, the use of complete
equations, which show the influence of the produce-of-inertia on each term, is
recommended for quantitative analysis. These equations may be found inrep@rop
technical literature.)

The solutions of the lateral-directional determinant will provide much useful

information about the lateral-directional modesmaftion. In order to easily obtain the first
solution, the assumption is made that dihedrateéad roll due to yaw rate are zero:

Lg =0 L =0 eq 5.49

(The effect of varying these parameters will beoditiced later.)
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Sideforce

g
P T e — —_
Characteristics S Y Ho 1
Rolling Moment _ -L _
Characteristics B S (S - Lp) r =0
Yawing Moment ~Ng -N pS S- N,
N T SR S
Characteristics
Terms Generated by Terms Generated by
Changes in Sideslip Angle Changes in Yaw Rate
Terms Generated
by Changes
in Bank Angle

S = Laplace Operator.
= acceleration due to gravity.
M = horizontal velocity Ug = initial horizontal velocity).
Ixx = airplane moment of inertia in roll.
lzz = airplane moment of inertia in yaw.
_ oY/op _ gs L o
YB Mo, - Cyp mug = sideforce due to sideslip term.
Lg = %3 = C/B % = rolling moment due to sideslip (dihedral effect)
term.
_dL/dp _ qSK? ~ _ .
Lp = T T Cgp b v = rolling moment due to roll rate (roll damping)
term.
L, = oL/or _ qu2 = rolling moment due to yaw rate term
r Txx fr 2uglxx g y '
Ng = G'I\Z;B = C”B IqTSZb = yawing moment due to sideslip (directional
stability) term.
ON/dp qSk? _ .
Np Dl Cnp Tl 77 = yawing moment due to roll rate term.
N, = ON/or - _ quz = yawing moment due to yaw rate (yaw rate
S PR yawing yaw rate (y
damping) term.
Figure 5.36

The Lateral-Directional Determinant
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The lateral-directional determinant thus reduces to

S-Yg 1
s(s-Lp) N s, = 0 eq 5.50

Solving the above yields:
S(s-Lp){& + (g - N s+ N+ vgN )} = 0 eq 551

The last equation describes the three lateral-ibresd modes of motion if p and

L, are both equal to zero. These mode of motiortleespiral mode - indicated by
{S + (— Yg = N; ) S + (NB + YgN r)} These "classic" lateral-directional roots are

presented on the convenient root locus plot in lE¢u37. As previously developed, the

spiral root lies at the origin, indicating neitteedivergence or convergence when excited.
The roll mode is characterized by a large negaeat root, corresponding to a heavily

damped, nonoscillatory rolling motion. The Dutol mode is characterized by a complex

pair of roots, indicating an oscillatory secondesrtype of motion.

Imaginary
Axis
X
RoII‘Root Dutch Roll éSplraI Root

M Roots Real
N Axis

X

Lg=L =0
Figure 5.37

Complex Plane Representation of Classic Lateral-Dectional Modes of Motion
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5.2.2.2 CHARACTERISTICS OF THE LATERAL-DIRECTIONAL
MODES OF MOTION

5.2.2.2.1 The Spiral Mode

The spiral mode is a first order nonoscillatory mad motion. It can be described
as a bank angle divergency or convergency aftan& Bngle disturbance from wings level
flight with controls restrained in the position f@ings level flight. Actually, the spiral
mode can be convergent, divergentpautral The pilot does not normally excite the
spiral mode intentionally; however, it is excitadyaime the bank angle of the airplane is
disturbed from a trimmed wings level condition. eféfore, it has some influence on the
airplane's lateral-directional flying qualitieshd nature of the spiral mode, i.e., whether it
is convergent, divergent, or neutral, depends ersitpn of the following combination of
stability derivative&?:

g
SN - Ng Ly eq 5.52

If Lg Ny islargerthan i L, the spiral mode will beonvergentif Ng L is
larger than ls Ny, the spiral mode will balivergent(Figure 5.38). In general, strong
directional stability (large N) promotes adivergentspiral mode; while high positive
dihedral effect (large negativeg) promotes aonvergenspiral mode. At any rate, the

magnitudeof the spiral root tends to vaigverselywith airspeed (see the last equation).
Thus, the magnitude of the spiral, which corresponds to the rate of convergency or
divergence of the motion, tends to be large at slivgpeeds and small at high airspeeds.

10 sometimes referred to as the “E coefficient” @ kateral-directional characteristic equation.
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Figure 5.38
Nature of the Spiral Mode

5.2.2.2.2 The Roll Mode

The classic roll mode is a heavily damped, first order, nonoscillaturge of
motion manifested in a build-up of roll rate toteasly state value for a given lateral control
input. This rolling motion (depicted in Figure 9)3s utilized by the pilot to vary and
controlbankangle Thus, the characteristics of this rolling mottwave a major influence
on the pilot's opinion of the maneuvering capaiesitof the airplane. For now, the roll
response will be considered to be a "single degréeedom"” motion; i.e., the airplane is
free only to roll (not yaw or pitch) in responseattateral control input. For this single
degree of freedom roll, the steady state roll fate given lateral control deflection can be
expressed as:

3 (3
Pss = - pa Sy = _ﬁ %/ O, eq 5.53
Where:
_ 0L/ 95y _ qSb _ -
L5a = T - Cgaa T = rolling moment due to lateral control

deflection (lateral control power) term.

eq5.54
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The rate at which the roll rate builds up to steathte, or decelerates to zero, is
governed by the "roll mode time constartty. The roll mode time constant is defined as
the time required for the roll rate to reach 63&pnt of the steady state roll rate following

a step input of lateral control (Figure 5.39). Tb# mode time constant is inversely
proportional to the roll damping parameter:

TR = ‘Tlp eq 5.55

Actual rolling motion is generally contaminatedyawing motion which results in
the roll rate being somewhat oscillatory. Actualing motion will be discussed more
completely in the section on Rolling Performance.

Ly
T Steady State= - = 0a
/ o P

Imaginary
68.2% R Axis

Rol

X
- _ 1 Roll Mode

o T ¢

AV4
N\

Real
Axis

Time, t _1 -
Seconds R P

Step Aileron Input

t=0 Time, t
Seconds

Figure 5.39
Single Degree of Freedom Roll Response
5.2.2.2.3 The Dutch Roll Mode

The remaining two roots of the lateral-directional solutform a complex pair
corresponding to a classic second-order, oscifjatowde of motion. This is the "Dutch
roll" or "lateral-directional oscillation.” The @eh roll mode is sometimes referred to as a
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"nuisance" or "annoyance" mode since the motiorotsnormally deliberatelyexcited in
normal flying. However, it is inadvertently exait@almost continually by pilot control
inputs or by external disturbances. Therefore ctieracteristics of this mode of motion
greatly influence the pilot's opinion of the airplane during all phases of mission
accomplishment. (During certain special flight conditions, such as flight with asymmetric
power or landing with a crosswind, the pilot mayizgt the Dutch roll mode to generate
sideslip changes in order to maintain steady hegtlght. In addition, bank angle control

by use of the rudders is manifested through thelrdgll mode of motion.)

There are no simple approximations for the freqyearad damping ratio of the
Dutch roll motion. However, rough approximationayrbe made by assuming thap L

and L, are both zero. This reduces the Dutch roll motmltwo degrees of freedom" -
rotation about the Z axis of the airplane and Et&anslation (the Dutch roll for these
conditions is a pure directional oscillation - aglisnaking” motion). The portion of the
characteristic lateral-directional equation whigsctibes this motion is:

{ + (-vg - Ni) s+ (Ng+ v N )} =0 eq 556

From this relationship, a rough approximation for the undamped natural frequency
of the Dutch roll oscillation can be derived andtten as follows

- , y P, Sb
wnDR =M CnB TIZ eq 5.57

Where:
M = Mach number
C”B = directional stability derivative
% = aconstant, generally taken as 1.4
Py = absolute pressure, pounds per square foot

T Several mathematical manipulations have been omitted.
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= Wing area, square feet

Wing span, feet

Moment of inertia in yaw

Several important relationships can be gathered fiestudy of this equation for

The undamped natural frequency of the Dutch raoltiom increases as Mach
number increases; thus, tiperioddecreases with increasing Mach number.
(The "quickness" of the motion increases).

The undamped natural frequency of the Dutch rolfiom increases with an
increase in directional stability, and decreaseﬁ:ﬁ? is decreased. This is

analogous to strengthening or weakening the spring in the spring-mass-damper
system.

The undamped natural frequency of the Dutch raolliom decreases with an
increase in pressure altitude at a constant Maafbeu. (The "quickness" of
the motion decreases at high altitude if all offe@ameters are constant.)

The undamped natural frequency of the Dutch raolliom decreases with an
increase in moment of inertia in yaw. This is analogous to increasing the mass
in the spring-mass-damper system. (Large airplauitbslarge L, parameters
have low frequency Dutch roll motions. They areréfore slow in responding

to gust disturbances or rudder inputs.)
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In order to obtain an approximation for the dampiaigp of the Dutch roll motion,
it is assumed thatgrand N are approximately the same value. The dampirig nady

then be developed as follolvs

p sk’

ZDR - Cnr 8 C”B Izz eq 5.58
Where:
Cnr . o
= yaw rate damping derivative.
p = density, slugs per cubic foot.

Certain important effects are visible from thisateinship:

1. Damping of the Dutch roll motion is largely depentlon yaw rate damping.

Changing yaw rate damping is analogous to changing the viscosity of the

damper in the spring-mass-damper system.

2. Damping of the Dutch roll motion decreases wittréasing altitude because of
the reduction in density.

3. Increasing directional stability decreases Dubdihdamping.

4. Increasing the yawing moment of inertia decreBsgsh roll damping.

5. Damping of the Dutch roll mode of motion is natiect function of airspeed or
Mach number.

T Several mathematical manipulations have been omitted.
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If the airplane exhibits some level of dihedraleetfand/or roll due to yaw rate,
there will obviously be rolling motion generatedthye sideslip and yaw rate excursions
during the Dutch roll oscillation. The degree ofiing motion exhibited, expressed in

terms of "roll-to-yaw" ratio(%), has a significant influence on the acceptability of a

particular combination of Dutch roll damping andduency. In general, more damping is
required as the roll-to-yaw ratio is increased.

The real Dutch roll oscillation generally consists of yawing, sideslipping, and
rolling. The phasing of the rolling and yawing éagds on whether positive or negative
dihedral effect is present. The Dutch roll ostitla shown in Figure 5.40 is presented
assuming the airplane exhibits positive dihedrisatf
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Starting Points

%/ \}

/[ Rw
/
/_\
ﬂi —
:/I RW
I VR
b
T RW
~
—&
RW \\‘
~
RWI \
g —
\
RW
—
=S
RWT

Figure 5.40
Typical Dutch Roll Motion
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5.2.2.3 EFFECTS OF VARIOUS PARAMETERS ON THE
LATERAL-DIRECTIONAL MODES OF MOTION

The influence of varying several parameters on lathirattional dynamics will
now be presented using the convenient root loauts.pl

The characteristic roots for zero dihedral effed @ll due to yaw rate are as
shown in Figure 5.41.

Imaginary
AXxis
Dutch Roll @
Roll
° Real
- 0 Axis
Spiral
Lg=L,=0
Dutch Roll®

Figure 5.41
Complex Plane Representation of Classic Lateral-Dectional Roots

The following discussion and plots are introduceghow the influence of certain
derivatives on the characteristic roots.

5.2.2.3.1 Dihedral Effect. B

Fixing the values of roll due to yaw, L. and yaw due to roll, |, at zero, the

influence of dihedral effect is as shown in Figbiré2.
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Imaginary
% Increased AXis
b 4
(pr Decreased /
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RV - Real
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Lp Increases
T, Decreases
®\
Figure 5.42

Influence of Adding Positive Dihedral Effect

The consequences of introducing dihedral effect are
1. Total roll damping is increased.
2. Damping of Dutch roll is decreased.

3. Spiral mode tends to become stable.

5.2.2.3.2 Rolling Moment Due to Yaw Rate,

Assuming Lg and N, are fixed at zero, the influence of, is as shown in Figure
5.43.
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Figure 5.43

Effect of Adding Roll Due to Yaw Rate, L

Roll due to yaw rate effects on root locations are:
1. The Dutch roll frequency tends to increase.
2. The spiral mode tends to destabilize.

3. Roll damping increases.

5.2.2.3.3 Yawing Moment Due to Roll Ra{g,

The general trend of the influence of, n atypical airplane is discussed. For
nominal negative values of Nand typical values of  and L, the Dutch roll damping is

reduced and the total roll damping may increase oredse depending on how much
dihedral effect is present. The spiral mode ispcally unchanged but tends to move
toward the origin. Positive values of N tend tod¢he reverse effect.
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5.2.2.3.4 Directional StabilityNg

The frequency of the Dutch roll is influenced msisbngly by directional stability.
There is a minor influence on the spiral mode admode. Figure 5.44 illustrates the
effect of increasing directional stability.

The following is a summary of the effects of direcal stability:

1. Increasing Iy will increase the Dutch roll frequenoyy, , , and decrease the

damping ratio{y.

2. Increasing ¥ will tend to drive the spiral mode divergent basHtimited

influence on the magnitudes of the mode.

3. Increasing Iy tends to drive the roll mode toward the singlerde@f freedom

root location, Lp

4. Decreasing j towards zero would finally drive the Dutch rolldodead beat

mode and the lateral-directional characteristica¢ign would be made up of
four real roots.
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Imaginary
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Figure 5.44

Influence of Changing Directional Stability on TwoDegree of Freedom Dutch Roll

5.2.2.3.5 Yaw Rate Dampiny,

The influence of yaw rate damping,, Ns primarily on the Dutch roll damping.
The influence on the spiral mode and roll modénmstéd to a very minor effect. Figure
5.45 illustrates the trends.

Imaginary
Axis
L andwy,. . Remain Constant
B DR X
e
Increases pr
\ R Real
Spiral Mode Tends Axis
Toward Stability
\
V\O
X

Figure 5.45
Effects of Increasing Yaw Rate Damping, N
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The following is a summary of the typical influenaka nominal increase in yaw rate
damping:

1. The real part of the Dutch roll is increased.

2. The spiral mode tends toward a convergent moplesitive dihedral effect is
present.

3. The roll mode root is slightly increased if pagtdihedral effect is present.

5.2.2.3.6 Bank Angle Control and Adverse Yaw

In the previous paragraphs, the influence of various ligyalerivatives on the
roots of the characteristic equation was discus3&v due to aileron deflection, g;l

was not among them simply because it hasaffect on root location. However, it is
obvious that it has an effect bandlinggualitiesand the following discussion to show that
effect.

The bank angle transfer function can be expressed a

2 (9 = Ly, [ + 2 tny S+ ony]
Ga (S+ T—l) (S+ —1) [82 + 20 wy, S+ wndz]

s TR

eq 5.59

where the roots of the denominator are the roote@tharacteristic equation that have
previously been discussed. Recall that the Dudttiaots were the two degree of freedom
roots as modified by dihedral effect, roll due swy etc. These roots will now be referred
to as the three degree of freedom Dutch roll. filn@erator roots are also the two degree
of freedom Dutch roll roots but as modified by acbeeyaw and dihedral effect. Figure
5.46 shows the movement of the three degree oflémeeDutch roll roots as a result of
increased dihedral effect and roll due to yaw fatenominal values of the remaining terms
and the movement of the numerator roots as either adverse yaw or dihedralieffec
increased. How much these roots are separateditative of the amount of Dutch roll
response that will be present in the total rolpoese or how much oscillatory roll is added
to the average roll.
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Imaginary
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Proverse X/:B Increasing
Yaw
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Yaw
Real
Axis
Figure 5.46

Dutch Roll Root and Zero Combinations

The zero locations become very important in thesetbloop task of bank angle
control. With the pilot in the loop and tasked with precise bank angle control, the roots of
the system tend to move as indicated in Figures &l 5.48.
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Figure 5.47
Path of the Lateral-Directional Roots with Increase
in Tightness of Bank Angle Control
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Figure 5.48
Paths of the Lateral-Directional Roots with Increa®
in Tightness of Bank Angle Control
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Figure 5.50 is for a typical case where a nomirdlle@ of adverse yaw is present.
Note that the roll/spiral mode is stabilized anel ttosed loop damping of the Dutch roll is
increased. Figure 5.49 is for a case of provease and, for the case shown, the Dutch
roll is driven unstable. The pilot will not perntitis and will have to change his control
technique. The pilot would obviously rate this system as unsatisfactory. It is important to
note that the cause wasrolocationand not the locations of the characteristic roots.

In the roll rate response to a step input of aileron, the phase angle between roll rate
and sideslip is indicative of the relative angasitions of the Dutch roll root and the
zeros of the roll transfer function.

The expression% , Is frequently used as an indication of the r@turbance at

Wy

the Dutch roll natural frequency due to aileronutgp If Bor - 1, the yawing moment

due to aileron deflection, 5\Ia , Is zero and there is little or no Dutch roll nootiin the roll

W

response to aileron inputs. ngi > 1, the yawing moment due to aileron deflection is
r

proverse( I\ga < O) and the damping of the Dutch roll motion duringgse bank angle

tracking tasks may decrease. The Dutch roll matitirbe excited during the roll response

(V) w
of the airplane to a lateral control input H% > 1. When % < 1, the yawing
r r

moment due to lateral control deflection is adve(rsl%a > 0) and the damping of the

Dutch roll motion during precise bank angle trackitasks generally is better than the
damping exhibited by the airplane with control&frd he Dutch roll motion will be excited
to some extent whenever the airplane rolls in response tteral lg@ontrol input when
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There are two parameters used to quantitativeliuatethe Dutch roll influence on
roll performance in "tightly controlled" trackinggks. These parameters are:

1. The ratio of the oscillatory component of rolle&b the average component of
roll rate following a rudder-pedals-free step atecontrol command-,%’é (see
av

Definitions section of MIL-SPEC 8785B for furthegfahition).

2. The phase angle is a cosine representation of the Dutch roll compaoinent
sideslip, Y.

5.2.2.4 EFFECT OKyg ON FLYING QUALITIES

Since Yp is a rather abstract parameter, it is well to consider its physical
implications and significance to the piloting of an airplane. Very simglg, can be

considered as an indication of those closed-loop stability characteristics of an airplane that
are related to the lateral-directional couplingikgives; and of the difficulty a pilot will
experience in coordinating a turn entry. FurtHariftcation can be obtained by discussing

the variation of the specified values-l:é;f;C with Y for positive dihedral.
The parameter% and yg have been used to specify criteria as a functfon o

Flight Phase Category and Level as shown in Figure 5.49a (Specification Paragraph
3.3.2.2.1, Figure 5.4).
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Figure 5.49a
MIL-F-8785B

It should be noted that this figure has tyg scales, one for positive dihedral (p

leads by 45 °© to 225 °) and the other for negative dibk(p leads3 by 225° through

360° to 45 °).
From this figure it can be seen that the raticotifrate oscillation to steady state roll
rate can be much greater for some valueppthan for others. Specifically, the specified

values of -FE@ for 0°= g =2 -90° are far more stringent than
av

-180° =2 Ypg = -270° There are at least three reasons why this is so:

1. Differencesin Closed-LoopStability - From a root locus analysis, it can be

shown that when the zero of tI§- transfer function list in the lower left
as

guadrant with respect to the Dutch roll po(e;L80° 2 Yg 2 —2700), the

closed-loop damping increases when the pilot closes a bank angle error to

aileron loop. (See Figure 5.49b.) The reasorhigrin physical terms is that
when the zero lies in the lower left quadrant,raibeinputs proportional to bank
angle errors generate yawing accelerations that tend to damp thle it

oscillations. Thus, the Dutch roll damps out mguéckly closed-loop than
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C

open-loop, so a pilot will tend to tolerate sometvhare -Fli’% . Conversely,
av

it can be shown that when the zero lies in the upper right quadrant with respect
to the Dutch roll pole( 0% yg 2 —90‘%, the closed-loop damping

decreases when the pilot applies aileron inputsgtmnal to bank angle error.
The physical explanation for this is that aileron inputs generate yawing
accelerations that tend to excite or sustain thietbroll oscillations. Thus, the
Dutch roll damps out less quickly closed loop tlbgen loop, and can even go
unstable closed loop; that is, pilot-induced oatiins can result. In this case a

pilot's tolerance o@ tends to reduce.
av

3600} Wg
v gy = 270° 270N, Desitive
Oas ! sTEP O OSIHY
1800 » Dihedral
P1=0°0 x OWr=180° Negative
907 Dihedral
O ‘ ‘
= 9Q° \ ! 1 AN
W1 270° 0Q° QNSOO 270°W1
360°
X

(@) (b)

Figure 5.49b
MIL-F-8785B

. Differencedn Difficulty of RudderCoordination- Significant differences in the

P . : -
= requirements also occur because of differences in difficulty of rudder

av

coordination while performing coordinated turn entries or exits. For
-180° = g = -270° normal coordination may be effected, that ishtig

rudder pedal for right rolls. Thus, even if lamgdl rate oscillations occur in
rudder-pedal-free rolls (the conditions under which thpg tests are
av

conducted), sideslip oscillations can be readily mma&th by use of rudder
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pedals so that roll rate oscillations do not occur. On the other hand, for
0° = Yg = —90°itis necessary to cross control to effect coaation, that

is, left rudder pedal with right aileron. Since pilots do not nolynatoss
control (and if they must, have great difficulty in doing so) for
0° = Yg = —90° oscillations in sideslip, and hence oscillations in roll rate,

either go unchecked or are amplified by the pileffsrts to coordinate.

3. Differencedn AverageRoll Rate- The third reason why th%? requirements
\"

vary so significantly withyg is that the average roll ratepéﬂ for a given
\")

aileron input, varies significantly wityg. For positive dihedral, adverse yaw-
due-to aiIeror(thB - 1800) tends to decrease average roll rate whereas geover

yaw-due-to aileror(LpB 00) tends to increase average roll rate. As a matter

fact, proverse yaw-due-to aileron is sometimesrreéeto as "complementary
yaw" because of this augmentation of roll effectiges. Thus, for a given

amplitude of By, -F%C will be greater atpg = —180° than it will be at

L|JB = 0°.

In summary, the parameters that have been chodée specification to describe

and specify the coupling that exists between sidesid roll for moderate to high‘ﬂd

: P .
response ratios args> and Y. These parameters were chosen as being measurable
av

parameters which most simply, directly, and acelyaeflect the important flying qualifies
considerations. The measurements are taken frermp #nd3 traces which are obtained
from sensitive instrumentation.

5.2.3 Lateral-Directional Characteristics in Turning Flight

One of the most important considerations in thestigation of lateral-directional
flying qualities is the ease with which the pilot can enter and maitteingflight. The
longitudinalflying qualities associated with turning flight were discussed earlier. The
lateral-directional characteristic of most concern to the pilot in turning flight is the
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coordinationrequired of lateral and directional contdlring turn entriesand steadyturns

The pilot desires to keep the ball of the needlétbstrument as close to the center of its

race as possible during these evolutions. If #ierbmains centered, the pilot, passengers,
and objects in the airplane are not subjected tomnfortable sideward accelerations. As

shown in Figure 5.50, a balance of the forces gamthe ball is attained or the airplane is

in acoordinatedurn, when:

gsing = Vr eq 5.60

Where:

, g, 2
acceleration due to gravite. .

bank angle, radians.

< 6 @
I

airplane true airspeed/q..

airplane yaw rat¢adiang

_‘
I

Center

0 ___Radius
of Turn

Coordinated Turn: Vr =g sip
(r=Q cosg, if @is small, cogp = 1.0; r= Q)

Figure 5.50
The Airplane in a Coordinated Turn
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This relationship is appropriate only for fairly small bank angle turps=B0

degrees or less) since the angular turn @tebecomes largely pitching motion instead of
yawing motion as the bank angle approaches 90°.

With the concept of theoordinatedurnin mind, consider now the so-called "two-
control turns"; i.e., "aileron only turns" and "rudder only turns."

5.2.3.1 AILERON-ONLY TURNS
In the steady (constant bank angle) aileron-only,tan expression for the aileron
position required for equilibrium can be easilyabéd as a function of theondimensional
5.

aw rate For a symmetrical airplane (CnO =0,G, =0,G, = 0), no

yawing moments due to lateral control deflect@rhéac = oL, and no influence of inertia

terms on yawing and rolling moments, the equilibriaquations for an aileron-only turn
may be written as follows:

SIDEFORCE Gy B+ Cy, (35)+ $Esing = W ¥ eq 5.61
YAWING MOMENT Crg B+ Cpn, () = 0 eq 5.62
ROLLING MOMENT Cyy B+ Cyy, 83+ Cy, (3%) = o eq 5.63

From the rolling moment equation, the aileron requirement can be derived as
follows:

- __1 rb
6aEquiIibrium - Cfsa {Cfr (’ZV) + CZB B} eq 5.64

In order to eliminate the sideslip variable, anreggion for sideslip is obtained
from the yawing moment equation:

B = _% (’zr%) eq 5.65
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By substituting this expression for sideslip andappropriate manipulation and
differentiation, the aileron required in a steady aileron-only turn may be presented as
follows:

déaE I
quilibrium 1 _
(] - T Co {Cgr Cny = Cyp Cnr} eq 5.66

Notice that the term in braces is the same combimaf stability derivatives which
dictated whether the spiral mode was convergenitrak or divergent. If this term is
positive, the spiral mode is divergent, and thetpilill be required to hold "top-aileron” or
"out-of-turn-aileron” in an aileron-only turn. If it is negative, the spiral mode is
convergent, and the pilot will hold "bottom-ailefar "in-turn-aileron” in the aileron-only
turn. Obviously, if it is zero, the aileron reqement is zero. The balance of forces and
moments in the steady aileron-only-turn is presemd-igure 5.51.

! 5 Relative Wind

C”B Cnr Cly 2v
(( ‘> /XCEBB
Constantp
The Aileron Requirement Depends

on the Spiral Characteristics

Figure 5.51
The Airplane Established in the Steady Aileron-OnlyTurn
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From this illustration, the following rationalizati may be made. If directional stability is
strong, the sideslip developed in the aileron-daaty will be fairly small. Therefore, the

rolling moment due to sidesl(ni:gB B) will be relatively small unless the airplane extsib
a large value oCZB. Thus, strong directional stability generallyuks in an unstable, or
divergent, spiral mode. Conversely, strong positithedral effect (large negati\@gp)

generally results in a convergent spiral mode.

During the aileron-only turn, the airplane gensgralévelops sideslip toward the
direction of turn (Figure 5.53). If the airplane exhibits normal positive sideforce
characteristicd , sideforces are generated which "slide" the amplaway from the center
of the turn. Thus, the airplane in the aileronyairn will fly on a larger radius of turn
(Figure 5.53). If bank angle and airspeed are ta@ed constant, thargerradiusof turn

resultsin aloweryawrate This creates an unbalance in the acceleratimponents acting

on the ball in the needle-ball instrument such ith@ssumes a position toward the center of
the turn (g sinp > Vr in the aileron-only turn). If the sideslipeve reduced, the aileron-

only turn would approach the coordinated turn incltihe ball is centered.

11 |f the airplane exhibits weak sideforce charastis, such that the derivati\@yB approaches zero, the

ball position (and “seat-of-the-pants”) loses ignificance as an indicator of the perfection tod turn.

The pure all-wing tailless airplane exhibits esidlytzero sideforce characteristics. In theselaites, the

pilot would have no indication that large sidedipgles had developed during turns unless a sideslip
indicator were installed in the cockpit. Thus, the importance of providing good positive sideforce

characteristics is again emphasized.
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Turns

Figure 5.52
Comparison of Typical Coordinated and Aileron-Only Turn

5.2.3.2 RUDDER-ONLY TURNS

Bank angle response to a rudder-only control input depends on the magnitudes and
signs of the following stability derivatives:

Dihedral effectC ‘

Rolling moment due to yaw rate,
Rolling moment due to rudder deflecti@r@asr

The rolling moment due to rudder deflection is generally so minute that it has no
apparent influence on the roll response. However, in airplanes with high vertical tails, the
effect of C, may be detected as an initial hesitation of the roll response or a roll

r

response resulting in a bank angle change opposite to the rudder input (left bank angle
change with right rudder, and vice-versa).
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Soon after the rudder-only input, the airplane oesis through the Dutch roll mode
of motior#2 and ayaw rateis developed. Obviously, if the rolling momenedo yaw rate
derivative carries its normal sign (positive), tigplane should begin to roll in the same
direction as the rudder input. Additionally, sideslip is developed - such that left sideslip is
generated by a right rudder input - and the aimpleasponds in roll due to its dihedral
effect. If dihedral effect is positive(:(gB exhibits anegativesign), the rolling moment due

to sideslip will cause a bank angle change in the same direction as the rudder input. Thus,
the roll response to a rudder-only input is dueosinexclusively to theombinedeffectsof

the rolling moments generated by yaw rat, , and sideslip,Cgl3 (Figure 5.54).

Obviously, theinfluenceof thesederivativescannotbe separatediuring the rudder-only
turnunless one of the derivative is known to be zero.

Relative B |
wind —=»\ " |

m Cﬁérér (Generally Small)

|
H\f / nght Rudder
. /) w

CfBB

U ~—Right Rudder Input

Figure 5.53
Typical Airplane Response to a Rudder-Only Input

In the steady(constant bank angle) rudder-only turn, an expoes®r the rudder
position required for equilibrium may be obtainedagfunction of the nondimensional yaw

rate,ezr%. For a symmetrical airplanél:no =0,G, =0,G, = O), no roll due to

12 This can be proved mathematically, however, thivaton will not be presented here.
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rudder deflection%zf6 = OE, and no influence of inertia terms on the yawing and
r

rolling moments, the equilibrium equations for a rudder-only turn may be written as
follows:

SIDEFORCE Gy B+ Cys 8 +Cy, 2% + Fsine = § Vr eqs67
YAWING MOMENT = Cp, B+ Cpy & + Cp, 39 = 0 eq 5 .68
ROLLING MOMENT C, B + C;, 49 =0 eq 5.69

From the yawing moment equation, the rudder requirement can be derived as
follows:

- _ 1 rb
6rEquiIibrium - Cnsr {Cnr (’ZV) + Cnp, B} eq 5.70

In order to eliminate the sideslip variable, anreggion for sideslip is obtained
from the rolling moment equation:

B = —% ) eq5.71

By substituting this expression for sideslip, aydappropriate manipulation and
differentiation, the rudder required in a steadygder-only turn may be expressed as:

d6rEquiIibrium 1 { }
= C Chp —Cyp C eq 5.72
d (%) Crg, Cop |70 LI )

Notice that the term in braces is again the sameaowation of stability derivatives
which dictated the nature of the spiral mode.hi§ term is positive, the spiral mode is
divergent, and the pilot will be required to hotdg-rudder” or "out-of-turn” rudder-only
turn, and vice-versa.
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5.2.3.3 COORDINATED TURNS

In the steady (constant bank angt®prdinatedurn, expressions for rudder and
aileron position and sideslip angle required fanilorium can be derived as functions of

the nondimensional yaw ratc?%% . Assuming a symmetrical airplane and no influesice

inertia terms on the yawing and rolling moments, the equilibrium equations for a
coordinated turn may be written as follows:

SIDEFORCE Gy B+ Cyy 8 +Cy (H)=0

I=

(Since%vs sin @ = g %g) eq5.73

YAWING MOMENT  Cpy B+ Cpy & + Cpy 84+ Cp, () =0  eqs74

n5a
ROLLING MOMENT  Cy B+ Cy, & + Cyy 82+ Cy, (8) =0 eqs7s

The rudder requirement in the coordinated turn bepbtained by a determinant
solution which reduce to the following if we assum,%a = 0:

Cy|3v _Cyr
S )
— B r 2V
6rEqui|ibrium - CyB Cys eq 5.76
r
C”B Cn6r

Solving the determinant, rearranging terms and differentiation yields the following
expression:

0 Cy C
-
dérE(1uilibrium Cn E CyB Cn ¢ " E
= - — 0 L C eq 5.77
i) C C a
dzv ®r e 3y C
B~ T Cnp
H NG, E
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The part of the above expression contained in braces is generally very nearly equal
to unity. Therefore, the rudder requirement iroardinated turn is needed mainly to
overcome the yaw rate damping, Cwhich acts in opposition to the established yate.r

Obviously, the rudder requirement varies inversati rudder control power, g . For
r

a coordinated turn to the right (positive yaw rage) analysis of the last expression reveals
that the rudder requirement is negative (trailidgesright), which is generated light
rudderpedaldeflection Thus, the pilot applies rudder pedal deflectmmardthe direction

of turn in a coordinatedturn; this analytical analysis is substantiated by actual flight
experience.

An approximation for the sideslip in the coordiratern may be obtained from the
yawing moment equation by making the following gitbson and assumption:

5 _ Cn (rb)
IEquilibrium C”Br Y
Cnesa =0 eq5.78

From the yawing moment equation:

Crg P+ Cng, @‘% (’E%)@“ Cn, ($) =0

B - (Cn" ~ Cnr) (Zr_\t;)
= CnB
B =0 eq 5.79

Thus, in the coordinated turn, the sideslip is agpnately zero. In reality, the

sideslip in the coordinated turn is generally neygte equal to zero, however, it is usually
very small.

The aileron requirement in the coordinated turn tm@ybtained from the rolling
moment equation by making the following substitasio

— Cn, rb _
6rEquiIibrium - _Cnér (ZV) Bequilibrium = O eq 5.80
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L Cp, b U rb) _
Crs, D‘tﬁ (’ZV)D"' Crs, Oacquiibium * Ct: (N) =0

0 ~ms 0
Equilibrium  _ Oy (3,
- d - cLC eq 5.81
d%9) o O Cirne

The portion of the last expression contained icésas generally very nearly equal
to unity, unless the airplane has a high vertiaél tTherefore, the aileron requirement in
the coordinated turn is generated by the necessitgunteract the rolling moment due to
yaw rate,C, . For a coordinated turn to the right (positivevyr@te), an analysis of the
last expression reveals that the aileron requirémsgpositive (right aileron trailing edge
down), which is created by left cockpit control l@etion. Thus, the pilot applies lateral
cockpit control deflection opposite from the turivedtion in the coordinated turn. In
actuality, this aileron requirement is generallpvamall.

5.2.4 Influence of Center of Gravity Movement

Movement of the airplane center of gravity (CG) rether small effects on lateral-
directional characteristics, particularly when compared with the profoefiécts
experienced in the longitudinal case. Of coursgjigg moment contributions are slightly
modified by CG movements which change the magniafdee moment arm. However,
the parameter measured in flight test work as an indication of the yawing moments

generated by the sidesli%%r , IS not noticeably affected by CG movement. This is due to
the fact that a change in CG position alters the rudder control powe, ,Cat
approximately the same rate that directional sitabit:nB is modified. Therefore, the

center of gravity position utilized for flight test investigations of lateral-direetio
characteristics is not critical; however, if possjlthe most aft operational CG positions are
generally utilized.
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5.3 TEST PROCEDURES AND TECHNIQUES-LATERAL-
DIRECTIONAL FLYING QUALITIES

5.3.1 Preflight Procedures

Any rigorous flying qualities investigation must begin with thorough preflight
planning. The lateral-directional area of investiign is no exception to this rule. Only by
clearly defining the purpose and scope of the ityatson can a plan of attack or method of
test be formulated.

Preflight planning must begin with research. All available information concerning
the airplane’s lateral-directional characterissbsuld be reviewed. The conformation of
the airplane should be studied in relation to its influence on lateral-directibnag
gualities. Of course, preflight planning must include a thorough study of thaliater
directional control system-encompassing stability and contrghentation if installed.
Much useful information may be gained from confeeswith pilots and engineers who
are familiar with the airplane.

The particular tasks to be investigated must berdenhed and clearly understood
by the flight test team. These tasks, of course, depend on the mission of the airplane. Itis
particularly important during the investigation of lateral-direcal flying qualities to
determine if these tasks will be performed in imstent flight (IFR) conditions or merely
visual flight (VFR) conditions in operational us€ertain undesirable characteristics can be
accepted for VFR missions, but are not acceptaibl-R missions. The availability of an
automatic flight control system or autopilot fotqgtirelief must also be considered. |If
stability or control augmentation is installed, tensequences of augmentation failures
must be given due consideration.

Knowledge of the mission tasks allows determination of appropriate test
conditions-configurations, altitudes, centers @ivify, trim airspeeds, and gross weights.

Test conditions must be commensurate with the mission environment of the
airplane. Center of gravity position is not partarly critical for lateral-directional tests.
Tests at normal operational CG positions for a test loading are generally adequate;
however, if feasible, the most aft operational GiSsipons should be utilized. Lateral-
directional characteristics may be altered by various combinationsxtefnal stores.
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Asymmetric store loadings may seriously degradsddidirectional flying qualities; these
conditions should be investigated on any airplahewmay carry asymmetric stores in
operational use.

The amount and sophistication of instrumentatiolhadgpend on the purpose and
scope of the evaluation. A good, meaningful gaéiie investigation can be performed
with only production cockpit instruments and portable instrumemtdiand held force
gauge and stopwatch. Automatic recording devisash as oscillograph, magnetic tape,
and telemetry, are very helpful in rapid data acquisition and may be essential in a long test
program of quantitative nature. Special sensitive cockpit instruments are also very useful,
not only aiding in rapid data acquisition, but adsding in stabilization for equilibrium test
points. The parameters to be recorded and thesaaryd sensitivity of test instrumentation
will vary somewhat with each test program.

The final step in preflight planning is the preparation of pilot data cards. An
example of a lateral-directional stability and gohtdata card is shown in Figure 5.55.
Most test pilots desire to modify data cards tartbevn requirements or construct data
cards for each test. At any rate, the data cards sHstldll quantitative information
desired and should be easy to interpret in flight. Blank cards should be used for
appropriate qualitative pilot comments.
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LATERAL-DIRECTIONAL STABILITY AND CONTROL RECORD

CARD NUMBER

AIRPLANE TYPE PILOT PTR-BIS
BUREAU NUMBER T. 0. GROSS WEIGHT DATE
T.0.CG
GEAR DOWN MAC GEAR UP MAC | T.O.TIME LAND TIME
EXTERNAL LOAD NG CONFIGURATION
TRIM AIRSPEED MACH POWER ALT TRIM DIR LAT
EglECATTg’hJT CONTROL SYSTEM MECHANICAL CHARACTERISTICS
D.R CN LAT CN DIR LAT
CONTROL SYSTEM OSCILLATIONS CENTERING
D.R. CN LAT CN DIR LAT
RUDDER STEADY HEADING S DESL PS
PEDAL | CN DR FrR Oa Fa ® F Fe IAS R.D.
DEP ERROR | R.C.
TRIM
SHOT 0 0 0 0
ZR R L L L
zL L R R R
R L L L
L R R R
R L L L
L R R R
FR R L L L
FL L R R R
FUEL
TRANSIENT METHOD REMARKS
FUEL CN
SPIRAL STABILITY
¢ DEGREES FUEL
TIME SECONDS o| 5 10 | 15 | 20 | 25 | 30
¢ DEGREES L
DUTCH ROLL CHARACTERISTICS
METHOD HALF-CYCLE @
CN PERIOD AMPLITUDE RATIO B
TRIM SHOT
FUEL
EASE OF TRIM TRIMMABILITY TRIM RATES

TO ZERO FORCES

TRIM SENSITIVITIES

LONG TERM TRIM HOLDING

LOCATION OF TRIM DEVICES

Figure 5.54
Lateral-Directional Stability and Control Record
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5.3.2 Flight Test Techniques

5.3.2.1 THE QUALITATIVE PHASE OF THE EVALUATION

The mere measurement of lateral-directional stability and control characteristics,
although important, will have little meaningnlessthe test pilot can relate the influence of
these characteristics on mission accomplishment. Therefore, a portion of the lateral-
directional flying qualities evaluation must be devoted to performing or simulating the
mission tasks under investigation. While perforgninese tasks, the test pilot forms the
essentiahualitativeopinion of the lateral-directional flying qualisend should assign a
"pilot rating." This opinion will be based on teenount of attention and effort the pilot
must devote to "just flying the airplane.” Dueasgjshould be given during this phase of
the evaluation to the following considerations:

1. Whether the mission task will be performed in V&Rl IFR weather or strictly
VFR conditions.

2. The amount of time and effort the pilot must deviot duties other than "just
flying the airplane"” - duties such as setting up a weapons system,
coordinatingmultiplane tactics, communicating with other aircraft or a
controlling station, etc.

3. The availability of an autopilot or automatic Rigcontrol system for pilot relief.
4, If stability or control augmentation are instajlé#te consequences of their
failure.

The test pilot's qualitative opinion of the airg&nlateral-directional flying qualities
in relation to selected mission tasks is the nmapbrtant information to be obtained.

5.3.2.1.1 Lateral-Directional Trimmability

Trimmability is conveniently evaluated during the qualitative phase of the
investigation. Lateral-directional trimmability iisdicated by the ease with which lateral
and directional control forces are reduced to zero in wings-level, steady heading flight and
the ability of the airplane to maintain a timmewhdition. It is directly influenced by the
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major static lateral-directional stability charatdgcs: directional stability, dihedral effect,
and sideforce characteristics. If the airplandifScult to trim in wings-level, steady-
heading flight and does not readily maintain th@rtned condition, the reason could very
well be weak or negative static directional st&p#ind/or dihedral effect. Weak sideforce
characteristics may result in the pilot inadvettetitimming the airplane into a wings-level,
steady-headingideslipif the ball of the needle-ball instrument is th#yocue available for
trimming. Of course, lateral-directional trimmability is also influenced by taee of
operationand sensitivityof the lateral and directional trim system as vaslithe physical
location and ease of operation of the trim deviogke cockpit.

Trimmability, and especially long-term trim holding, will be affected by the
mechanical characteristics of the airplane's cosyrstem. For example, an airplane with
poor, nonabsolute lateral control centering willdsiicult to trim to wings-level, steady
flight, and will not readily return to its trimmexbndition following a lateral input.

The trimmability determination is qualitative. The test pilot should attempt to trim
the airplane precisely in wings-level, steady-hegdiight by using théall of the needle-
ball instrument as a cue for trimming. Theherentsideslipin the trimmed condition
should then be noted if a sideslip indicator isilatsée. The controls of the airplane should
then be released to evaluate the airplane's atailityaintain the trimmed condition.

After trimming the airplane, the test pilot may utilize two "qualitative test
techniques” which should provide further information about the later-directional
characteristics. (These techniques may also heedtifor aquick evaluation of a particular
configuration if insufficient flight time is avaitde forguantitativemeasurements.)

5.3.2.1.2 Rudder-Only Turns

The airplane should be trimmed for wings-leveladieheading flight. Maintaining
trim constant, the pilot then enters and maintainss by use of rudder-only inputs. The
bank angles utilized during this evaluation shaubtl be excessive since the directional
control system alone cannot be expected to gengnatenaintain turns at large bank angles
where the turn is manifested moregitchingmotionthan byyawing motion Turns with

bank angles up to 30 degrees are generally considered adequate. Airspeed should be
maintained at trim with longitudinal control orrriinputs (if necessary) and allowed to
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vary for a portion of the evaluation. The laterntrol system floating characteristics
should be noted, if appropriate. If aileron flembbserved, rudder-only turns should be
performed with the ailerons restrained in the fpibsition as well as with controls free.

The information available from the rudder-only turn test is considerable and is
presented below. The information generally consideéo be most important is indicated
by an asterisk.

*1. Suitability of the directional control system as an alternate lateral control

*2.

system. The pilot may desire or may be requiragserudder-only turns in
certain circumstances, such as:

a. Cruising flight during which the pilot's hands asecupied with other
tasks.

b. Flight conditions during which lateral control inputs generate
uncomfortable yawing moments.

c. Emergency situations involving lateral controlteys malfunctions.

Strength of the dihedral effect, as indicated by the rolling motion when
sideslip is induced by the rudder input. HoweWee, test pilot must keep in
mind that the roll response to a rudder input delgarot only on dihedral

effect, but also on the rolling moments generategdw rate (Cﬂr), and

rudder deflectionEpz6 E The relative significance o€, increases with
r

increasing wing span and decreasing speed. At typical STOL approach
speeds, it may be a very important derivative.

Qualitative indication of Dutch roll frequency addmping. Since the roll
response to a rudder input is manifested through the Dutch roll mode of

motion, the pilot must excite the Dutch roll duringider-only turns.

Nature of the spiral mode of motion, as indicated by the rudder position
required in the steady (constant bank angle) ruddbrturn.
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5.3.2.1.3 Aileron-Only Turns

The airplane should be trimmed for wings-leveladieheading flight. Maintaining
trim constant, the pilot then enters and maintéumss with aileron-only inputs. Turns
with bank angles up to 45 degrees are generallgidered adequate. The rate of control
input and amount of control deflection should beed Airspeed should be maintained at
trim with longitudinal control or trim inputs (if necessary). The directional control system
floating characteristics should be observed, ifrappate. If rudder float is observed,
aileron-only turns should be performed with ruddeesd and rudders free.

The information available from the aileron-onlyrius presented below, with the
information generally considered to be most impdrtadicated by an asterisk.

*1. Ease of entering and maintaining coordinated turns. During vigorous
maneuvering tasks requiring rapid bank angle changes and turn reversals, the
airplane which requires little rudder coordinatieitl, all else being equal, be
more acceptable to the pilot than the airplane which requires extensive use of
the rudder.

2. Yawing moments generated by lateral control deflection and roll rate, as
indicated by the motion of the airplane's nose ttine needle, the heading
indicator, or a sideslip gauge during the entrg thie aileron-only turn.

3. Dutch roll excitation during a bank angle contask with aileron-only inputs.

4. Nature of the spiral mode of motion, as indicdgthe aileron requirement in
the steady (constant bank angle) aileron-only turn.

After performing the qualitative phase of the ewadilon, the test pilot should have
some ideas as to the particular characteristicsiwtmake the airplane easy or difficult to
fly. Use of the quantitative techniques describetbw hopefully allows the test pilot to
substantiate his qualitative opinion. The results of all the qualitative and quantitative tests
must becorrelatedn order for the test pilot to accurately analyze dteral-directional
characteristics.
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5.3.2.2 MEASUREMENT OF THE MECHANICAL
CHARACTERISTICS OF THE LATERAL-DIRECTIONAL CONTROL
SYSTEM

Mechanical characteristics of the lateral-directional control system haw®jor
influence on lateral-directional flying qualities. The mechanical chalattsr to be
evaluated are defined as follows:

1. Breakout, including friction: The lateral or dit®nal cockpit control force
from the trim position required to initiate moverhehthe respective control
surface.
2. Freeplay: The lateral or directional cockpit cohtnotion from the trim

position required to initiate movement of the respe control surface.

3. Centering: The ability of the lateral or direati control system to return to and
maintain the original trimmed position when relehfem any other position.

4, Control System Oscillations: Oscillations in kheral-directional control
system resulting from external or internal distuntes.

5.3.2.2.1 Breakout Forces, Including Friction

Frictionin the lateral and directional control systemmswoidable, however, it
should be kept as low as possible. Some amounteztkouforce is generally beneficial,
but too much results in undesirable characteristiir®akout forces allow the pilot to rest
his hand and feet on the control stick and rudeelafs without introducing inadvertent
lateral and directional control inputs - this cledgaistic is particularly important in turbulent
air. However, breakout forces must be suitably matched to theallaand directional
control forces experienced after overcoming thakwat forces.

It should be obvious thaéireakouforce can never be measured alone, unless there
is zero friction force. Therefore, breakout forcesluding friction, are measured at the

trimmed conditions of the test. Directional breaikimrces, including friction are measured
or estimated in flight by carefully stabilizing at the trim condition, then applying slow and
smooth rudder force inputs until movement of theider control surface is detected.
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Movement of the rudder can be detected by visudiberving rudder movement, use of a
rudder position indicator, or by observiraplaneresponse Lateral breakout forces,
including friction, are measured in flight with the hand held force gauge by carefully
stabilizing at the trim condition, then applyingwland smooth lateral force inputs until
movement of the aileron is detected. This moveroantbe detected by visually observing
airplaneresponse When the airplane response is utilized as af@aueudder or aileron
movement, caution must be exercised because tiararwill require a finite time interval

to respond to the control surface movement. lbmnatic recording devices are utilized,
breakout forces, including friction, may be meadiurem the recording traces.

Breakout, including friction, may be measured on the ground for airplanes
equipped withirreversiblecontrol systems where control forces are merethgfions of
control deflection. However, ground measurements should be checked with inflight
measurements. It is obvious that inflight meas@ms at the trim condition are the only
means of accurately determining breakout, includimgtion, for the reversible control
system.

5.3.2.2.2 Freeplay

Freeplay is the lateral and directional control systems should be as small as
possible. Excessive freeplay may cause difficmltgerforming precise maneuvers such as
instrument approaches and tracking. Freeplay,esged in inches or degrees of lateral
and directional cockpit control movement, is meadun flight at the trim condition much
the same as breakout, including friction, was messuGround measurements may also
be made for irreversible control systems.

5.3.2.2.3 Centering

The lateral and directional control systems sheutubit positive centering in flight
at any stabilized trim condition. Poor centering can result in objectionable tracking
characteristics and/or large departures in sideslip or bank angle without constant pilot
attention to airplane control. Centering is qualitatively evaluatedlight at the trim
condition by smoothly displacing the lateral and dicg@l cockpit controls to various
positions and observing their motion upon reledseversible control system centering
characteristics may be evaluated on the ground.
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5.3.2.2.4 Control System Oscillations

Oscillations in the lateral and directional consp$tems, initiated by either external
perturbations or pilot action, should not resulbbjectionable oscillations in sideslip or roll
rate, nor should there be any objectionable stratuibrations created. Damping of the
respective control systems is measured in flighabguptly deflecting and releasing the
cockpit controls and observing the resulting moiiothe control surface or the cockpit
controls. These abrupt inputs may be describeddder "kicks" and lateral stick "raps."

Use of automatic recording devices or a cockpit mounted control position indicator aids in
data acquisition. If these are not available, #uedpilot is unable to visually observe the
aileron or rudder control surfaces, the test pilost resort to observing the motion of the
cockpit control stick or rudder pedals. No objectible oscillations of either the cockpit
controls or the airframe control surfaces should be present during maneuvering flight or in
turbulence. It must be remembered that motion of the cockpit controls may or may not be
good indications of the motion of the aileron or rudder surfaces. Iribleersontrol
system oscillation characteristics may be checked on the ground; however, these
characteristics should be evaluated in flight une there is not coupling between airplane
motion and control system dynamics.

5.3.2.3 MEASUREMENT OF STATIC-LATERAL-DIRECTIONAL
STABILITY CHARACTERISTICS

The steady heading sideslip test technique is conveniently utilized to obtain
important relationships which have a major influzia lateral-directional flying qualities.

It is not performedprimarily to determinghefeasibility of themaneuveiin operationause
although this determination is obviously a by-pratdul he information available from the
steady heading sideslip test is considerable amdbealivided intgorimaryand secondary
areas of importance.

The primary parameters to be obtained from thedstb@ading sideslip test are
rudder position, rudder force, aileron positiotein force, and bank angle. The rudder
position and rudder force variations with sideslip angle, sometimes referred to as
directional stability, rudder-fixed and directiorsaability, rudder-free, respectively, have a
major influence on the pilot's opinion of the ditenal "stiffness" of the airplane. These
variations provide absolutely no information about thagnitudeof the static directional

stability derivative, qﬁ, unless numerous other parameters, such as dinatttontrol
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power, G, , are known. However, if the variations gresitive such that right rudder
r

pedal force and trailing edge right rudder deftattare required in left sideslips, and vice
versa, the directional stability derivativenBC is known to be at leagiositive Positive

rudder position and rudder force variations wittheslip angle are a basic airplane design
requirement which allows the pilot to perform various mission tasks without entering
uncontrollable - and possibly catastrophic - flight conditions. In addition, positive
variations contribute to good lateral-directiomathtmability and maintenance of the trimmed
condition. However, rudder control forces and rerdgositions required tanduce or
controlsideslip should not be excessive within the raoiggideslip angles required in
normal or emergency operational conditions. The pilot is continu@lyfronted with
situations during which he must use or control Sigewith rudder control or trim inputs.
Some of these situations are: crosswind take-oftslandings, flight with asymmetric
external stores or asymmetric power, rudder-onigdurudder coordination during turns
and rolling maneuvers, etc. The particular ruddere and position variations desired in
any airplane depend on the mission of the airpdartethe multitude of pilot tasks required

in mission accomplishment. Plots of rudder force and position versus sideslip angle
should be essentially linear and should exhibiblstéocal gradients within a reasonable
sideslip angle variation from trim. For larger sideslip angles, an increase in rudder
deflection should always be required for an incedassideslip angle. Lightening of the
rudder forces at high sideslip angles may be aabégthowever, the forces should never
reduce to zero or reverse, i.e., no "rudder lock" should be encountered.

Aileron position and aileron force variations wéldeslip angle, sometimes referred
to as control-fixed dihedral effect and control-fredeatiral effect, respectively, have a
major influence on lateral-directional trimmabiléyd the ease with which the pilot can
control bank angle with rudder inputs. These Ve provide absolutely no information
about themagnitudeof the dihedral effecthB, unless numerous other parameters, such

as aileron control poweG,, , are known. However, if the variations aregative such
a

that left lateral control force and left laterakckpit control position are required in left
sideslips, and vice versa, the stability derivatiD@B , iIs known to exhibit anegativesign.

This results ipositivedihedral effect, i.e., the airplane tends to oplbosite to the induced
sideslip. Some degree of positive dihedral effect, as indicated by aileron control force and
aileron position variation with sideslip angle dissirablgfor satisfactory lateral-directional
flying qualities. However, positive dihedral efteshiould not be so strong as to require
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excessive aileron force or deflection to contratlbangle in sideslips. In addition, the
variation of aileron control force and position lwgideslip angle should be essentially
linear.

Bank angle variation with sideslip angle in stehdpding sideslips is indicative of
the sideforce characteristic. Positive sidefoftaracteristics, as indicated by left bank
angle requirement in left sideslips, and vice veasa necessary for satisfactory lateral-
directional flying qualities. The usefulness o thall of the needle-ball instrument as a
valid reference for trimming the airplane (withlétinherent sideslip) in wings-level flight
and for performing coordinated turns (with little sideslip) depends on sideforce
characteristics. Airplanes exhibiting weak or zZeank angle variation with sideslip angle
(in steady heading sideslips) are easily inadvéstérimmed and flown in wings-level,
ball-centered steady heading sideslips. The pilbbe perfectly happy with this state of
affairs until the increased drag caused by therartesideslip begins to upset his fuel-used
calculations in a long-range-cruise task, or utfficulty is experienced in aligning the
airplane longitudinally with the runway or carrignterline during night or low-visibility
approaches. Additionally, weak or zero sidefoltt@racteristics result in thmll and "seat-
of-the-pants”feel losing their significance as indications diurn perfection as a
consequence, large sideslip angles may be devemadthough the pilot keeps the ball
centered and feels no sidearm accelerations dtuing. In general, an increase in right

bank angle should accompany an increase in righslp and an increase in left bank angle
should accompany an increase in left sideslifis theoretically possible for a symmetrical
airplane to possess negative trimmed sideforce characteristics, but such ameaispla
unlikely to be encountered in practice, though airplanes in which the sideforce
characteristics are very weak or approach zeraxa.eOn the other hand, asymmetric
thrust or store drag can easily generate a reqamefor bank away from the sideslip angle
for equilibrium.

Secondary parameters obtained from the steady heading sideslip test are
longitudinal control force, rate of descent, andi¢ated airspeed error. Pitching moments
or longitudinal trim changes generated by sidestgpmanifested to the pilot through the
longitudinal control force (and incremental change in elevator or longitudinal control
position) required to maintain airspeed constanhésteady heading sideslip. Excessive
longitudinal trim changes with sideslip angles naltynutilized in operational usage would
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place excessive demands on pilot attention anddomation. Large rates of descent and
indicated airspeed errors with sideslip angles eyga in operational flight procedures
would be undesirable, if not dangerous, charadiesis

Two test techniques will now be presented for eatithg static lateral-directional
stability characteristics in steady heading sigesli

5.3.2.3.1 Stabilized Steady Heading Sideslips

The stabilized steady heading sideslip test tecianis)performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. If using automatic recording devicestram shot" should be taken
Record appropriate trim data such as power settiimg,settings, trim lateral
and directional control positions, fuel quantitggte or climb or descent, and
inherent sideslip angle.

2. The first sideslip at each predetermined rudddapeeflection is performed
solely to determine if any indicated airspeed eisaonduced by sideslip. This
is accomplished by establishing the sideslip, stabilizing, then quickly returning
the controls to trim and noting any increase or decrease in airspeed as the
sideslip angle decreases to trim. Airspeed errors which do not exceed
+ 2% Vg, May be neglected. Indicated airspeed is vari@dtapensate for

significant errors in subsequent sideslips. Tloper airspeed to utilize is quite
easily recognized during the test.

3. Establish each stabilized steady heading sideslip by smoothly applying the

predetermined rudder pedal deflection while simétausly feeding in lateral

and longitudinal control inputs to maintaisteady headingand the correct
airspeed. If the airplane exhibits positive dil@tal stability, positive dihedral
effect, and positive sideforce characteristics,pit@t will observe that, in the
stabilized steady heading sideshight rudder inputsleft lateral control inputs,

and left bank angle are required witlheft sideslip angles, andpposite
parameters are required witht sideslip angles.
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4. Maintenance of steady heading in the stabilizedsdip is critical if valid data
are to be obtained from this test. There are aéeaes available to the pilot for
maintenance of a steady heading. There are the turn needldiratonal
indicator, and visual references. A steady heaslidgslip may best and most
easily be established by using primarily externaenmeices with final cross
checking against the directional gyro and the heedle.

5. If using automatic recording devices, take a picture of thbilgzed steady
heading sideslip. Appropriate cockpit data shdl&h be recorded. Since the
parameters to be recorded are considerable, a stegjerder of noting and
recording data is as follows:

a. Rudder pedal force. If estimating rudder forogsntally note the force as
soon as the sideslip is stabilized before the &apimes fatigued.

b. Rudder position (either estimated or from corpasition indicators).

c. Lateral control force. This parameter may be nreaswith a hand held
force gauge.

d. Aileron position (if available) or lateral cockmibntrol position. Cockpit
control position may be measured roughly with various portable
instrumentation - tape measure, calibrated staaliprated yoke, etc. - if no
cockpit indicator is available.

e. Bank angle.

f. Sideslip angle. (A quite accurate method foinesting sideslip if no
sideslip indicator is available is presented irageaph 6.)

g. Longitudinal control force and vertical speed.ngibudinal control forces
may be measured with the hand held force gauge.
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6. If a sideslip indicator is not available in thekpit, the directional indicator may
be used to estimate sideslip angels. While stabilirethe steady heading
sideslip, note thairplaneheadingafter recording all parameters except sideslip.
Then, quickly return the controls to trim and dliabiin the original wings-level
condition. Again, note thairplane heading The difference between the
heading noted in the sideslip and the heading refted releasing the sideslip is
approximately the sideslip angle induced in thadggeneading sideslip.

7. Steady heading sideslips are normally performedca¢ments of one-quarter
rudder deflection, alternating direction of rudder inputs until full rudder
deflection sideslips are performed in both diretdio Sideslip angles should be
increased until:

a. Full rudder pedal deflection is reached.
b. Rudder forces reach 250 pounds.
c. Maximum aileron control or deflection is reached.

Obviously, if "rudder lock" or other unusual circatances are encountered, the test may
be terminated short of these limits.

8. Altitude should be withirr 2000 feet of the predetermined test altitude daurin
the measurements. Since increased drag will be generated on the airplane
during the sideslips, it may be expeditiousti#rta series of sidesliggbovethe
predetermined test altitude.

5.3.2.3.2 Transient Steady Heading Sideslips

If automatic recording devices are available, thadient technique may be utilized
to quickly obtain static lateral-directional chaexgstics. It is also a good "quick look"
gualitative technique even without automatic reca@dievices. It is performed as follows:

1. Stabilize and trim carefully at the desired fligbhdition. Record a "trim shot"
with the automatic recording devices. Record gmpate cockpit data.
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Actuate the automatic recording devices and veryathly and steadily enter
the steady heading sideslip. Using constant tatdar inputs, increase sideslip
slowly, simultaneously applying lateral control itg and banking in order to
maintain steadyheading Use longitudinal control inputs, if necessary, to
maintain constant trim airspeed.

Increase the rudder input to full deflection (or other limiting factors), then
decrease rudder inpatthe sameslow rate After returning the airplane to the
original trim conditiongcontinueby applying rudder in the opposite direction to
full deflection, then back to trim.

Actuate the event marker at various sideslip angles or rudder deflections, if
desired, to aid in data reduction. Deactivate the instrumentation after returning
to the original trim conditions.

For the optimum results from this teste rateof changeof sideslipmust be

very slow;% degree per secom lessyields excellent data.

Maintenance of steady heading is again criticaltfis test. The test pilot must
continually cross-check all references availableider to keep the heading
constant throughout the process.

5.3.2.4 MEASUREMENT OF DYNAMIC LATERAL-DIRECTIONAL
STABILITY CHARACTERISTICS - THE SPIRAL MODE

5.3.2.4.1 Spiral Stability

Characteristics of the spiral mode of motion hasae influence on overall lateral-
directional flying qualities, although the influents generally small in relation to other
contributions. The pilot generally is satisfiedhg spiral mode is neutral, convergent, or
slightly divergent. However, if the spiral v@ry divergent such that bank angle changes
resulting from external disturbances or inadvertent control inputs build rapidly, the pilot is

required to devote sonagtentionto controlling the spiral motiok® Therefore, the time

13 Obviously, an automatic flight control system atapilot can relieve the pilot of this duty.
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duration which the pilot can devote to other dutiee correspondingly shortened. A very
divergent spiral mode can make long range cruilighgt and instrument approaches or
departures extremely frustrating for the pilot tigakarly in turbulent air.

A divergent spiral mode normally is accompanied by lamiital trim changes
resulting from airspeed increases. These airspeed changes may cause corresponding

changes in some speed-dependent stability deriafa('&gB, Cgr) which may alter the

spiral characteristics. Different spiral charasters may be observed if airspeed is allowed
to vary instead of restraining it at trim.

Propeller-driven airplanes may exhitifferentspiral characteristics in left and right
turns. This phenomenon may be attributed to various pedekadtf propeller-power
flight, such as the manner in which the slipstrearpinges on the components of the
airplane and the change in slipstream patternsidbslip direction.

The characteristics of the spiral mode to be detexdhare the nature of the motion
(convergent, neutral, or divergent) and the rate of convergence or divergence (if
applicable). These characteristics may be obtaieegsimply from a time history of bank
angle after the spiral motion is excited. The ieperformed as follows:

1. Stabilize and trim very precisely in the desiredfiguration at the desired flight
condition.

2. Restrain the lateral control rigidly in the trimgition and establish a small bank
angle (at least 5 degrees, but not more than 2@dspby one of the following
means: a very small rudder input, a slight powduction on one engine of a
multiengined airplane, opening a cowl flap or @bler door on one engine of a
multiengined airplane. Lateral control inputs aseially not used to establish
the bank angle because of the difficulty in retagnihe lateral control to trim
and the subsequent significant rolling moments ggad. However, this is not
a hard and fast rule as in some airplanes it may be easier to ensure the return of
the ailerons to a precise trimmed position thadddhe same with the rudder;
for example, if the centering is obviously bettethe aileron circuit. Clearly
the important point is to minimize, or eliminatgdssible, any contamination of
the spiral mode with residual control deflectioster establishment of the
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steady bank angle, return the rudder pedals, psetting, cowl flap, or oil
coolerto theoriginaltrim positionand release the cockpit controls. Commence
recording a time history of bank angle, utilizing@second sweep stopwatch
and the attitude gyro. When sufficient data isaoi#d, recover to wings-level
trim conditions and repeat the procedure with oppdmnk angle.

3. By releasing the cockpit controls completely, piiet observes the combined
effects of the spiral mode, longitudinal trim change, and control system
characteristics on the spiral motion. This motsaoften seen in the operational
environment when the pilot releases the controkgt perform other tasks in
the cockpit. If pure spiral mode data is desired, trim airspeed should be
maintained with longitudinal control inputs.

4, Precise initial trim, particularly lateral trimésmooth air are necessary if valid
quantitativedata are to be obtained from this test.

5.3.2.5 MEASUREMENT OF DYNAMIC LATERAL-DIRECTIONAL
STABILITY CHARACTERISTICS - THE DUTCH ROLL MODE

Since the airplane responds in yaw through the IDiglt mode (just as it responds
in pitch through the short period oscillation), gvdime it is disturbed in yaw, either
externally or by pilot inputs, the Dutch roll wile excited. The pilot seldom needs to make
appreciable rudder inputs except for certain special conditions such as flight with
asymmetric power (or stores), crosswind landingiticaling bank angle by means of
rudder, etc. Nonetheless turbulence and pilotrobimiputs (especially lateral inputs if
significant aileron yawing moments exist) will continually excite the Dutch roll
inadvertently. Therefore, it is frequently refette as a "nuisance” or "annoyance" mode.
When the Dutch roll is excited, the resulting datibns in sideslip, bank angle, and lateral
motion must be suppressed by one or a combination of the following: aerodynamic
characteristics of the airplane, stability augmentation, pilot control inputs. Damping,
frequency, and roll-to-yaw ratio of the Dutch rall, lateral-directional oscillation, have
profound effects on overall lateral-directionairily qualities. During critical mission tasks
requiring precise flight path control, precise tracking, and/or rapid maneuvering, a
satisfactory combination of Dutch roll charactécsis mandatoryfor satisfactory mission
accomplishment.
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Unfortunately, difficulty is experienced in defining and describing satisfactory
combinations of Dutch roll damping, frequency, and roll-to-yaw ratio. The optimum
combination for a particular airplane obviously eélegs on the mission of that airplane and
the various mission tasks involved. Additionapylpt technique has a large influence on
the acceptability of particular characteristicsithe pilot can use any combination of
lateral and directional control inputs. Tipdot's techniguethus influences thepilot's
opinion The generalizations which follow concerning itiguence of various Dutch roll
parameters must be accepteg@seralizationsnly, since they may not be appropriate to a
particularsituation

5.3.2.5.1 Dutch Roll Damping

The damping of the Dutch roll motion is probably timost important Dutch roll
characteristic to be considered. Over a wide raridgautch roll frequencies and roll-to-
yaw ratios, the pilot will probably find the latémirectional dynamics acceptable if the

Dutch roll motion iswvell damped The parameteiy, is thedampingratio of the second-

order lateral-directional, or Dutch roll, motion. Its value strongly affects the time or
dynamic response of the airplane to a rudder or aileron input or lateral gusts. The
following rationalizations may be made concerning thiguénce of various Dutch roll
damping ratios on lateral-directional flying quait

1. Foryvery low or low damping ratios - the lateral-directional oscillation may be
easily excited by pilot control inputs or exterdaturbances. Once excited, the
yawing, rolling, lateral translational motion tertdspersist for a relatively long
period of time. This persistent motion can caugeeme discomfort and induce
airsickness in passengers and crew of transpqiaaies as well as degrade
aiming accuracy for high-altitude bombing task&&avy or tactical bombers.
When the pilot attempts to maneuver vigorously sintiltaneously maintain an
air-to-air or air-to-ground tracking picture, thghtly damped Dutch roll motion
may completely preclude precise weapons deliveaytiqularly in rough air.
During the landing approach in instrument or vis@lditions, serious heading
control problems can be generated if the dampitig of the Dutch roll motion
is too low. The pilot will probably desire taitemptto suppress the motion
with lateral or directional control inputs if th@mhping ratio approaches zero.
The success the pilot realizepirsonallydamping the Dutch roll will depend
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largely on the frequency of the motion arfaeotffactors such as the roll-to-yaw
ratio and the phase relationship between the rmlyamw components of the
motion.

2. Forlow to moderateDutch roll damping ratios - the lateral-directiboscillation
may be excited but will beery noticeablydampegdalthough still apparent. The
pilot should be able to perform maneuvers involyangcise heading and bank
angle control with little difficulty attributableotDutch roll damping. During
vigorousmaneuveringnvolving large, repeated lateral and directiorattrol

inputs, noticeable and possibly objectionable yawing and rollicglaigns
may be generated. The pilot will probably feelnmeed to augment natural
Dutch roll damping with control inputs since the motion subsides fairly rapidly
if the controls are merely fixed or released.

3. For moderateto heavy Dutch roll damping ratios - the lateral-directional

oscillation may not even be apparent to the pilthe pilot will probably feel
very secure in maneuvering the airplane vigorously since no noticeable
oscillations in yaw or roll are generated. If thatch roll damping is very
heavy the airplane will be slow responding to rudder inputs or external
disturbances.  The pilot may find this sluggish directional response
objectionable during maneuvering. In addition,\yedamping of the Dutch
roll and heavy yaw rate damping (large,G are generally analogous,

therefore, the pilot may find that tmedderrequirementn coordinated turns is
excessive if the Dutch roll i8o heavilydamped

5.3.2.5.2 Dutch Roll Frequency

The parameterpg,, is the dampedfrequency of the second-order, lateral-

directional mode of motion. If it is a real, pog& number, it is directly related to the
frequency, or quickness, with which the airplarsponds to a rudder input or lateral gust
disturbance. Obviously, this damped frequencyahasjor influence on lateral-directional
flying qualities. However, the damped frequencglependent odampingratioas well as
the undampedaturalfrequency Therefore, Dutch roll characteristics are convefyent
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expressed in terms of thke@dampedaturalfrequency wy, ,, and, of course, the damping

ratio, (4. The following generalizations may be made conicgy the effect of various
Dutch roll natural frequencies on lateral-directibitying qualities.

1. Foryverylowto low wp, values - the pilot may experience large sideslip

excursions when yawing moments are generated esalatontrol inputs, roll
rate, rudder inputs, lateral gusts, etc. This is due to the clos@mslaip
between Dutch roll natural frequency adlicectionalstability. Since lowwy,,

and low directional stiffness are generally analegydhe pilot will probably
expend considerable effort maintaininga desiredheadingor low frequency

Dutch roll situations. Because of thl®w initial responsessociated with the

low frequency motion, the pilot may experienceidiifty in determining the

steadystateor final magnitudeof the motion. This lack of predictability makes
preciseandrapidheading corrections virtually impossible. Because of the low

directional stiffness, the pilot will use frequent rudder inputs in order to
compensate, i.e., the pilot becomestadility augmenter Increasing the Dutch

roll damping ratio probably will not improve thewsation measurably if the
frequency is very low; the primary objectionablettee associated with the
very low frequency is not the@scillatory motion but the weak directional

stiffness If the frequency is a bit higher, increasing Dwtch roll damping
may improve the situation somewhat. For some mssand mission tasks,
very low Dutch roll natural frequencies may be talde, as long as at least

somelevel of positivedirectionalstability is presenti.e., w,, > 0. If the

airplane is always maneuvered slowly and smoothéy pilot will probably not
object to the slow initial response. The very large transport, passenger, or
heavy bomber airplanes, with very large yawing mots®f inertia, may be
characterized by very low Dutch roll natural freqcies. Since these airplanes

do not require extensive maneuvering for missiaoaplishment, low Dutch

roll natural frequencies may have no derogatinigiénice.

2. For mediumto high w,, values - the response of the airplane for turrs an

heading corrections is generally satisfactory, atlie sensitivity to lateral gusts
should not be excessive. Because of the corresponding medium to high
directional stiffness, the pilot finds that few deal inputs are required to control
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sideslip. Directional trimmability is also enhanced. Every correctitade
during the trimming tasks takes less time and cdamascompletion faster. This
gives the pilot the feeling that he knows exactly what trim correction is
necessary. In other words, the airplane’s direatitrim point is well defined
and corrections to the trim point are quickly acpbsmed.

3. Thevery highDutch roll natural frequency - may cause the airplane to be
oversensitive and responsive directionally to ruddputs and lateral gusts.
During precise maneuvers requiring close contrdiedding or nose position,
the very high frequency Dutch roll can precipitate annoyunggomfortable,
rapid excursions in sideslip, roll, and laterahgkation. If the pilot tries to
damp a very high frequency, lightly damped Dutch mmtion with control
inputs, he is likely to get out of phase with the rapsgtillations, reinforce
them, and drive the motion divergent.

5.3.2.5.3 Roll-to-Yaw Ratio

10
B

during the Dutch roll motion, or simply the roll-y@w ratio. Roll-to-yaw ratio has some
influence on pilot technique during bank angle colntasks and rolling maneuvers, and
may significantly influence the pilot's opinion of the maneuvering cdifiabi of the
airplane during these tasks. The degree of retudbance or the sensitivity of the airplane

in roll to rudder inputs and lateral gusts is dilgproportional to this parameter. The
following generalizations may be made concerning the influence of various magnitudes of
roll-to-yaw ratios on overall lateral-directiondyihg qualities. (Roll-to-yaw ratio of the
Dutch roll motion will be further discussed in dsaquent section on rolling performance
and roll handling qualities.)

The parameters, is the ratio of th&ankangleenvelopeo sideslipangleenvelope

1. If the roll-to-yaw ratio is low - the Dutch rollation is manifested more in
yawing than in rolling. If the ratio is very lowp that the motion approaches
pure "snaking," the response of the airplane to latpuats will be largely
heading changes. The pilot may feel compelledturol this gust response
during maneuvers requiring precise heading cordral, the rudders will be the
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control utilized. With low roll-to-yaw ratios, thelling moments generated by
yaw rate and sideslip angle excursions will be §nita¢refore, the Dutch roll
influence on rolling performance will probably beall.

2. Formediumroll-to-yaw ratios - some rolling motion will beegerated by yaw
rate and sideslip angle excursions. If significailégron yawing moments or
yawing moments due to roll rate exist, the piloli wiobably be compelled to
coordinate aileron inputs with rudder inputs togkeeleslip excursions small,
minimize oscillatory variations in roll rate, and realize maximum rolling
performance from the airplane.

3. If the roll-to-yaw ratio isigh - considerable rolling moments will be generated
by sideslip and yaw rate excursions. Rolling penfance and lateral handling
gualities may be seriously impaired unless thet pilitizes rudder coordination
effectively during maneuvering. The airplane will be very responsive and
sensitive in roll to lateral gusts and rudder inputs; bank angle response to
turbulent air may be very objectionable, partidylaiuring maneuvering which
requires precise bank angle control. As the mldw ratio increases, the pilot
will probably demand increased Dutch roll dampifidhis is due to the pilot
usually being more sensitive 1toll responséhensideslipresponse

5.3.2.6 DUTCH ROLL REQUIREMENTS

The results of pilot opinion investigations basedreflight and ground simulator
tests have revealed that there are combinatiobsitah roll frequency, damping, and roll-
to-yaw ratios which provide satisfactory lateral-directional flying qualities. These
investigations showed that the product of the damping ratio and the undaraijpeal

frequency {4wp, , should be within the limits listed in Table 5.1.
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Table 5.1
Flight Phase MinZ ¢®ng * | Min ©ng
Level Category Class Mty * rad/sec rad/seq

A (CO and GA) IV 0.4 - 1.0

[, IV 0.19 0.35 1.0
1 A I, 1 0.19 0.35 0.4**
B All 0.08 0.15 0.4**

C v 0.08 0.15 1.0
-, m 0.08 0.10 0.4**
2 All All 0.02 0.05 0.4**
3 All All 0 - 0.4**

*  The governing damping requirement is that yielding larger value o(d,

except that id of 0.7 is the maximum required for Class Il

** Class Il airplanes may be excepted from the minimuay,, requirement,

subject to approval by the procuring activity, if the requirements of 3.3.2
through 3.3.2.4.1, 3.3.5, and 3.3.9.4 are met.

Note: Values ond etc. in MIL-F-8785C are quoted to two decimal @ac

Such accuracy may be obtainable with special ims¢éntation; however, that
will not usually be the case and, where trace records cannot be read to better than

about 5%, results which imply an accuracy of 0.5% are clearly unjustifiable.
The effects of a higl% ratio can sometimes have a significant influemcenission

tasks. Relatively large bank angle excursionsltiegufrom sideslip can make tracking
tasks or level flight in turbulence very diffic@specially in airplanes with low Dutch roll
frequency and/or damping. In an attempt to impriheeanalysis of these problems in

airplanes with higtg ratios, an additional parameter has been anallytidetermined from
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the results of pilot opinion investigations. Tp&srameter is the product of the square of

the undamped natural frequency of the Dutch rcﬂllme% ratio, wﬁd (%) d. If the

value of(oﬁd ((—[g) d is greater than 20 (rad/s&dhen the minimum values @fywn, as

shown in Table | should hecreasedy the following values:

2
014(why l9/ply - 20)
Level 2-AZy @y, = .009(why l¢/Bly - 20)

Level 3-AZy wy, = .005(why [@/Bly — 20)
with wy , in rad/sec eq 5.82

Level 1 -Aly wp,

5.3.2.6.1 Techniques for Exciting Dutch Roll Motion

for Quantitative Measurements

Two methods will be introduced for obtaining quantitative Dutch roll
characteristics. The method utilized for a particular flight test will depend on the
characteristics of the airplane, the requiremegésnst which tested, and the preference of
the individual test pilot.

The rudder pulsing technique excites the Dutch roll motion nicely, while
suppressing the spiral mode if performed corredityaddition, this technique can be used
to develop a large amplitude oscillation which aids in data gathering and analysis,
particularly if the Dutch roll is heavily dampett.is performed as follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. If using automatic devices, take a "tshot."

2. Smoothly apply alternating left and right ruddsputs in order to excitand
reinforcethe Dutch roll motion. Restrain the lateral cackntrol at the trim
condition or merely release it. Continue the cyclic rudder pulsini the
desired magnitude of oscillatory motion is attaingeén smoothly return the
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rudder pedals to the trim position and release tberastrain them in the trim
position. Simultaneously, activate the automadaording devices and observe
and record appropriate parameters.

3. The frequency with which the cyclic rudder inpate applied depends on the
frequency and response characteristics of the airplane. The test pilot must
adjust the frequency of rudder pulsing to the paldir airplane. The maximum
Dutch roll response will be generated when the eughailsing is in phase with
the airplane motion, and the frequency of the rugdéses is approximately the
same as the natural (undamped) frequency of thehDati.

4. The test pilot should attempt to terminate theleugbulsing so that the airplane
oscillates about a wings-level condition. Thiswdoeffectively suppress the
spiral motion.

5. Obtaining quantitative information on Dutch roll characteristics from cockpit
instruments and visual observations requires pagigparticularly if the motion
is heavily damped. However, if a sensitsideslipindicatoris available in the
cockpit, the test pilot should be able to obtaima-cycle amplituderatiofrom
the sideslip excursions. From this parameter pgncximatedampingatiocan

be easily obtaine#l. Thetime requiredfor a half or full cycle can be measured
with a one - or three-second sweep stopwatch. From these times, the
approximate damped period, damped frequency, and undamped natural
frequency can be derived, if desitedIf a sideslip indicator is not available,
the turn _needle of the needle-ball instrument can be observed to obtain
approximate half-cycle amplitude ratio and dampeaabgl.

6. The roll-to-yaw ratio of the Dutch roll motionextremely difficult to obtain
accurately without automatic recording devices. The motions are generally
phased so that the maximum roll and sideslip excursidnsnot occur
simultaneously Therefore, merely noting the maximum roll excursion to

¥ See “Analysis of Second Order Responses” in the Introduction to this manual.
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maximum sideslip excursion for a given cycle wilbpably yield erroneous

resultd . However, the test pilot should be able to abtirough idea of the
roll-to-yaw ratio by observing thpathof the airplanewingtip on the horizon
during the Dutch roll oscillations. (A wing-mounted boom or other protrusion,
or a dot drawn on the side of the canopy may also be used.) If the Dutch roll is
manifested in pure "snaking", the roll-to-yaw ragoof course, zero and the
wingtip will move only in the horizontal plane. ttie roll-to-yaw ratio if 1:1,

the wingtip will describe a circle on the horizate. (Figure 5.58). If the
Dutch roll motion is heavily damped, the wingtiplivdescribe some form of
distorted spiral. Under these conditions, the pessible estimate of roll-to-
yaw ratio may be no better than "greater than ldgproximately 1:1" or "less
than 1:1."

7. If automatic recording devices are available ethi@e Dutch roll motion should
be recorded and analyzed later for accurate gaawétinformation.

 135ee “Analysis of Second Order Responses” in the Introduction to this manual.
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Figure 5.55
Paths of Airplane Wingtip on Horizon During Dutch Roll Motion

The steadysideslipreleasecan also be used to excite the Dutch roll; howether
difficulty in quickly returning the controls to tm and the influence of the spiral mode often
precludes the gathering of good quantitative results. The rudder pulsing technique usually
produces much better Dutch roll data. The stealibskp release technique is performed as
follows:

1. Stabilize and trim carefully in the desired configuratainthe desired flight

condition. If using automatic recording deviceke a "trim shot.”

2. Establish a steady heading sideslip of a sufficiemgnitude to obtain sufficient
Dutch roll motion for analysis. Utilize maximum allowable sideslip, full
rudder, or a comfortable rudder force input. Siabihe sideslip carefully and
activate the automatic recording devices. Quickly, but smoothly, return all
cockpit controls to trim and release them (contfode Dutch roll) or restrain
them at the trim position (controls-fixed Dutchlyol(Both methods should be
utilized.)
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5.3.3 Dutch Roll Influence on Roll Performance During
Precision Maneuvering

The Dutch roll motion can have a significant infiae on roll performance during precision
maneuvering. If the Dutch roll influence is sevdhe pilot will find it difficult or even

impossible to precisely and accurately select aetbbank angle during airborne tracking
tasks. The parameter usedjt@ntitativelyevaluate this Dutch roll influence is the ratio of

the oscillatory component of roll rate to the ageraomponent of roll rate%ﬁﬁ“. The
phase anglelps, was discussed previously in the Theory sectibhe requirements are

presented in Figure 5.56a.

11+
10t -
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9 Category B
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Level 1
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\/
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l]JB (Deg) When P Leads by 225° through 360° to 45°

Figure 5.56a
Roll Rate Oscillation Limitations

14 EPW - a measure of the ratio of the oscillatory congrarof roll rate to the average component or roll

av

rate following a rudder-pedals-free step aileromticd command:

P P +P, - 2P,

(g = 0.2 g% = g=p7o0

AV 1 3 2

P P -P

{q > 0.2: o= = 0

\% 1 2

where p, p,, and g are roll rates at the first, second, and third peaks, respectively.
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Before collecting quantitative data on the influence of the Dutch roll on roll
performance during precision maneuvering, preliminary tests must be conducted to
accurately determine: (1) the period of the Dutghoscillation, {y, and (2) the amount of
aileron deflection required to produce a 60 dedpask angle change in 1.7 seconds.

Once these data are known, the test is performéadlass:

1. Stabilize and trim carefully in the desired configuratainthe desired flight
condition. If using automatic recording deviceket a "trim shot.”

2. Activate automatic recording devices and abrugptliyly a step aileron command

up to the magnitude which causes a 60 degree bagike echange in 1.7 4t

seconds. A chain stop or premeasured block carséd by the pilot in the
cockpit to accurately attain the required contticksdeflection.

3. The record of the roll should be analyzed afterflight for quantitative data.

The pilot's gualitativeevaluation of the Dutch roll influence on roll pmmance
should be performed during typical mission tasks.

5.3.4 Adverse and Proverse Yaw Effects on Precision

Maneuvering

Obviously, there must be limits on the amount aiverse or adverse sideslip that
is generated during maneuvering flight. Especidllying precise tracking tasks, the pilot
desires that the airplane be flown without excesaneron and rudder coordination. The
more coordination that is required, the more difiithe pilot's job to stabilize quickly and
precisely on a desired flight path.

For small inputs like those used in normal airbamaeking tasks, the parameter
used taquantitativelydetermine the sideslip generated following ailezontrol commands
is the ratio of sideslipAB, to a nondimensional constant, k. The denominator k is defined
as the ratio otommandedank angle change in a give time to tieguiredbank angle
change, where the time interval and the requirett bagle change are obtained from Table
IXa, paragraph 3.3.4 of MIL-F-8785C, defining rp#rformance requirements.
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d .
k = H—m‘ commarnc  (see Figure 56b).
@ | requirement
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g (Deg)
Figure 5.56b

Sideslip Excursion Limitations

A similar technique to that for measurin%ﬁ may be used; however, the
av

specification requirement only holds &mallaileron deflections, i.eyp to those required
to cause a 60 degree bank angle changg or 2 seconds, whichever is the longer. The

constant k is then determined for each maneuvéreasatio of the bank angle actually
obtained in time t to the bank angle required byageaph 3.3.4 of MIL-F-8785C in the
same time t. Note that in general this time t mat be equal togt or 2 seconds.

The pilot'squalitativeevaluation of the adverse or proverse sideslipatharistics
should be performed during typical mission tasks.

5.3.5 Determination of Phase Angle from Flight Test

Records
An example of how to determine the phase angle, from flight test records is

presented in Figure 5.56c.
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Determination of Phase Angle

Since the first local maximum of the Dutch roimponenbf the sideslip response
occurs at + = 2.95 seconds,

-360 t

Yp = 2 ty, + (n - 1) 360 = P (2,99 = -308° eq 5.83

np

5.3.6 Postflight Procedures

As soon as possible after returning from the fljghe test pilot should write a
brief, rough qualitative report of the lateral-diienal flying qualities exhibited during the
mission tasks under evaluation. This report shbelevritten while the events of the flight
are fresh in the pilot's mind. Qualitative pilgtinion, appropriately related to the mission
tasks under evaluation, will be the most imporgart of the final report.

5.cxxxviii



LONGITUDINAL FLYING QUALITIES

Appropriate data should be selected to substarttigt@ilot's opinion. The data
presentation introduced here is only suggestedradbe modified as desired by the test
activity. No matter what method is used, it shdagdclear, concise, and complete.

5.3.6.1 MECHANICAL CHARACTERISTICS OF THE LATERAL-
DIRECTIONAL CONTROL SYSTEM

Mechanical characteristics may be presented asrspoaviously in the discussion
of "Test Procedures and Technigues - Nonmaneuvering Tasks" in the Longitudinal Flying
Qualities Section. Merely modify the presentatitmencompass the lateral and directional
control systems.

5.3.6.2 STATIC LATERAL-DIRECTIONAL STABILITY
CHARACTERISTICS

Static lateral-directional stability characteristere normally presented as plots of
rudder force and position, lateral control force and aileron position, bank angle, and
longitudinal control force versus sideslip angiRate of climb or descent and airspeed error
may be presented, if these parameters are signific&uckpit control position and/or
surfacecontrol positionmay be utilized, depending on the data availafiigpical data
presentation schemes are shown in Figures 5.5%.&8d The data for Figure 5.58 were
derived from automatic recording traces of a tramssideslip technique. If automatic data
reduction facilities are available, sufficient dataints may be extracted to "shot gun" the
data. It is apparent that obtaining the same plots by manualretiation would be
extremely laborious.

Discussions of static lateral-directional stabilityaracteristics in the report of the
test must be worded with care. The steady sidesdipresults indicate the sign, mdt the
magnitudeof directional stability, (;,B, and dihedral effect,CgB. (Actually, if very

unusual stability augmentation or control systeuigg#ry is utilizedthetestsmay not even
indicatethe sign of the stability derivatives.) However, the testults are still extremely
important from a flying qualities standpoint. Tlaaguage of the report should reflect
clearly the parameters which were used as indications of the static latectleaial
characteristics. For example, the following iniotbry sentences might be used in the
report: "Directional stability, as indicated by teriations of rudder force and position with
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sideslip angle in steady heading sideslips, wagipesn all configuration tested;" "The
variation of lateral control force and aileron pgmsi with sideslip angle in steady heading
sideslip indicated positive (or negative) dihediféct," etc.
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Figure 5.57
Static Lateral-Directional Stability Characteristics
Model Airplane
BuNo
Configuration Power Approach Gross Weight: 15,450 Lbs
Loading: Long Range Attack CG: 24.2% MAC
Trim: 125 KIAS, 5,000 Ft Stab Aug: On
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MODEL AIRPLANE
BuNo
PILOT: TRIM: .71M,  30,000FT
CONFIGURATION: CRUISE GROSS WEIGHT: 16,440 LBS
LOADING: C CG: 18.2% MAC
DATE: 20 OCTOBER 1968 STAB AUG: OFF
Figure 5.58

Static Lateral-Directional Stability Characteristics

5.3.6.3 DYNAMIC LATERAL-DIRECTIONAL STABILITY
CHARACTERISTICS - SPIRAL STABILITY

Spiral stability data are effectively presentedhgdot of bank angle versus time.
Appropriate specification limits may be shown oe ghot. A typical time history is shown
in Figure 5.59.
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.

\

MIL SPEC 8785C
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— /
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Figure 5.59

Spiral Stability

Model Airplane
BuNo

Configuration: Power Approach Gross Weight: 16,700 Lbs
Loading: Alfa CG: 27.2% Mac
Trim: 135 KIAS, 7500 Ft Stab Aug: On

5.3.6.4 DYNAMIC LATERAL-DIRECTIONAL STABILITY
CHARACTERISTICS - DUTCH ROLL CHARACTERISTICS

The presentation of Dutch roll characteristicd a dictated by the amount of data
available. If the scope of the evaluation is leditDutch roll characteristics are effectively
presented in tabular form. An example is showiguFe 5.60. If the Dutch roll motion
was recorded on oscillograph, magnetic tape, entetry, the actual trace, appropriately
annotated, may be presented in the report. Sidasgle is the most desirable parameter to
use in determining Dutch roll frequency and damping, since it exhibits the pure Dutch roll
response better than any other parameter. Howgawerrate may be utilized if the sideslip
trace is not useable. Sideslip angle and bankeangtes should be utilized to determine
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roll-to-yaw ratio; however, yaw rate and roll ratay be utilized as back-up parameters. In
order to clearly illustrate the procedure for deti@ing roll-to-yaw ratio, the bank angle and
sideslip angle traces from typical oscillograpleéshave been reproduced in Figure 5.60.

Trim
Airspeed Gross Wn, Wl (%) U w,,
Altitude | (KIAS, CG Weight | Stab | aq/| Za | @ | (rads (rad/
Configuration|  (ft) IMN) | WMAC | (1bs) | Aug | geq B | secs | se0
)
Cruise (CR) | 30,000 65 22.8 19000 oN 14 ¢.251| 4.8 | 0.25
2
Power (P) 10,000 450/.8)  23.2 2170p  ON 4|3 p.1.2.1| 21.4 ] 0.60
1
Power
Approach (PA)| 10,000 145 19.2 1550 OHF 2|2 ¢.3:1 14.5 | 0.62
3

Figure 5.60
Airplane Dutch Roll Characteristics
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1. Draw the subsidence envelopes of sideslip aamklange, ... = 130 B _ 100
Envelope —

2. Using the envelopes, derive the roll angle aitslip angle at the same time along the horiabraxis.

3. Compute the roll-to-yaw ratio. (Note that ttedl-to-yaw ration changes in this example. Thdsai
common phenomenon which may be influenced ififfcdlty in drawing precise envelopes.)
Determination ofp/3
4. Note that the roll and sideslip excursions freaaximum values at different times, they are mophase.
Thus, merely noting p&akefaré 0bSsieRisBpbgisgion for a given cycle will not yield the corremdll-to-yaw
ratio since the roll-to-yaw ratio is defined e ratio of the e of roll angle and sideslip angle.
(In this example, roll and sideslip are outpdfase by onlyapproximately 0.3 second.)

Figure 5.61
Determination of Roll-to-Yaw Ratio of Dutch Roll Motion
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If the flight test team desires to show the vasiaif Dutch roll characteristics with
airspeed or Mach number, a plot similar to thatvelhan Figure 5.62 may be utilized.
When discussing Dutch roll characteristics in tbheyof the report, or when presenting
appropriate data, the condition of the stabilitgrmentation, if installed, must be explicitly
stated.

Yaw Damper Off

Altitude Average Gross Average
Symbol ft Weight - |b CG - % Mac
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Figure 5.62
Dutch Roll Characteristics
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05.3.6.5 LATERAL-DIRECTIONAL TRIMMABILITY, RUDDER-
ONLY TURNS, AND AILERON-ONLY TURNS

The determination of trimmability as presented hreig based on the test pilot's
gualitative opinion. Therefore, a qualitative discussion mhnrability in the technical
report is appropriate. The results of other testy be used to substantiate the qualitative
opinion of lateral-directional trimmability.

The results of rudder-only turn and aileron-oniynttests are probably best blended
into discussions of static or dynamic lateral-di@tal characteristics. The writer should
make every effort tocorrelate the qualitative and quantitative results of all the tests

conducted in order to present a meaningful piadiitbe airplane’s lateral-directional flying
qualities.

5.4 SPECIFICATION REQUIREMENTS

Requirements for static and dynamic lateral-dicgt flying qualities are contained
in the following applicable paragraphs oilitdry Specification, MIL-F-8785C, of
5 November 1980, hereafter referred to as the fgetcon.

3.2.3.7 Longitudinal control in sideslips

3.3.1 Lateral-directional mode characteristics (pk&e3.1.2)

3.3.2 Lateral-directional dynamic response charatiesubparagraphs 3.3.2.1,
3.3.2.2.1, 3.3.2.4.1, 3.3.2.6)

3.3.3 Pilot-induced oscillations

3.3.4.5 Rudder-pedal-indicted rolls

3.3.5 Directional control characteristics (subparagraphs 3.3.5.1, 3.3.5.2)

3.3.6 Lateral-directional characteristics in stesidgslips

3.3.7 Lateral-directional control in crosswinds
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3.3.8 Lateral-directional control in dives

3.5.2 Mechanical characteristics (control system)

The requirements of the Specification may be medifiy the applicable airplane
Detail Specification. Comments concerning onlysthportions of the Specification which
require some interpretation are presented below.

3.3.2.2.1 The intent of this paragraph is to inghet there will
be no objectionable roll oscillations while executing
small, precise lateral inputs such as would be used
air-to-air or air-to-ground tracking tasks. Thegeed

period (}) of the Dutch roll must be known before

quantitative data can be obtained to determine
compliance with this paragraph.

3.3.2.4.1 The intent of this paragraph is to lirhi¢ @mount of
adverse or proverse sideslip following small lateral
control inputs such as would be used in tracking tasks.
Again, the damped period of the Dutch roll must be
known to determine Specification compliance.

3.3.7.2.1 This paragraph specifies that satisfactory directional
control using either rudder, aileron or a combabf
both shall be maintained at 50 knots or above durin
takeoff and landing rollout.
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5.5 LATERAL-DIRECTIONAL FLYING QUALITIES - GLOSSARY

Roll-To-Yaw Ratio Ratio of bank angle envelope to sideslip angle
envelope during Dutch roll oscillation.

Adverse Yaw Yawing moments created act so as to rotate the nose
of the airplane opposite to the direction of rollhe
term "adverse" does not, in itself, denote unfavorable
flying qualities.

Proverse Yaw Yawing moments generated act so as to rotate the
nose of the airplane toward the direction of roll. The
term "proverse" does not necessarily indicate
favorable flying qualities.

Roll Mode Time Constant Time required for the roll rate to reach 63.2 petcé#
the steady state roll rate following a step input of
lateral control.

Coordinated Turn A turn in which a balance of sideward accelerations
acting on objects in the airplane is attained;al*b
centered" turn.

5.6 LATERAL-DIRECTIONAL FLYING QUALITIES - REFERENCES

1. Advisory Group for Aeronautical Research and Development, Flight Test
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Company. Publisher: John Wiley and Sons, Inc., Newk, New York, 1949.
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New York, New York, 1959.
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Burns, British Aircraft Corporation, Preston Division, Warton Aerodrome, Preston,
Lacashire, AGARD Report 549 - Part Il, 1966.

12. Features of Large Transport Aircraft Affecting CGahtDuring Approach and
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13. Flight Testing of Aircraft,by M. G. Kotik, et al., NASA Technical
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16. Inflight Evaluation of Lateral-Directional Handling Qualities for the Fighter
Mission, by James |. Meeker and G. Warren Hall, Cornellohautical Laboratory, Inc.,
Buffalo, New York, AFFDL-TR-67-98, October 1967.

17. Inflight Simulation and Pilot Evaluation of Selected Landing Approach
Handling Qualities of a Large Logistics Transpoitpdane, by Donald W. Phoads, Cornell
Aeronautical Laboratory, Inc., Buffalo, New YorkFADL-TR-67-51, July, 1967.

18. Lateral-Directional Flying Qualities for Power Appach: Influence of Dutch
Roll Frequencypy Edward Seckel, James A. Franklin, and Georgdiler, Princeton
University, Princeton, New Jersey, Princeton University Report No. 797, September,
1967.

5.cl



LONGITUDINAL FLYING QUALITIES

19. Lecture Notes on Lateral-Directional Stabilityy F. D. Newell and Michael
Parrog, Cornell Aeronautical Laboratory, Inc., Bddf, New York, CAL Report No. TB-
1961-F-1, July 1965.

20. Military Specification, Flying Qualities of Pilotifplanes MIL-F-8785Cpf 5
November 1980.

21. Modern Flight Dynamicsby W. Richard Kokl, Systems Engineer, United
Aircraft Corporation. Publisher: Prentice-Hall, Inc., Englewood Cliffs, New Jersey,
1961.

22. National Aeronautics and Space Administration Aeronautical Dictiormry
Frank D. Adams, United States Government Printific€ Washington, 1959.

23. Proposal for a Revised Military Specification, "Flying Qiies of Piloted
Airplanes” (MIL-F-8785 ASG), With Substantiating Texly C. J. Mazza, William
Becker, Marshall Cohen, and Alvin Spector, U. S. Naval Air Development Center,
Johnsville, Pennsylvania, NADC-ED-6282, Januarg3l9
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28. Substantiation Information for Selected Lateral-Directional Requirements,
Cornell Aeronautical Laboratory, Report No. BM-2238.,, May, 1967.

5.7 ROLLING PERFORMANCE THEORY

5.7.1 General

The rolling performance and associated roll handling qualities of the airplane
directly influence the ease and quickness with Wwiihe pilot can makdirectionchanges
and wing position corrections Both these evolutions obviously involve the ability to
changendcontrolbankangle The pilot must be able to change flight direct# will and
the most expeditious means of doing so isdlh, then pull back on the stick or yoke.
Therefore, thenaneuverabilityof the airplane is directly related to rolling fl@mance as
well as longitudinal maneuvering characteristictdssed earlier.

The ability to make wing position changes and aimas is particularly critical in
close proximity to the ground. During takeoffs daddings in turbulent and/or crosswind
flight conditions, the pilot must be provided waldequate control of wing position. A
natural and stringent design requirement on roliagormance is thus in the low airspeed,
low altitude, takeoff and landing flight condition.

The pilot's opinion of the rolling performance andoassted handling qualities
depends on several characteristics; the most irmpioof which are theitial responseof
the airplane to a lateral control input and thesegient rolling velocity oroll rateattained.
The rolling motion generated by a lateral contnplut is generally contaminated pgwing
and pitching motionwhich may degrade handling qualities significant@bviously, the
lateralcontrolforcesrequired in rolling the airplane andechanicalcharacteristicof the
lateralcontrolsystemalso influence pilot opinion.

Much of the language used in this discussion of rolling performance has been
previously introduced in the Lateral-Directionaleliny section earlier in the manual. The
reader should refer to that section for derivatiand explanations of stability derivatives
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and other terms and expressions, if necessary.clalssic, single degree of freedom roll
mode of motion has also been previously introducBus discussion of roll response will
begin by expanding that discussion of the singlgek of freedom roll.

5.7.2 Single Degree of Freedom Roll Response

An expression for the single degree of freedom roll response or the pure roll
response to a lateral control input can be derived by considering the simple lateral-
directional equations for sideforce, yawing momami] rolling moment. Since the roll
maneuver is a nonequilibrium or nonsteady-stateanaturing the initial acceleration to
steady state roll rate, inertia terms must be deglin the expressions:

SIDEFORCE Gy B+ Cy; & +CpLsing = M;w
eq 5.84
YAWING MOMENT C”B B +C”5r o + Cnesa 04+ Cp, 2r—3
+ Cp, L 7 |yl eq 5.85
ROLLING MOMENT Cyy B+Cyy & + Cyy 8+ Cy, 2r_?/
+ Cy % = q—;blxxb eq 5.86

For the pure roll case, the rolling moment equatsthe only equation which need be
considered. Additionally the following terms aessamed to be small and can be omitted
for the single degree of freedom roll:

Cfp, B ;C/@e;r o ; Co, zre eq 5.87
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Thus, the single degree of freedom roll may beesged as follows:

. pb —
P38~ Cr 2w ~Crp, % =0 eq 5.88

or

b——wﬂzv;p——wéazo eq 5.89
or

p-Lpp-Ls 83=0 eq 5.90

p = rolling acceleration; radians per second per sgcon

p = roll rate; radians per second.

L = rolling acceleration per increment of roll raterall damping rad/set

per rad/sec, or 1/sec.

Ls. = rolling acceleration per increment of lateral cohtleflection, otateral

controlsensitivity rad/set per radian, or 1/séc

03 lateral control deflection; radians.

These differential equations may be solvet yield a time solution irroll rate
which is presented as follows:

Ls.0 Lt
p(t) = —5a|_p—a{e P —]} eq 5.91

15 The solution is quite laborious and may be found in appropriate technical literature.
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Where:
p () = therollrate atany time,t.

This expression describes the classic exponentildup of roll rate from zero to
steady state after a step lateral control inpute fact that the roll rate does buildup at an
exponential rate will be used later to analyze the results of in-flight tests. The last
expression is sometimes presented as follows:

p (1) = pss {1 - e_t/TR} eq 5.92
Where:
Pss = Steady state roll rate; radians per second
Tr = roll mode time constant, or the time for the rate to reach 63.2 percent

of the steady state roll rate after a step latzatrol input; seconds.

This analytical development can now be explainesh&@aningful, practical terms.
First of all, it is important to realize that ttegdral control system is utilized to genenaik
rate as the last equations imply, and is not useditectly commandbank angle The
bank angle attained depends on liegthof time the lateral control input is held (Figure
5.63). The pilot finds this type of roll contrquite naturalin most conventional airplane
designs. Consider now the initial response ofdiihglane to the lateral control input. At
the veryinstantthe pilot makes the control input, there is nd rate, p, so there is no
resistance to the roll acceleration frorg.LTherefore, the initial roll acceleration will kee

maximum roll acceleration (Figure 5.64). An exgien for this initial roll acceleration
may be derived as follows:

'p—Lpp—Lg,a 0 =0 eq 5.93
however, att =0, p = 0, therefore:

da eq 5.94
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Obviously, this initial roll acceleration is quite important to théops opinion of the

maneuverability of the airplane. The initial raticeleration fomaximumlateral control
deflection, L6a 0 has been proposed as one criterion by which to measure or

classify airplane rolling performance.
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Figure 5.63

Airplane Response to Aileron Input
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Slope = Initial Roll Acceleration
pt =0 = L5a 68.

Time, t

Figure 5.64
Roll Rate Response to Step Lateral Control Input

5.7.2.1 STEADY STATE ROLL RATE

As the roll rate increases after a lateral contplt, the resistance to the rolling or
roll dampingcontribution L P, increases When the roll damping contribution equals the

lateral control power contribution, da 05, there is no unbalance of accelerating

contributions. Therefore, the roll acceleratiqm,is zero, and the steady state roll rate,
Pss IS attained (Figure 5.65). An expression for skeady state roll rate is derived as

follows:

p- Lp P - L6a 0y = 0

however, Whenl b d = |L5a 6a|, p = 0, and p= pss, thus:

_ _Ls, %a

Obviously, the steady state roll rate attained widrious magnitudes of lateral control
deflection is quite important to the overall rafjiperformance.
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Pss
_ - - _ _
Q
_ _L{’a 6a
— Pss = L
o P
X

Time, t

Figure 5.65
Steady State Roll Rate

Themaximumsteady state roll rate, expressesdamdimensionalorm6 | was frequently
used in the past as a measure of the airplanigrperformance. It is defined as follows:

C
pb ) - _ 34
(m Max Tép éaMax eq 5.96
Where:

p = maximum steady state roll rate attainable withidteral control

deflection; radians per second.
b = wing span; feet
V1t = true airspeed, feet per second

This single criterion for rolling performance isitgupoor, at best, since it does not take into
consideration rolling acceleration. In additidrisian unrealistic requirement for airplanes

capable of very high true airspeeds (particuldriigeir wing span is small).

b
16 va is actually the helix angle described by the wingtip during a rolling maneuver.
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5.7.2.2 ROLL MODE TIME CONSTANT

The roll mode time constantg, influences thenannein which the roll rate builds up and

subsides after lateral control movements are magi(e 5.66). It is a rather important
parameter affecting not only roll acceleration dedeleration but the technique the pilot
utilizes in controlling bank angle. Its value tedy dependent on roll damping,,L

TR = —ﬁ eq 5.97

The roll mode time constant is typically 1 secondkss. It is a parameter which has been
proposed as one criterion for measuring rolling performance. Measurement of the
parameter in-flight requires sensitive instrumentation, good piloting technique, and
analytical manipulation of the data derived.

Pss < Imaginary
- T .
/‘/ Axis
LT 63.2%ps
S X
l x
| \ | X 2 Re_al
0 R 1 2 L =_1 Axis
Step Aileron Input p TR
X
| |
0 1 2
Time, Seconds
Figure 5.66

Roll Mode Time Constant
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5.7.3 Influence of Various Parameters on Roll

Characteristics
The variation of g, and tr, with various parameters will now be presented. |

should bee remembered that, for this theoreticaludision, each parameter is varied in turn

while holding all other parameters constant. The equations utilized to make the

rationalizations which follow are:

Ls
- 1 - 4 1 xx — 4 1 xx
IR = -7~ OrTg = —X = ortg = eq 5.99
Tp C/pp VrSE? Csp/OPsaiVeS?

5.7.3.1 LATERAL CONTROL DEFLECTION

Steady state roll rate classically varies direatith the magnitude of the lateral
control input. Obviously, the roll mode time comstas not influenced by this parameter

(Figure 5.67).

6a
Constant \f Max
Constant
Constant L 3 6a|v|
- 4 ax
o
% aMax
o
% aMax

Time, t

Figure 5.67
Classic Variation of Roll Characteristics with Lateral Control Deflection
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5.7.3.2 MOMENT OF INERTIA IN ROLL

It is important to note that variation in rollingoment of inertia have no influence
on steady state roll rate. However, the roll mbade constant varies directly with,,]
(Figure 5.68). Thus, airplanes with large rollrinees (full tip tanks, heavy wing stores,
large wings, etc.) may be capable of significaeady state roll rates yet exhibit poor roll

acceleration and deceleration. Steady stateatdlalone is an inadequate indicator of
rolling performance.

- Increasing Jy

| Constant \f
| Constant Iﬂ
| Constand,
|
T
R4
Time, t
Figure 5.68

Typical Variation of Roll Characteristics with Rolling Moment of Inertia

5.7.3.3 ALTITUDE

If altitude is varied at aonstantrueairspeedsteady state roll rate remains constant
while theroll modetime constanincreasesvith increasing altitude (Figure 5.69).
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Increasing K

\

Constant \f
Constant |,
Constandy

Time, t

Figure 5.69
Classical Variation of Roll Characteristics with Altitude
(Constant True Airspeed)

The influence of varying altitude atc@nstantquivalentairspeeds quite different
as shown in Figure 5.70. Although the roll modeeticonstant still increases with altitude
increase, steady state roll rate also increaseasibeicueairspeedncreases

Increasing
Pss, v FFB

pssz
pssl

Constant \é
Constant §y
Constandy

Time, t

Figure 5.70
Typical Variation of Roll Characteristics with Alti tude (Constant Vg)
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5.7.3.4 AIRSPEED

Steady state roll rate varies directly with true airspeed and the roll mode time
constant varies inversely with true airspeed (Feduirl).

Increasing Y
4
| Pss
Constant Altitude
Constant / Pso
£ a2 | Constan®, /
h o P,
> © =
S / .
O = Constant Altitude
" Constant
Constand,
. 3 RzTRl .
True Airspeed, ¥ Time, t

Figure 5.71
Classical Variation of Roll Characteristics with True Airspeed

5.7.4 Real Airplane Response to Lateral Control Inputs

The actual airplane response to a lateral comtpaltiis almost invariably somewhat
different from that predicted by the classic single degree of freedom analysis. These
differences may be attributable to the Dutch naflluence, roll coupling, and aeroelastic
effects.

5.7.4.1 DUTCH ROLL EXCITATION DURING ROLLING
MANEUVERS
The degree of excitation of the Dutch roll motiordahe resultant influence on

rolling performance depend on several factors. mbst important of these parameters are:
directional stability, yawing moments developedwdteral control deflection and roll rate,
Dutch roll frequency, damping and roll-to-yaw ratio, and dihedral effect. Obviously,
several of these factors are directly related argdimpossible to present discussions of all
possible combinations of characteristics. Howeseveral combinations are of particular
interest.
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5.7.4.1.1 HighCnB, Low Cfﬁ’ Loanéa,ananp

Initially, consider an airplane with relatively strong directional stability, little
adverse or proverse yaw, and weak dihedral effect. The strong directional stability should
result in minimum sideslip excursions during rajlimaneuvers. The small sideslip angles
which are developed have little influence on rolling penfance due to weak dihedral
effect. (Because of the weak dihedral effect rdtleto-yaw ratio of the Dutch roll motion
will probably be low.) Thus, for this combinatioh characteristics, Dutch roll influence
on rolling motion is insignificant. The airplane may bwneuvered with little rudder
coordination, and the pilot will probably find roll response excellent if the steady state roll
rate and roll mode time constant are satisfactdhye response curve of this airplane would
closely approximate the single degree of freedose ¢Rigure 5.72).

_ A2
= 1

— (3
\\ //
99— \\N_/ —
©
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: N JO
N
Ve
\\ ///
Time, t

(1) Single degree of freedom roll response.

@ High C”B’ low CEB’ low Cn6a,|0W Cnp.

@ Low Cp,, high C,;, high C“?Sa’ high G, .

@ Low C”B’ very high QB, very high q‘éa' and Cnp

Figure 5.72
Typical Influence of Various Characteristics on Rol Response
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5.7.4.1.2 LowC LongB , High Cnaa : ananp

nB '

Next, consider an airplane with relatively low direnal stability, high yawing
moments generated by lateral control deflectionrafidate, yet relatively low dihedral
effect. These conditions would probably resul ilow roll-to-yaw ratio. During rolling
maneuvers in this airplane, aileron yawing moment%ac and yawing moments

generated by roll rate, r% would most likely generate significant sidesljrersions.

While these excursions would probably have rathelkeffects on rolling performance
persedue to the low dihedral effect, roll handling qgtieak may be seriously degraded.
The pilot may experience such undesirable chatiattsras oscillations of the nose on the
horizon during turns or by a lag or initial reversal in yaw rate (or "turn rate") during a turn
entry. The latter phenomenon would be particularly objectionable tnumsnt flight
conditions.

5.7.4.1.3 LOWC”B’ High CgB, High C and Cnp

n5a'

The combination of relatively weak directional sty strong dihedral effect, and
significant yawing moments generated by lateratrobdeflection and roll rate can result in
serious roll handling qualities problems. These conditions wpubbably result in a
Dutch roll motion of rather high roll-to-yaw ratiolhe Dutch roll motion will be excited
during roll maneuvers because of the relativelgdaadverse or proverse yawing moments.
If the yawing moments are adverse, the sidesligggad will have theamesign as the
roll rate,i.e., in aroll to theright, the sideslipwill beto theright of the airplane’'snose
etc. It can readily be seen that adverse yaw coeabivith large positive dihedral effect

(large negativé:gg) can severely degrade rolling performance (Figure 5.72). If the Dutch

roll motion is lightly damped, the roll responseynii oscillatory (Figure 5.72). In severe
cases, very large positive dihedral effect and very large sideslip angles generated by
adverse yawing moments, the roll rate may actually be diminished to zero or reverse
(Figure 5.72). Acceptable rolling performance may be regained in these cases by
appropriate rudder coordination during rolling mawers. However, the rudder inputs
would have to be large, quick, and precisely tintedlleviate the worst situation shown in
Figure 5.72. Under stress of actual operationatitmns, the pilot probably would not be

able to devote sufficient attention to rudder camtion in this case.
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5.7.4.2 ROLL COUPLING

Roll coupling may be defined as pitching and yawimgfions which are induced by
inertial and kinematic effects during high ratdsolThese motions may be of a sufficient
magnitude to overcome the stability of the airplane; spectacular departotes
uncontrollable flight conditions are a possible ssgquence. Under conditions of high
dynamic pressure, these excursions may generatesfand accelerations which exceed the
design strength of the airframe.

There are actually three factors which tend to destablize the airplane during rolling
maneuvers. These factors could never ocgogly in actual flight conditions. Their
influence may be additive and aggravate the resultattomar act in opposition and

alleviate divergent tendencies. These three factorsiaeeia coupling’ , kinematic

coupling, and the,}, effect.

The mathematical relationships required to des@ilmh grossly nonlinear motions
as roll coupling are extremely complex and are taditn this presentation. The primary
purpose of this discussion is to provide a practioderstanding of the factors contributing
to roll coupling.

5.7.4.2.1 Inertia Coupling
The inertia distribution of an airplane may be esmgnted by pairs afoncentrated

massesas shown in Figure 5.73. For clarity in the pagtorial presentation, the rolling
inertia pairs (represented by ) are shown in thplaneof symmetry of the airplane vice in
thewing plane However, this has no effect on the resultantiomot Note that in the top
picture of Figure 5.73, if roll rate, p, and yaw rate, r, are present simultaneously, a
resultant angular velocit, is created. The airplane thextateqrolls and yawsaboutan
axiswhichis representetly theresultantangularvelocity vector Q4. The yawing inertia

pairs, represented by,i are consequently subjected to centrifugal forceighvgenerate a
noseup pitchingmoment My, . The rolling inertia pairs, represented Ry iare also

17 Roll coupling has frequently been incorrectly rede to as “inertia coupling,” since inertia effetiave a
predominant influence on the motion. However, the phenomenon is best desnitpy as “roll

coupling.”
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subjected to centrifugal forces. However, their contrdruis a nose down pitching
moment, M,, . The nose up pitching moment, M is generally predominant since the

moment of inertia in yaw,,, is usually larger than the moment of inertiadh, rl . (If
the airplane is rolling left and yawing left, theedominant pitching moment will still be
nose up. If the airplane is rolling left and yagviight, or vice versa, the resultant pitching
moment will be nose down.)

In the bottom picture of Figure 5.73, the influeméesimultaneous roll rate, p, and
pitch rate, g, is shown. The resultant angulamaigt, Q-, is created and the airplane then
rotates (pitches and rolls) about the resultanukamgelocity vector. The pitching inertia
pairs, Ly, are consequently subjected to centrifugal forces which generatawing

momentto theright, Mz, . The rolling inertia pairs, represented Ry |are also subjected

to centrifugal forces. However, their resultant yjmyymoment, My, , is in opposition of
Mz, . The yawing moment, I , is generally predominant since the moment of inertia in
pitch, lyy, is usually larger than the moment of inertiaafi,r I,, . (If the airplane is

rolling left and pitching nose up, the resultanivirag motion will still be nose right. If the
airplane is rolling right and pitching nose up arewersa, the resultant yawing motion will
be nose left.)

It can readily be rationalized that the momentsegated by inertia effects could be
reduced to zero (see Figure 5.73) if the rollingmeat of inertia, |, , was equal to the
yawing and pitching moments of inertig, land 1, respectively. Thus, inertia coupling
depends omassdistribution The larger the yawing and pitching moments of inertia
become in comparison to the rolling moment of inertia, the more fertile become the
circumstances in which inertia coupling can develop

5.clxvii



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

Myl VN

Angular Velocity in Roll,,

\ Resultant Anguldr

Velocity, Q1
Angular Velocity /%Ka\k

-~ Angular Velocity o Y

in Pitch,q ﬁ/{ -

I
I
Resultant Angular |
/ AVeIocﬂy Qo |

|

: E. aﬁ Angular Velocity
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Symbols {, represent pitching moment of inertig, |

Symbols i, represent rolling moment of inertigg|

Symbols i,, represent yawing moment of inertig, |
Top airplane is rolling right and yawing right.
Bottom airplane is rolling right and pitching
down.

Figure 5.73
Generation of Inertia Coupling Moments

Consider now the evolution of the modern high permiance airplane shape and
mass distribution (Figure 5.74). In order to accommodate the increasing loads and
equipment of the high performance airplane behindramum of frontal area, fuselages
have become more and more elongated and denselgdadl along their axis. The low
aspect ratio, thin wing planforms have been utilite decrease transonic and supersonic
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drag. As aresult, moments of inertia in pitch gad, I,y and |, have been increasing

steadily with corresponding decreases in moment of inertia in gll, A comparison of
inertia characteristics of World War 1l vintagepanes with present day high performance
airplanes reveals the following typical ratios:

1939 - 45 Airplanes Modern High Performance Airplanes
Tyy~ Tx = 473 Tyy” Tx = 1071
I, lyx = 4:3 I,7 Iyx = 10:1
Airplane of Modern High Performance
1939 - 45 Period Airplanes

1
A

> 4

Hatching denotes regions of concentration of prynmaasses within the airplanes

_
1} |
% AN
=

Figure 5.74
Comparison of Airplane Mass Distribution

Thus, it is easy to realize that inertia coupliag become increasingly more pronounced on
modern, high performance airplane designs.
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The tendency of the airplane to diverge in yawitochpdue to inertia coupling is
resisted by the directional stability,néi, and angle of attack stability, ;¢ . Based on

inertia coupling considerations only, expressiarfitical roll rate, Rg 7, defined as the

roll rate at which directional or longitudinal iaility will be encountered, may be written
as follows:

eq 5.100 PCRITZ ~ eg.101

FeriT, ~

Note that critical roll rate varies directly withgle of attack stability and directional
stability. As moments of inertia in pitch and yawerease proportionately to the moment of
inertia in roll,critical roll rateis decrease@he denominator in both expressions approaches
one).

5.7.4.2.2 Kinematic Coupling

Kinematid® coupling may be considered as an actual interehahgngle of attack
and sideslip during a rolling maneuver. This coupling results entirely fgeometric
considerations.

The interchange of angle of attack and sideslifustrated in Figure 5.75. In the
top picture of Figure 5.75, the airplane is rolfeaim an initial positive angle of attack
which results in a sideslip of equal magnitude after 90 degrees of roll. The bottom picture
of Figure 5.75 shows the result of initiating d with inherent sideslip. After 90 degrees
of roll, the sideslip is transformed to angle dhak. It is obvious that, in actuality, the
aerodynamic stabilities of the airplane in pitcld gaw, G,  and QB, will oppose the

introduction of any angle of attack and sideslipwesions which differ from a trimmed,
equilibrium condition. However, the airplane's aeify to prevent these excursions

18 Kinematics is a branch of mechanics which death wiotion in the abstract without reference to the

force or mass.
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depends on the natural frequenéfesf the airplane in pitch and yaw as well as the
imposedroll rate The roll rate dictates the rate at which thelamd attack and sideslip
interchanges are being imposed on the airplane dynamic system, i.e., the roll rate
determines the "disturbance rate." As long asdlstirbance rate is relatively low, the
airplane dynamic system is able to cope with tiséudbance inputs in angle of attack and
sideslip, and the motion is stable. However,df tbll rate is high enough in relation to the
airplane natural frequencies, the airplane systaw Ioe forced to accept cyclic inputs of

angle of attack and sideslip with which it cannot contend and a pure divergence in pitch or
yaw results. Thus, the relationships between thgnitudes of G, , C“B’ and roll rate

are of extreme importance in determining the restlairplane response. As,,C and

C,. decrease, with resultant decreases in natugldrgcies in pitch and yaw, and as roll

ng
rate increases, the possibility of saturating tihglane system with cyclic angle of attack
and sideslip interchangecreases

oY

Figure 5.75
Kinematic Coupling

19 The natural frequencies in pitch and yaw are diyeelated to angle of attack stabilit)Cma , and

directional stability,CnB , respectively.
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5.7.4.2.3 Thd,, Parameter

Three products of inertia appear in the equatidmaation for a rigid airplane.
They are |y, ly;, and L,. By virtue of typical airplane conformation, theoducts of

inertia, ly, is almost invariably not equal to zero. {f lis not equal to zero, it means that
the X axis of the airplane is not aligned with gneciple inertial axis (see Figure 5.76).

\/
z

The mass distribution of the airplane can be repnesd by
two crossed dumbbells, each bell being a quart¢hetotal
mass. The dumbbells are crossed exactly in tlegiters at
the CG of the airplane. The products of inetttig, 1y, and

Iy, can be thought of as measures of the unifornfithe
mass distribution about the Y axis, Z axis, and X axis
respectively. By virtue of airplane symmetry abiet Y

and Z axes:
IXy =0
Iyz =0

However, note that the mass distribution abouttraxis is
not symmetrical, therefore

ly; # 0
There exists an axis, denoted by x, about whiclptbduct

of inertia, |,, would be equal to zero. This axis is called
the principle inertial axis.
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Figure 5.76
Product of Inertia and Principle Inertial Axis

When an airplane is rolled about an axis which does not coincide with its principle
inertial axis, centrifugal forces are generatedaohtiend to cause the airplane to diverge
(Figure 5.77). The magnitudes of the forces anthards created are functions of the rate
of roll, p, and the numerical value of,]) relative to the actual axis of roll. This
phenomenon is easily visualized by considering a symmetrical rod to represent the
distributed mass along the length of the fuseld§his rod is subjected to rotation about
an axis which is inclined to the rod at some siaadjle, the centrifugal forces and moments
created tend to cause the rod to increase itsatispient from the axis of rotation (i.e.,
become a flyweight).

F>
— —— —e > ’ X Axis
|
™= ___ Principle
Inertial Axis
F1
Figure 5.77

I, Effects on Rolling Motion

Again, the airplane's ability to counteract thduahce of mass distribution on roll
handling qualities depends on the aerodynamiclsibof the airplane in pitch and yaw.

5.7.4.2.4 The Pilot's Contribution to Roll Coupling
The pilot is capable of inducing roll coupling difficulties by improper piloting
technique or by a lack of appreciation for thelitigestrictions imposed on the airplane.
Theoretically, the pilot could override the influence rofl coupling during the rolling
maneuver by applying suitable coordinated rudddred@vator inputs. A typical computer
study program reveals that the pilot would be rezglito make control inputs as shown if
Figure 5.78. Obviously, it would be exceedinglifidult to achieve the required control
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movements in the short time interval since the @ninputs are not related to readily
perceptible flight sensations. More than likehg pilot attempts at coordination would be
ill timed and reinforce the departures in anglattdck and sideslip.

oll, p

Rate of

1 2
Time, Seconds

V. \&
e < \/\ \\
O, O = I // S N
e Or ~ L — =
\ / STime, Seconds
\ ;8
, &
/
\ s
i
Figure 5.78

Typical Pilot Control Inputs Required to Overcome Roll Coupling Effects

5.7.4.2.4 Conclusions Concerning Roll Coupling

Combinations of inertia coupling, kinematic cougliand product of inertia effects
may result in unstable motions during rolling maneuvers. The problem may be
compounded by adverse or proverse yawing moments generated during the rolling
maneuver or by improper piloting technique. THetgiannot reasonably be expected to
cope with the sudden divergences in angle of atéacksideslip. Therefore, the only
solution to the roll coupling problem is to attempt to prevent the possibilities of
encountering it. The airplane designer may pmindreased aerodynamic stability in yaw
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or pitch. This may be done by increasing the sizthe vertical tail or by providing
suitable artificial stability augmentation. In addition, approeriairplane operational
limitations are published: roll rate limits, bankgée change limits, lateral control deflection
limits, rolling pull-out and rolling pushover lingt etc. The operational pilot must be
suitably educated in the problems associated witltoupling; no pilot would intentionally
break rolling limitations imposed on his airplane if he understood the possible
consequences.

5.7.4.2.5 Aeroelastic Effects

The actual variation of rate of roll with airplane true airspeed may fall short of that
predicted by rigid wing theory, especially at h@jhspeeds. This is due to the effects of
wing twist andwing bending. When the trailing edge aileron is deflected,ilveg tends
to twist so as to unload itself, i.e., attempt to decréa$erces and moments being applied
to the wing structure (Figure 5.79). Obviouslyngitwist would reduce the rate of roll
attainable with a given lateral control deflection.

If the airplane has swept wingswying bendingmay be a factor in rolling
performance (Figure 5.80). The chord line of thegwith sweepback makes an angle
with the airplane centerline, yet thveing bendsperpendiculato the airplane centerline.
Swept wing bending, in response to moments creayddteral control deflection, thus
changes the effective wing angle of attack. Thd®mges tend to reduce the rate of roll
attainable with a given lateral control deflection.
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e —_— —

| Elastic
AXis
L/

Lw

A Aerodynamic Center
-l 7 Z/

Elastic '
Center V'-éa

L5a = force generated by deflecting aileron trailauge up.
L, = wing lift vector excluding ga.

Due to the aileron deflection, a moment is created which
tends to twist the wing structure (leading edge up in this
case). The wing will tend to twist about @issticcente, a
point in the section about which torsional deflection occurs.
Obviously, if the wing twists in this manner, the rolling
moment is somewhatdecreased therefore rolling
performance is decreased.

Figure 5.79
Wing Twist During Rolling Motion
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Aileron Trailing Edge Down

— [

Wing Bending

Right Wing |

Effective in Angle of Attack is Reduced
on Upgoing Wing

Reduction in Angle of Attack Tends to
Reduce Roll Rate

Figure 5.80
Influence of Wing Bending on Rolling Performance ofa Swept-Wing Airplane

The typical influence of wing twist and wing bengliis shown in Figure 5.81. If
the airspeed is high enough, a point may be reasiede the combined effects of wing
twist and wing bending will counter the rolling ment generated by aileron deflection.
This airspeed, at which lateral control is compjetegated by aeroelastic effects, is called
the "aileron reversal speed", VIt is extremely important, obviously, for the@lane
designer to insure that the wings are sufficientyd to cause )/to be greater than any
airspeed at which the airplane will be operated.
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Figure 5.81
Typical Influence of Aeroelastic Effects on RollingPerformance

5.7.5 Lateral Control Forces

Lateral control forces are generated by the requerd for the pilot to move the
lateral control system to the position for equilibrium in the rolling maneuver. If the lateral
control system igrreversible lateral control forces are merely a functiorlaiéral control
position i.e.:

m'l'l
I

K1 Ad, (linear feel spring syster eq 5.102

or

Fa

Ko gAd, ("q — feel” system eq 5.103

where K and K, are constants describing the characteristics of the system, such as
strength of the feel spring, gearing ratio, etc.

However, if the lateral control system is reversible, the pilot control force
requirements will be a function of hinge moments developed. These hinge moments
depend on lateral control system design, dynangsgure, and the imposed rate of roll.
The aileron float angles developed during roll maneuvers may be substantial for the
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reversible control system. An expression for loating angle of the aileron may be
developed as follows. If the hinge moment coeéfits are considered linear functions of
angle of attack and aileron deflection, the totagje moment coefficient may be expressed:

Ch. = Ch5a O + Ch, Alpe eq 5.104

a

aileron hinge moment coefficient variation witteaon deflectionat zero

@)
>
o
Q
I

angle of attack

Ch. = aileron hinge moment coefficient variation withngiangle of attack at

zero aileron deflection

average increment of angle of attack due to the rolling velocity
(Figure 5.83)

Aa Ave

From Figure 5.83:

Adpe = % eq 5.105

If Cp,, is zero,d, is the aileron float anglé, ., . which may the be expressed as:

Float

_ _Sna py _ _ Chg (2y) (pb
5aF|oat - _rhéa v - ‘?,Ta_)a (‘b‘) AV eq 5.106

Thus, float angle in the steady state roll is propoal to roll rate, p.
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y' = Distance of Spanwise Location
of Center of Mass of the Aileron
from the Airplane Centerline
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Figure 5.82
Generation of Angle of Attack Changes During Rollig Maneuvers

Since the pilot must apply lateral control forcesrove the aileron from its float
position to the equilibrium position, the analytieapression for lateral control forces in the
reversible system is as follows:

Fa = K Chaa 9 Sa Ca {éaEquiIibrium - 6aFIoat} €q 5.107
Where:
K = aconstant describing the characteristics ofgts¢éem, radian per foot.
S, = area of the aileron, square feet.
C, = average aileron chord, feet.
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Now since:
C,
_ _ “'p pb
and:
_ _Sng (2y') [pb
Sarioat = _Chaa ('b_) (’ZV eq 5.109

lateral control forces in the reversible contrateyn may be expresseds:

F, =V {—KC p SC b}%—czp + Chg ZV'E eq5.110
a pl 4 h5a a‘a 0 t,Téa rhaa 'b_[ .
or, for a constant altitude, merely:
Fa = K1 Vp (Hp = constant eq 5.111

Since roll rate varies directly with true velocity, lateral control forces vary
essentially as the true velocgguared Therefore, for the reversible control systeneréh
may very well be some true airspeed beyond which the lateral force gradient exceeds
acceptable limits. The airplane designer must be very careful to provideyaanad
balance which insures reasonable lateral controkefoin the usable airspeed range of the
airplane. This is a most difficult design probleins boosted lateral control systems or
completely irreversible lateral control systems @emon on airplanes with significant
airspeed capabilities.

The last equation can be utilized to show the degfelegradation of rate of roll at
high airspeeds where the pilot is unable to appliyldteral control because of excessive
forces. For a constant altitude situation, asstiraepilot can apply a maximum lateral
control force of 30 pounds. For this case:

pvV = Ky eq5.112

T Several mathematical manipulations have been omitted.
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Therefore, the rate of roll will decrease hypertadly with airspeed after the pilot is
denied maximum lateral control deflection by theséorestraint (Figure 5.83).

If the responsef airplanes with reversible and irreversible fakeontrol systems is
compared, the airplane with the irreversible control system may seem tadre

responsive
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Figure 5.83
Rolling Performance May Be Limited by Force
Requirements for the Reversible Control System

Considering only the aerodynamic hinge moments, ifibecause, for the same lateral
force input, the aileron deflection in the revelsibystem will not be as large because the
floatanglehas not had a chance to develop. The float adeytelops as a function of roll
rate (Figure 5.84a). In order to generate the saiti@ response in roll rate, the reversible
control system will require more force initiallyiffare 5.84b). In any case, the airplane
equipped with a reversible lateral control systehiclv exhibits some measure of aileron
float may seem less sensitive and responsivedaaldbrce inputs.
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Figure 5.84
Possible Response Characteristics with Reversible
and Irreversible Control Systems

5.8 TEST PROCEDURES AND TECHNIQUES ROLLING
PERFORMANCE

5.8.1 Preflight Procedures

A thorough investigation of rolling performance and associated roll handling
qualities must begin with careful preflight planning. Tipairpose and scope of the
investigation must be clearly defined, then a plan of attacknethodof testcan be

formulated.
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Preflight planning must begin wittesearch This includes a study of the airplane

and a thorough study of théateral control systemincluding stability and control
augmentation if installed. All available informari on roll handling qualities should be

reviewed. Much useful information may be obtaifrean pilots and engineers familiar
with the characteristics of the airplane.

The flight test team should give due consideraiaoll restrictionsmposed on the
test vehicle. During rolling performance tests, the airplane may be pushed near its
boundaries of controllability. Flight testing inspected regions of roll coupling warrants a
cautious, methodical approach and must be accoegbagithorough computer studies that
stay current with flight data.

The particulamission tasksto be investigated must be determined and clearly
understood by the flight test team. Knowledgehaf missionand theassociatedasks

allows determination of appropriate test conditiegenfigurations, altitudes, centers of
gravity, trim airspeeds, and gross weights. Testlitions must be commensurate with
the missionenvironmenif the airplane. Center of gravity position is not particularly
critical for rolling performance tests. Tests atmal operational CG positions for a test
loading are generally adequate; however, if feasible, the most aft operational CG positions
should be utilized. Rolling performance may beraitl markedly by various combinations
of external stores and/or rolling moments of irgerlT he external or internal stores loading
which results in the maximum rolling moment of inertia, ] should be carefully
investigated. Asymmetric store loadings may atwosisly impair rolling performance;
these conditions should be investigated on anyaaiepwvhich may carry asymmetric stores
in operational use.

The amount and sophistication of instrumentatiothad@pend on the purpose and
scope of the evaluation. A good, meaningful gagire investigation can be performed
with only production cockpit instruments and portable instrumemdiand held force
gauge and stopwatch. Automatic recording devisesh as oscillograph, magnetic tape,
and telemetry, are very helpful in rapid data acquisition and may be essential in a long test
program of quantitative nature. Special sensitive cockpit instruments are also very useful.
The parameters to be recorded ant the ranges astigéies of test instrumentation will
vary somewhat with each test program.
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The final step in preflight planning is the preparation of pilot data cards. An
example of a rolling performance data card is shimwkigure 5.85. Since the pilot may be
recording different parameters for each test camithe use of different data cards for
each test condition may be mandatory. The data cards should list all quantitative
information desired and should be easy to intenpréiight. Blank cards should be used
for appropriate qualitative pilot comments.
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ROLLING PERFORMANCE RECORD

CARD NUMBER

AIRPLANE TYPE PILOT PTR-BIS
BUREAU NUMBER T.0. GROSS WEIGHT DATE
T.0.CG
GEAR DOWN ____ % MAC GEAR UP %MAC | T.0.TIME LAND TIME
EXTERNAL LOADING ALT
CONFIGURATION POWER
BREAKOUT & FRICTION |CONTROL SYSTEM MECHANICAL CHARACTERISTICS | FREEPLAY
CN
CONTROL SYSTEM OSCILLATIONS CENTERING
CN
| ROLLING PERFORMANCE |
FUEL START END
Vo Pss*
DIR
CN OF 3 By Fa
ROLL
" At
OAT OAT
V, VO
*CROSS OUT PARAMETER NOT REQUIRED
Figure 5.85

Rolling Performance Data Card
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5.8.2 Flight Test Techniques

5.8.2.1 THE QUALITATIVE PHASE OF THE EVALUATION

Rolling performance and associated roll handlinglites must be evaluated in
relation to their influence on variounsissiontasks Therefore, the test pilot must devote a
portion of the flight test time to performing onsilating the mission tasks which have
been selected. The pilot's qualitative opiniothefmaneuvering capabilities of the airplane
depends, to a substantial extent, on rolling pentorce. Due consideration should be
given during this phase of the test to the follgyjooints:

1. Whether the mission tasks will be performed in \&f IFR weather, or
strictly VFR conditions.

2. The availability of an auto-pilot or automatigfit control system for pilot
relief.

3. If lateral-directional stability or control augnation systems are installed,
the consequences of their failure.

The test pilot's qualitative opinion of the rolling perforroarand roll handling
qualities in relation to the selected mission tessthe most important information to be
obtained. Therefore, this phase of the test must not be overlooked. Usequdritigative
test techniques described below hopefully allomtése pilot to substantiate his qualitative
opinion.

5.8.2.2 MEASUREMENT OF THE MECHANICAL
CHARACTERISTICS OF THE LATERAL CONTROL SYSTEM

Mechanical characteristics of the lateral control system have been previously
introduced in the "Test Procedures and Techniques" for lateral-directional flying qualities.
Therefore, test techniques for measuring mechanical charactemdtithe lateral flight
control system will not be restated. This discosss mainly concerned with the direct
influence of mechanical characteristics on rolldigng qualities.
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5.8.2.2.1 Breakout Forces, Including Friction

Friction in the lateral control system, if subsialtcan contribute to poor centering
and poor roll sensitivity for small lateral foragputs. Therefore, pure friction should be
kept as small as possible. Some lateral cohtedkouforceis generally beneficial. It can
contribute to good lateral control centering anteiitds to reduce the tendency for the pilot
to make inadvertent lateral inputs. Breakout fertand also to reduce "roll sensitivity"
about a trimmed condition, which may eliminate pif@luced-oscillations in roll for certain
flight conditions. However, breakout forces mustiously be maintained at a judicious
level.

Breakout forces should be suitably matched to éberal control force variation
with lateral control position. A combination of¢ge lateral breakout force and shallow
lateral force gradient results in artificial nordarity in lateral control force requirements.
This situation generates very poor roll controll fgaen the pilot attempts to maneuver
precisely with small lateral inputs.

5.8.2.2.2 Freeplay

Freeplay in the lateral control system should bemaall as possible. Excessive
freeplay results in difficulty in performing preeisbank angle control tasks with small
lateral control inputs.

5.8.2.2.3 Centering

Positive centering of the lateral control system allows the pilot to stop a developed
roll rate (in order to establish a desired banke&hngerely by relaxing left or right lateral
control force.

5.8.2.2.4 Control System Oscillations

Oscillations of the lateral control surface anetat control system, initiated by
either external perturbations or pilot inputs, ddawt be noticeable during any bank angle
control tasks or rolling maneuvers.
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5.8.2.3 FACTORS AND PARAMETERS INDICATING ROLLING
PERFORMANCE

The specific technique employed in the flight test program can be easily
comprehended if the parameters commonly used as quantitative measures of rolling
performance and roll handling qualities are clearigerstood. Therefore, these factors
and parameters are summarized here.

5.8.2.3.1 Rate of Roll, p

The steady state roll rate;gpobtainable with various magnitudes of lateraltoain

deflection obviously influences the pilot's opiniohthe maneuvering capabilities of the
airplane. The time required to make bank angle changes or bank angletions is
directly related to this characteristic.

A parameter computed using steady state roll rﬁ% was frequently utilized in
the past as a quantitative measure of an airplane's rolling performance. The concept of the
roll helix angle, or "non-dimensional roll rate(ezpvb;), as an indicator of rolling

performance was justified on the basis that piieisire an increase in roll rate with faster
airspeeds and also desire that small airplanesipabte of higher roll rates than large

airplanes. Thus, by specifyingnainimum (7%%), higher roll rates are required as true

airspeedncreasesnd wing spadecreasesHowever, if true airspeed v&ry highand the
airplane's wing span igery smal| steady state roll rates whigxceednaximum useable

roll rates are required to meet tineimum z%b; of some specifications.

Another parameter computed using steady stateate!) sz, has also sometimes

been utilized as a measure of the rolling performance of fairly large airplanes in the
approach and landing phases of mission accomplishnihis parameter is actually the

verticalvelocity of the wing tip during a rolling maneuver. Bytstg a minimum sz, the

attempt is made to provide adequate rolling performance to counteract the influence of the
maximumvertical gusts experienced in close proximityhte ground.
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Steady state roll rate, wing tip helix angle, andgatip vertical velocity are easily
determined or computed from flight tests. However, they are obviousligmplete
indicators of rolling performance since the inflaerof roll acceleration and deceleration is
not considered.

5.8.2.3.2 Roll Mode Time Constang

The roll mode time constamiy, is the time in seconds for the roll rate to budd
63.2 percent of itsteadystatevaluefollowing astepinputof lateral control deflections. It
is obviously a measure of the roll acceleration ore#gation following lateral control
position changes, thereby influencing the pilopsmn of the maneuvering capabilities of
the airplane. However, its value can also affleeptioting techniqueutilized in bank angle
control tasks.

For an airplane with a relatively short roll modeé constant, the lateral control
system is a "roll rate commanding"” system. Thet@pplies the lateral control input, the
steady state roll rate is quickly attained, andpit@ holds the input until the desired bank
angle is approached, then takes it out to stopdheate at the desired bank angle. The
pilot finds this type of roll control natural andtsfactory from a technique point of view
(Figure 5.86).
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Typical Influence of Ttz on Roll Control Techniques

If the roll mode time constantigolong, the initial roll response to a lateral control
input may be sluggish, thus impairing quick andcpge maneuvering capabilities. The
pilot may resort to forcing or driving thieitial responséne desires by applying large initial
inputs of lateral control deflection. However,ghieéchnique is generally unacceptable,
since the roll rate continues acelerater build up, and therefore is difficult to stop.
Lateral control inputs essentially commarall acceleratiorvice roll ratewhen the time
constant is large. During the response time adrggt to the pilot - one or two seconds
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following a lateral control input - the roll rat&lgbits a constant change. Therefore, the
pilot has an uncomfortable or insecure feeling aboth the magnitude of the final roll rate
and the magnitude of the bank angle excursion. In flying an airplane with this
characteristic, the pilot generally pulses therédteontrol system to get the roll started, then
leads with a pulse in the opposite direction tgdtee roll. This type of roll control
requires increased pilot attention and adaptalgfitgure 5.86).

The results of flying qualities investigations haegealed that the roll mode time
constant should be no greater thare secondor high maneuverabilityairplanesn flight
phases or tasks which requipeecisiontracking or preciseflight path control For all

airplanesn all phaseof mission accomplishment, a roll mode time comisggeater than

1.4 seconds generally results in objectionably sluggish roll response and requires a change
in piloting technique. Determination of the rolbde time constant from in-flight tests
requires special sensitive automatic recording devices (oscillograph, magnetic tape,
telemetry, etc.) and a special data analysis gdruoegto be presented later.

5.8.2.3.3 Bank Angle Change in a Given Time,

The bank angle change in a given time parameferis probably the best single
indicator of rolling performance. It depends bothsteady state roll rate ggpand the roll
mode time constanttg. In addition, when the bank angle change is timed from the
initiation of the pilot's lateral force applicatiom;, will reflect any freeplay, lost motion,

flexibility, or lag in the lateral control systenBy basing the parameter on bank angle
changes which areepresentativeof operational maneuvers rolling performance is

expressed in direct and meaningful terms. Detertiinaf the bank angle change in a
given parameter can be easily and accurately made from flight tests with automatic
recording devices. It can @proximatelyneasured using only cockpit instruments and
portable instrumentation.

5.8.2.3.4 Lateral Control Forcds,

Lateral control forces required to obtain the rolling performance necessary for
various mission tasks should be comfortable forpilet. Forces otoo largeor too small
a magnitude cause objectionable sluggishness gitsgly in response to small lateral
control inputs. The maximum and minimum forcesclihare acceptable in any airplane
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depend on the mission of the airplane. In genknakr lateral control forces are desirable

for high maneuverability airplanes, and increasadrhl control forces are required and
desired in low maneuverability airplanes. If the airplane is equipped with a wheel or yoke
type cockpit controller, higher lateral controldes may be accepted since the pilot is able
to apply both hands, thus larger forces to theroont

The measurement of lateral control forces during rolling maneuvediffisult
unless automatic recording devices are availalila.hand-held force gauge is used to
measure lateral control forces, care must be @lemsure that the control does not reach
the limit stops during measurement.

5.8.2.3.5 Lateral Cockpit Control Position

The lateral cockpit control movements required to generate rolling performance
necessary for various mission tasks should nelieégp small or too large. If the pilot is
continually striking the lateral control stops in order to obtain acceptable rolling
performance, he probably feels insecure and urineat®out the maneuverability of his
airplane. However, the pilot should be able tawbtull lateral control deflection if needed
without interference from his body or his flightuggment. For airplanes equipped with
wheel or yoke type cockpit controls, the lateral cockpit control movement required to
generate satisfactory rolling performance should not necessitate inordinate arm motion.
More than 60 to 90 degrees of wheel or yoke throw in either direction is generally
considered excessive.

5.8.2.3.6 Dutch Roll Influence

The degree of excitation of the Dutch roll motiordahe resultant influence on
rolling performance and roll handling qualities dads on many factors. For optimum
rolling characteristics, the pilot showdsually detect little or no Dutch roll motion during
rolling maneuvers required in operational missiasks. If the Dutch roll is excited to a
significant degree, it will probably be manifesiacdne of two ways, depending on the
roll-to-yaw ratio of the motion.

For airplanes exhibiting relatively low roll-to-yasatios, corresponding to weak
dihedral effect, Dutch roll excitation during rolling maneuvers is notedsakeslip
excursions Rolling performance, in terms of steady staterade or bank angle change in
a given time, is probably not seriously affectedtmse sideslip excursions. However, the
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sideslipper seis important since it precipitates oscillations of th@se of the airplane
during turns and/or a lag or initial reversal imtwate during a turn entry. The amount of
sideslip acceptable during bank angle control tad&gends on th@haseangle of the
sideslip, i.e., whether the sideslipaslverseor proverse Adverse sideslip is actually

easier for the pilot to counteract; "natural” ruddeordination - rudder application in the
same direction as the lateral control input and tucan be utilized. However, if the
sideslip is proverse, the rudder coordination rexfito reduce sideslip is difficult and
unnatural, since cross controlling is necessaryririg) rapid maneuvering, most pilots
unconsciously apply rudder in the same direction as the lateral control input aegidarn
though they are awarethat proverseyawing momentsand proversesideslip is_being
generated This seriously complicates the sideslip excurgimblem.

The second way in which the Dutch roll motion is manifested during rolling
maneuvers is more direct, and possibly, more detrimental. For airplanes exhibiting
relatively moderate to high roll-to-yaw ratios, corresponding to significant dihedral effect,
Dutch roll excitation may enhance or impair rollipgrformance in terms of steady state roll
rate or bank angle change in a given time. Whétkerolling performance itself will be
enhancear impaired is dependent on both #ign of the dihedraleffectand thedirection
of theyawingmomentandsideslipexcursions Additionally, the excitement of a moderate

to high roll-to-yaw ratio , Dutch roll motion dugrbank angle tracking tasks may result in
oscillations inroll rateresponsdsee Figure 5.72.). This oscillatory roll response can

severely impair roll handling qualities, generatogershooting of and oscillations about
the desired bank angle during rolling maneuvers gederally precluding accurate and
precise bank angle control. The degree of Dutltlexcitation which can be accepted again
depends on the sign of the effective dihedral ahdther the generated yawing moment
and sideslip are adverse or proverse. If the airplane exhibits positive dihedral effect,
adversegyawing moments and sideslip actuaighancedutch roll damping during tight,
precision bank angle control tasks. Conversphpverseyawing moments and sideslip
tend to cause decreased Dutch roll damping irsthuation. Flying qualities investigations
have revealed that the degradation in roll handjuaglities is proportional to themountof

roll rate oscillation, B, about some mean or average valug,eand thephaseangle

Yp, of the Dutch roll component of sideslip, i.e., whether the sideslip is adverse or

proverse.
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Exact quantitative parameters indicating the Dutch roll infagenon rolling
performance and roll handling qualities can be measonly with automatic recording
devices. However, the test pilot may be able terd&ne the direction and magnitude of
the sideslip excursions during rolling maneuvessifia cockpit mounted sideslip indicator.

5.8.2.4 MEASUREMENT OF ROLLING PERFORMANCE

Although the actual technique utilized in obtainiotling performance parameters is
easily understood, the test pilot will probably realize difficulty in gatieg accurate,
repeatable data without extensive flight test experience and practice. The difficulty
associated with obtaining accurate quantitative parametergaseswith decreasein
available instrumentation. The specific approach to the rolling performance test is
determined by severgenerakonsiderationswhich must be discussed prior to proceeding
to the actual techniques involved.

1. Thetimerequiredfor the test pilot to establish the lateral cohimput to initiate

the roll must beas small as possible The input should approximate saep
input If the time required to accomplish the input @dsone-halfsecond
some of the parameters of interest, such as rallarione constant and bank
angle change in a given time, may be impossiblédtermine accurately or
meaningfully. The test pilot should strive for utp which are accomplished
within a time interval 00.2 secondor the most representative test results. The
use of both hands on the control stick or yoke faaljitate snappinghe lateral
control quickly to the desired position.

2. Lateral control deflection utilized for each roll should be increased in
incremental steps until full lateral control defentis reached. Obviously, the
test should be terminated short of maximum control defection if flight
restrictions prohibit use of full control deflection or if unusual airplane
responses, such as roll coupling tendencies or excessive sideslip excursions are
encountered. The flight test team may desire tizeitsome sort of lateral
control deflection restrictor iéxactpartiallateral control deflection points are
desired or if severe airplane response is antiegaiith large lateral control
inputs. In most cases, only full lateral control deflection is required for
repeatableockpit control position and the use of contrdletdion restrictors is
not necessary. Nevertheless, the test pilot should use appropriate partial lateral
control deflections as a build up to full deflectimlls at each test condition.
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Generally, one-quarter increments are utilized, although one-half of all
deflection increments may be used if no unusual airplane response is expected.
The test pilot carestimatethese incremental lateral control deflections quite
accurately, particularly if the partial deflectimputs areracticedon the ground

to establish the lateral stick or yoke positiorguieed. Correlation of stick or

yoke position with various markings and flight inshents in the cockpit is

very helpful.

Thedirectionof roll should be alternated so that the influence, if, afiyoll
direction on rolling performance may be ascertainghis influence is generally
more pronounced in propeller-driven airplanes. €fare, left and right rolls

should be performed in these airplanes with theesateral control input, i.e.,

left and right rolls with one-half lateral contrdéflection, then left and right
rolls with full lateral control deflection. Sinaelling performance in pure jet
airplanes is usually not influenced by the directdd roll, left and right rolls
may be performed in these airplanes with consistently increasing control
deflection.

The airplane should be in a trimmehacceleratetlight condition prior to the
initiation of the roll. The test pilot should make every attempkéep the
longitudinal control position at the trim posititiiroughout the roll. No effort
should be made to counteract pitching moments gegbduring high rate rolls,
since the pilot is likely to augment the motiongevistop it. (Techniques for
investigating roll coupling will be presented later

Theuse of ruddersduring the rolling performance tests will vary with the

airplane type and mission, as well as the flightdittons under consideration.

In general, rudders should remain free foigh maneuverabilityairplanes
(Class IV) and for all carrier-based airplanes atggory C flight phases (levels

1 and 2). For low to medium maneuverability air@s, the rudders may be
used to reduce adverse sideslip (sideslip retamihgate) providing the rudder
inputs are simple, easily coordinated, and consistent with normal piloting

technique for the mission and task under evaluaRuuder inputs should not
be employed to produce proverse sideslip which could augment rolling
performance.
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6. Thebankanglechangehrough which the roll is allowed to continue degs
on roll restrictions, test conditions, and dataraes In general, rolls should be
commenced from wings level, zero roll rate condisio However, if the bank
angle changes is limited by roll restrictions atteonditions (airspeeds near
stall, high lift configurations, excessive sidestixcursions), the roll may be
initiated from an established bank angle so asltahrough wings level to an
opposite bank angle. Thus, the airplane is alwapsight throughout the
maneuver.

7. If the rolling performance tests are to be perfmtrbetweervery low airspeeds
near stall to neamaximum airspeedsthe test should commence at airspeeds
near thecenterof the spectrumand proceed to the end points. This procedure
allows the flight conditions generally consideredstrcritical to be approached
with an adequate build-up program.

8. Lateral control forceswill be difficult to obtain without automatic recording
devices. The hand-held force gauge is usuallyctoobersome and annoying
to utilize for inflight measurements. Additionalihe hand-held force gauge
floating pointer wouldindicate the transientlateral force applied during the
sharp control input vice theteady state control force of interest. For
irreversible lateral control systems where latévade is merely a function of
lateral stick position, the lateral control foreaay be accurately measured on
the ground with the hand-held force gauge. Foewotypes of lateral control
systems, the test pilot may need to resorestimatinglateral control force
requirements during flight tests. When measuringstimating forces required
for full deflection, the control should be placedt short of the stop. If the
control is against the stop, the force measuredoiivhatever the pilot decides

to apply.

9. The test pilot should be able to note the directibsideslipexcursions during
rolling maneuvers merely from the response of the airplane. If a cockpit
mounted sideslip indicator is available, thagnitudeof the adverse or proverse
sideslip can be determined. Sensitive automatiordeing devices are necessary
if parameters such as roll rate oscillations and the phase angle of the Dutch roll
component of sideslip are to be determined.
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10. Two methods may be employed to obtain diesiredtrim airspeed®f the
test. The primary method is merely to utilize gmaver setting required for
the airspeed and altitude combination. An altesmaéthod may be used in
propeller-driven airplanes to eliminate the infloerof power variation on roll
characteristics. The power used is that requoeddintain a level flight trim
airspeed midway between the maximum and minimuspeagd of the test
spectrum. Other airspeeds are then attained by trimming in climbs and
descents with the power setting remaining constant.

11. Altitude varianceduring rolling performance tests should not exce2600
feet from the selected base altitude for the tests.

The specific method utilized to obtain various rolling performance parameters
depends on the parameters themselves as well asihignt of instrumentation available.
Specific techniques will now be presented for testducted with and without extensive
instrumentation.

5.8.2.4.1 Automatic Recording Devices

If a complete package of automatic recording instrumentation is akeilall
rolling performance parameters may be obtained ffemrecording traces. The test pilot
merely performs the rolls as follows:

1. Stabilize and trim carefully in the desired coufajion at the desired flight
condition.

2. Actuate the automatic recording devices and perfbe roll.

3. After completing the roll, recover to erect fligteactivate the automatic
recording devices, and prepare for the next roll.
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5.8.2.4.2 Portable Instrumentation and Cockpit Mednt
Instruments

Several of the parameters needed to completely describe rolling characteristics
cannot be determined with only cockpit instruments and portable instrumentation.
However, some approximate, yet meaningful, data can be obtained. The general
procedures for the test remain the same, with the following specific procedures
recommended for certain situations.

If the parameter required sgeadystateroll rate pgg, the following approach may

be utilized.

1. When a rate of roll indicator is available in twekpit, the test pilot merely rolls
through a bank angle change large enough for theate to reach steady state.
The value of the roll rate is noted from the inthca

2. If no roll rate indicator is installed, the tedbpmust compromise by obtaining
anaverageoll ratecomputed from imedbankanglechange The average roll
rate will closely approximate the actual steadyestall rate if thebank angle
changes as large as possibleand if the period during which the roll rateis
building up is nottimed For example, a left roll could be initiated fra5
degree right bank angle. The timing would stawiaigs level and end after a
360 or 180 degree bank angle change. The attindleator and a one- or
three-second sweep stopwatch may be employed &amobp and At. The
average roll rate can be computed after the flight.

If the parameter required is bank angle changegiven time, ¢;, the following

approach may be utilized.

1. The parametergp;, may be approximately determined with a one- or three-

second stopwatch and the attitude gyro. The ikegttrpay desire to set up for
this test so as to roll about a wings level conditi The data required is merely
the time necessary to accomplish the bank anglegehander consideration.
Timing should start at the initiation of the lafef@rceinput. From theAg and

the At data,approximatevalues of ¢; may beextrapolatedy assuming a
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linear bank angle-time relationship. This is olwgly not a correct assumption, since this
relationship is nonlinear during the time intergebr to the roll rate reaching steady state.
Therefore, theg; obtained by this method is only approximate.

2. If the purpose of the test is to check againgegification requirement, such as
@ = 90 degrees in 1.3 seconds, it is only necessary to time the roll through the
bank angle change under consideration. If the bank angle change is
accomplished in a time interval equal to or less thansgiezified time, the
requirement is met.

5.8.2.5 ROLL COUPLING

Violent roll coupling should never be encountered during any maneukieh
conceivably could be utilized in a operational noasask. Some pitching and yawing
motion, not directly attributable to pilot contriolputs or yawing moments generated by
lateral control inputs or roll rate, may be expéatering rolling maneuvers. However,
these motions should not generate sideslip ancarigittack excursions large enough to
exceed structural limits or result in uncontrollable flight conditions, such as roll auto-
rotation. The yawing and pitching experiencedmyirolling maneuvers utilized in typical
mission tasks should not be severe enough to intpaisatisfactory completion of the
tasks. High maneuverability airplanes may be paldirly susceptible to the detrimental
effects of roll coupling.

Flight testing for maximum rolling performance undenditions favorable for roll
coupling, or flight testing specifically to detemmai if roll coupling may be encountered,
require cautious, methodical approaches. The following general guidelines are offered for
planning and conducting these test programs:

1. Thorough computer studies, based on known or asdwalues of stability
derivatives should be conducted prior to commencerokflight tests. The
studies should be continued along with the flight tests, swysieaily being
updated with flight test data.
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2. Complete airplane instrumentation with automatic recording devices is
mandatory if the results of these tests are tonladyaed properly. Telemetry
and real-time data processing should be employed, if available. Aiedalif
engineering observer, with communications to tisepédot, should monitor the
flight test records continually at the telemetiatisin.

3. Thorough rolling performance tests should be comdluftom unaccelerated
flight conditions initially. (Violent roll couplig has been encountered during
these tests on some airplanes.)

4. Assuming that no roll coupling is encountered miyiriolls from unaccelerated
flight conditions, the test program may proceed into rolls initiated form
acceleratedflight conditions The applied normal acceleration should be

increased or decreased to maximum and minimum values consistent with
operational piloting tasks. Generally, rolls froligtit conditions where applied
normal acceleration varies from 0 g to .8 MNare considered adequate.
However, airplane structural limits may restriot #cope to lower g levels.
Initial normal acceleration should be increasedemreased from 1 g ismall
incrementsn a planned build-up program to maximum and mummvalues.

At each point (1.5g, 0.5g, 2.0g, 0.0g, etc.), @diateral control deflection
rolls should be utlized in a methodical build-up program to maximum
performance rolls. These rolls may be initiated from steady turning flight,
wings level pull-ups, or push-overs. The technguglized to establish the
desired value of normal acceleration should belairto those described earlier
for longitudinal maneuvering stability tests.

5. If violent roll coupling is encountered, the pilslhould make no attempt to
control the yawing and pitching motion with rudderd elevator inputs. The
pilot's attempts would probably be ill-timed and augment the violent
excursions. The recommended procedure on encauntgolent roll coupling
is to stop the roll by use of lateral control movements and neutralize the
longitudinal and directional controls.
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6. Flight tests should be terminated when the tdst, phe observing engineer in
telemetry, or the computer studies predict or indiditat the nest roll may
exceed the “critical limit" of controllability. Thonly means of determining the
exact critical limit, or course, is to exceed itieh is obviously not a required
or desired approach.

5.8.3 Postflight Procedures

As soon as possible after returning from the fljghe test pilot should write a
brief, rough qualitative report of the rolling performance and associated roll handling
qualities exhibited during the mission tasks urealuation. This report should be written
while the events of the flight are fresh in the pilot's mind. Qatale pilot opinion,
appropriately related to the mission tasks undeluation, will be the most important part
of the final report.

Representative data should be selected to suketititie pilot's opinion. Several
suggested data presentation schemes will be inteasduNo matter what method is used, it
should be clear, concise, and complete.

5.8.3.1 MECHANICAL CHARACTERISTICS OF THE LATERAL
CONTROL SYSTEM

Mechanical characteristics may be effectively presented in tabular form as
previously discussed and illustrated in “Test Procedures and Techniques - Non-
maneuvering Tasks” (Longitudinal Flying Qualities).

5.8.3.2 ROLLING PERFORMANCE

Rolling performance data may be presented as plots of steady state roll rate, and/or
bank angle change in a given time versus airspe&tbceh number. Usually, only full
lateral control deflection or maximum rolling parftance is presented since full deflection
is generally the only repeatable lateral control position utilized during the flight tests.
However, partial control deflection data may bespreed, if desired. Applicable minimum
specification requirements are normally superimdasethe rolling performance plots.
Typical data presentation is shown in Figure 5.87.
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Figure 5.87
Rolling Performance in Configurations CO and PA
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If lateral control force and sideslip data are &fde from the flight tests, these
parameters may be presented with other rollinggoerance data (Figure 5.88). Lateral
control forces may also be plotted versus lateral control deflection; this procedure is
particularly appropriate for the irreversible lalecontrol system in which lateral control
forces are merely a function of lateral controlipos.

Stability
Roll Direction Gross Weight (Lb) CG (%Mac) Augmentation
O L] 50,200 33.9 On
[ ) [ | 50,200 33.9 Off
Spec. Limits
(Level 1)

Breakout + Friction =2.5 Lb .
Spec. Maximum

Spec. Minimum

LaterakEControl Fgrce (Lb) &

0 11— | 1 1 1 1 : |
<0
§8 — .\ Spec. Maximum
D |
S
o
e
% []
P2
X
Sol | | |

140 180 220 260 300

Calibrated Airspeed - KT

Figure 5.88
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Rolling Performance in Configuration Power

If automatic recording devices have been available for the flight tests, more
sophisticated data analysis and data presentation techniques may be employed. In
particular, the flight test team may desire to preshe roll mode time constantg, the
degree of roll rate oscillation, expressetg%%, and the time required for the pilot to apply

ave
the lateral control deflection (Figure 5.89). Tater parameter is a good indication of the
guality of the data. Techniques for determining ithll mode time constant ar{és—c will

ave

be discussed in subsequent paragraphs.

5.ccv



FIXED WING STABILITY AND CONTROL

Theory and Flight Test Techniques

Full Abrupt Lateral Control Deflection Rudder Pexigtee

Limits Mil Spec 8785B
® O LeftRoll
B[] RightRoll
A A
Stab Aug On— L — Stab Aug Off

»

ki
Ers

Lateral

g
-

S Time to

Full
S$tick Oeflection
Sec
®

N
o

w

Reakn
RateSof RollS

—{®

\
% | P
Recs

Degt

Time

to 80° Angle of
k Clrange ™
Seq

o)

10
8B

i
j#

©
o

O-F
Ot

ih 1.7 pec
Ded

B4dnk Change

EiRht:
PR

I
P

(R R SUR,
Angle

P Osc/ P Ave

me

[
o w
s

o
3]

—%

6 7 .8 9 1.0
Mach Number

o

et ﬁ?
Ik
5

+

w
RolHMede
Time|Con

Figure 5.89
Rolling Performance in Configuration Cruise

Model Airplane
BuNo

5.cevi



LONGITUDINAL FLYING QUALITIES

5.8.3.3 ROLL COUPLING

The influence of roll coupling, if any, on mission accomplishment should be
discussed in the technical report. The operational pilot rightly deserves sufficient
information on the behavior of the airplane dunialing maneuvers to allow roll coupling
to be avoided. Violent roll coupling, if encourgdr may be illustrated with one or more
time histories of the motion of the airplane durthg maneuver. A time history showing
violent roll coupling is present in Figure 5.90dditional parameters may be shown if
desired.

5.8.3.4 QUANTITATIVE INDICATIONS OF DUTCH ROLL
INFLUENCE

If automatic recording traces are available fot halnding qualities analysis, the
degree of Dutch roll excitation during rolling mawers may be determined quantitative
terms Flying qualities investigations have revealeat tiequirements can and should be
placed on the degree of Dutch roll excitation dynmoderate bank angle change maneuvers
such as turn entries. These requirements, althdagigned to bgenerallyapplicable for
all combinations of Dutch roll characteristics, apecificallyaimed atdifferent Dutch roll
responses. This approach is justified on the llaatdDutch roll excitation is manifested in
different ways depending on thal-to-yawratio of the motion.

5.8.3.4.1 Low Roll-to-Yaw Ratio

For low roll-to-yaw ratios of the Dutch roll motion, sideslip excursions in
themselves cause a degradation in roll handlingitgpsa Therefore, restrictions have been
proposed on the maximum amount of sideslip expedédrduring large amplitude rolls
(Figure 5.91).

5.8.3.4.2 Sideslip Excursions

Following a yaw-control-free step roll control corand, the ratio of the sideslip
incrementAB, to the parameter k shall be less than the valpesified herein. The roll
command shall be held fixed until the bank angkedianged at least 90 degrees.
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Roll Coupling During a Full Aileron Deflection Right Roll
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Model Airplane
BuNo

Loading: A Gross Weight: 12,650 Lbs.
Configuration: Dive CG: 13.25% MAC
Trim: 350 KIAS, 10,000 Ft. Stab Aug: On
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Adverse Sideslip Proverse Sideslip
Flight Phase (Right roll command (Right roll command
Level Category causes right sideslip) causes left sideslip
1 A 6 degrees 2 degrees
B&C 10 degrees 3 degrees
2 All 15 degrees 4 degrees

ABmax - maximum change in sideslip at the c.g., occurviidpin two seconds

or one half-period of the Dutch roll, whichevegigater, for a step roll-
control command

k - ratio of "commanded roll performance" to "apalite roll performance
requirement” of Spec paragraphs 3.3.4 or 3.3.4dr&h

(a) "Applicable roll performance requirementq)(requirement, is
determined form 3.3.4 and 3.3.4.1 for the Class, Flight Phase
Category and Level under consideration.

(b) "Commanded roll performancefi command, is the bank angle
attained in the stated time for a given step rmthmand with yaw
control pedals employed as specified in 3.3.4 and 3.3.4.1

K = ( (pt)command

((pt) requirement

Figure 5.91
Sideslip Excursion Limitations

5.8.3.4.3 Moderate to High Roll-to-Yaw Ratios

For moderate to high roll-to yaw ratios of the Dutoll motion, excessive Dutch

roll excitation during rolls may generate oscillgteoll rate response. A degradation in roll
handling qualities may result. Therefore, restiitt have been made on the amount of roll
rate oscillation experienced during abrupt rollmgneuvers (Figure 5.97). (If the phase
angle cannot be determined, a phase angle of -@4§@es should beassumedor airplanes
exhibiting adverse sideslip, and a phase anglé®@fidegrees should bessumedf the
sideslip is proverse.)
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T
LOF - - - s s . . ; : -
ol i Flight Phase ' o
R . Category B
8t - S «———Llevel2 - - -\ -
ol oplevell
I \{\ I I I
(@] 6 _ P AR A [\ - - '
gz | Flight Phase \ ;
Sfp-<----r 27 fi--- /Categories A&CN\ - -\
al - oo la——Level2 | _ '\
| w{LeveIl |
31 - o oo AU S I N
2
1
0 TA0° T -80° | -120° © -160° ~ -200° ' 2400 ' -280° | -320° ' -360°
' ' ' ' ' l]JB (Deg) Wherp Leadsp by 45° to 225° ' ' ' ' '
-180°  -220° _ -260°  -300° _ -340° 20° ~60° 100°  -140°  -180°

lIJB (Deg) Wherp Leads3 by 225° Through 360° to 45°

Use this Scale if Airplane Exhibits Positive Dihedral Effect

Use this Scale if Airplane Exhibits Negative Dihedral Effect

Where:

%5 - a measure of the ratio of the oscillatory component of roll rate to the
average component of roll rate following a yaw-control-free step aileron
control command:

. Posc _ P1 tP3-2P
¢d < 0.2: Pav ~ P *P3+2P
. Posc — P1 ~ P2
< =
< 02: Pav Lt P
where R, p,, and g are roll rates at the first, second, and third peaks,
respectively.
Ypg - phase angle expressed as a lag for a cosine representation of the Dutch roll

oscillation in sideslip. (See Figure 5.56c¢)
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Figure 5.92
Roll Rate Oscillation Limitations

5.8.4 Control Force Coordination

Control forces required in normal maneuvering efairplane should be of relative
magnitudes which "feel" normal to the pilot. Tiesobviously a qualitative evaluation
which the test pilot can perform while maneuvering airplane through typical mission
tasks. The elevator, aileron, and rudder forcesdasplacement sensitivities as well as
breakout forces should be compatible so that intentional inputs to one control axis will not
cause inadvertent inputs to another. If the piloawgare or conscious of a markedly
different effort being applied to one control axisntrol force coordination may be poor.

Certain specifications may state quantitative guidelines for the control forces
required during coordinated maneuvers. The most common ratio utilized is 2:7:1 for
longitudinal, directional, and lateral control fes; respectively. This ratio is applicable to
all maneuvers normally required in the airplanassman.

Quantitative requirements for control force cooatiion may be checked as follows:

1. Trim the airplane in level flight in the Power &ignration at altitudes
representative of the mission environment.

2. Maneuver the airplane to be at the trim airspeedadtitude in a dive.
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3. As the trim airspeed is approached, perform a rolling pullout to simultaneously
attain target normal acceleration and roll rate. Utilize rudder inputs, as
necessary, to maintain coordinated flight.

4. As target normal acceleration and roll rate aweregd, note longitudinal, lateral,
and directional control forces.

Control force coordination should also be evaluated qualitatively in the Power
Approach configuration during actual approaches.

5.8.4.1 ANALYTICAL DETERMINATION OF THE ROLL MODE
TIME CONSTANT
The roll rate response to a step input of lateral control is characterized by an
exponential increase in roll rate until a stea@dyesvalue is attained. This response may be
represented by the following relationship:

p(t) = Pes {1 - e_t/TR} eq5.113

By appropriate manipulation of the last expression, a technique may be evolved by
which the roll mode time constanty may be determined from flight test records. Tdie r
rate response to a step lateral control input neaetritten as:

-t/ 1

p(t) = Pss ~Pss € eq5.114

5.ccxiii



FIXED WING STABILITY AND CONTROL
Theory and Flight Test Techniques

This relationship indicated that p (t) can be greglly represented as the summation of the

two parts of the expression (Figure 5.93).

o
) Pss
IS
04
=
x
0 ,
0 Time, t
0 Time, t
i Pss
X3 X2
X1 X E
Y. _
= Pss = Pgg€ 'R = p (1)
x
0 .
0 Time, t

Figure 5.93
Roll Rate Response to Step Lateral Control Input

(Note that the "total" roll rate response curvét)pis merely a mirror image of the curve

described by g e t/TR).

Consider now the part of the roll rate responseasgnted by the middle plot of
Figure 5.98 and the following expression:

X(t) = psse_%R eq 5.115
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If the logarithm is taken of both sides of this atpn, the following results:

In X(t) = In pgg — T—tR eq5.116

or:

In X(t) = Kq - Kt; eq 5.117

Thus, there is Bnearrelationship between In X(t) and t. Thereforehé expression:

X(t) = pss € VR eq5.118

is plotted on semilogarithmic graph paper, with)X4$ the logarithmic axis and t as the
linear axisa straightline is generatedFigure 5.99). This the crucial point which allow
the determination of g from actual flight record of rolling maneuvers.itiMhe theoretical
background presented above, the practical aspkttte manipulation of the flight test data
should be easily comprehended.

10
9
8 =
7 ]
N ] -t
N

6 X X(t) = ps€ AR
5 o
4 g\\

) \
3 =

= \\
2 Py
1

0 1 2 3 4 5 .6 7 .8 9 1.0

Time, t (Seconds)

Figure 5.94
X(t) = psse)/TR Plotted on Semi-Log Paper
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The roll mode time constantg, may be determined as follows:

(A sample exercise is presented in Figure 5.95).

Steady Statéa

Roll Rate Reaches ) ) - 10
Steady State Aileron Deflection _j _
P | | x
S P " IS
X 2 P -5
% My Z RolfRate _
L ; [ T - N ’% | _
~ P [N ol : N 1l
Time, Seconds [SEEEN) RN H:\ */—
“is 1.0 \\/ 0
| | | | | | | | | 05 | | 1 |
14 |
13 |
—X(t); = 3.0 .
12 \
|
11 I \Q\\(
X()2=.368x30=1104 — | | )\m
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7X< | 1 v
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i ;1= 0.45 Sec to= ?-94 Sec |
: —/ .
3 . ]
! Iz
2
1 1
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Figure 5.95

Determination of T from Oscillograph Trace of a Rolling Maneuver
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1. From the automatic recording trace of the roll enaver, determine thsteady
stateroll rate

2. Using the portion of the roll rate trapastthe point wherethe lateral control
surfacedeflectionreachesteadystate determine several X(t) and time values.
The parameter, X(t), is the difference betweendieadystateroll rateand the
roll rateatany giventime. The portion of the roll rate trace prior to {ha&nt
where the lateral control reaches steady stateot@erutilized since that portion
is not characterized by an exponential increaselimate. It is not necessary to
express the X(t) values (vertical scale) in actuats of degrees per second.
Any convenient vertical scale may be utilized sittoe variation of the X(t)
parameter with time is the only characteristic @icern. The horizontal scale
must be actual time in seconds, although the startir zero, point's location
on the trace is not critical.

3. Plot the X(t) and corresponding times on semildgaric graph paper. The
vertical logarithmic scale must be the X(t) axijle the horizontal, linear scale
must be the time axis.

4. Fair a straight line through the points definedhzyX(t) and t values on the
semilog paper.

5. For a convenient X(f)value on the semilog paper, determine a correspgnd
time, ;. Compute 0.368 X(1) which may be called X(3) The value 0.368
is used as a multiplication factor (instead of DBecause X(t)s measured
from steadystateroll rate not from zero roll rate Determine a time, 4,

corresponding to X() on the semilog paper.

o

Compute the roll mode time constant as follows:

TR =t - 11 eq 5.119

The results of this procedure will be rather actairathe test pilot uses a good
technique during the inflight test and if the Dutaii motion is not evident in the roll
response. The test pilot must make a very quitkdh control input and must hold the
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input constant during the roll rate increase tadyestate. Full lateral control deflection
rolls are not required; partial deflection rollsyrize utilized if the partial input can be made
quickly and held constant.

If Dutch roll excitation causes oscillatory roltearesponse, data analysis will be
more tedious and accuracy of the results will be derogated. When the roll rate is
oscillatory, engineering judgement must be utilitedetermine the steady state roll rate

and to "fair" an approximate single degree of freedom roll rate response curve. The
procedures shown in Figure 5.100 and describettearhy then be followed.

5.9 SPECIFICATION REQUIREMENTS

Requirements for rolling performance and associated roll handling qualities are
contained in the following applicable paragraphMditary Specification MIL-F-8785C of
5 November 1980, hereafter referred to as the Sqeoon.
3.3.1.2 Roll mode

3.3.2 Lateral-directional dynamic response charsties

3.3.4  Roll control effectiveness

3.4.3  Cross-axis coupling in roll maneuvers

3.4.4  Control harmony (including 3.4.4.1)

3.5.2  Mechanical characteristics of control systems

3.5.3  Dynamic characteristics

3.5.4  Augmentation systems
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3.3.2.2.1 Additional Roll Rate Requirements for
Small Inputs

The parameter'ELSC is used for determining the Dutch roll influence on roll
av

performance during precise tracking tasks. Laageral control deflections and roll rates
should not be used to measure this parameter.

3.3.2.4  Sideslip Excursions
The table contained in this paragraph (page 24 of Spec) is used to determine
adverse/proverse yaw Spec compliance during the listed in paragraph 3.3.4. The

"adverse sideslip" and "proverse sideslip” refetoeith the table are the parame%r.

3.3.2.4.1 Additional Sideslip Requirements for
Small Inputs
Compliance with Figure 5.6 of the Spec should beenduring precise tracking
tasks. Large lateral control deflections andnatiés should not be used during these tests.
3.3.4  Roll Control Effectiveness
The airspeed and altitude requirements to determine compliance with Table IX are
listed according to the flight phase in Table the Spec (page 7).
3.3.4.1.1 Air-to-Air Combat

3.3.4.1.2 Ground Attack with External Stores

The requirements of these paragraphs take precedenc Table IX of the Spec.
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5.10 ROLLING PERFORMANCE - GLOSSARY

Single Degree
of Freedom Roll

Roll Mode Time

Constant, tr

Steady State Roll
Rate, psg

Roll Helix Angle, z%b;

Roll Coupling
Elastic Center

Aileron Reversal
Airspeed, V,

Wingtip Vertical
Velocity, sz

Bank Angle Change In

A Given Time, @

Rolling motion during which the airplane is allowtxdroll
but not allowed to yaw or pitch; pure roll respanse

Time required for the single degree of freedom ralé to
reach 63.2% of the steady state roll rate following a step
lateral control input.

Roll rate attained when the roll damping contribatequals
the roll control power contribution for a constant lateral
control input.

Helix angle described by the wingtip of a rolling airplane;
sometimes referred to as the non-dimensionalat#l r

Pitching and yawing motions induced by inertial and
kinematic effects during high rate rolls.

A point in the wing section about which torsional deflections
occurs.

Airspeed at which the combined effects of wing twist and
wing bending counteract the rolling moment generated by
lateral control deflection.

Vertical velocity of the wingtip of a rolling airplane;
sometimes used as a measure of the rolling perfocenaf
large airplanes in the approach and landing phats@sssion
accomplishment.

The bank angle attained in a predetermined time interval

following a step input of lateral control; timenmseasure from
the initiation of the pilot's lateral contrirceapplication.
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5.12 MISCELLANEOUS LATERAL-DIRECTIONAL TESTS

5.12.1 Introduction

Certain miscellaneous lateral-directional tests, not previously introduced, are
presented in this section. Crosswind takeoffs and landings are generally the most
significant of the tests to be introduced.

5.12.2 Lateral-Directional Control During Crosswind
Takeoffs, Approaches, and Landings

A crosswind is defined as a wind blowing acrossdinection of movement of an
airplane; i.e., a wind blowingcrossas across a runway. The most important influence of
a crosswind is to tend to drive the airplane sidesand change its direction of movement.
Thus, the concern of the test pilot while perforgnimosswind evaluations is tiggectional
controllability of the airplane under crosswind ddgmons. The operational pilot must be
afforded sufficient lateral-directional controldonsistently and safely perform takeoffs and
landings in crosswind components representatiipefational conditions.

5.12.2.1 DIRECTIONAL GROUND STABILITY

Directional ground stability is the capability dfet airplane to maintain a straight
ground path under representative wind conditions. Directional ground stabihtya
crosswindis actually degraded by strong directional stahikince the strong directional
stability increases the tendency of the airplanaweather-cock.” However, the typical
landing gear placement - two main gears locatestddly in line and nose gear a tail
wheel - contributes to the maintenance of a straight ground path under crosswind
conditions. Directionalground stability is increased by increasing the reaction of the
nosewheel or tailwheel with the runway surfaceoniran airplane design viewpoint,
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increasing the lateral displacement of the maiditagngear and increasing the longitudinal
displacement of the third gear increases directigraund stability. Pilot technique also
influences directional ground stability. Maximum resistance to "weatbekiog” is
achieved by holding full nose-up longitudinal cahin tailwheel airplanes and full nose-
down longitudinal control in nosewheel configuregpkanes. If the "weather-cocking”
tendency of the airplane cannot be counteractealltavailable means, the airplane will
leave the runway on the siftem whichthe wind is blowing (upwind side).

Directional ground stability is insidiously influeed by dihedral effect. Rolling
moments are generated by the sideslip imposed on the airplane during crosswind takeoffs,
and landings (Figure 5.96). These rolling momeetsl to roll the airplan@boutthe
downwindpointof contact(downwind landing gear). Thus, the weight of the airplane and

the lateral placement of the main landing gear lealsrge effect on the "lateral ground
stability” of the airplane. Widely spaced main landing gear obviously enhances the lateral
ground stability. From a pilot technique viewpoint, maintenance of full nose-down
longitudinal control provides maximum lateral ground stability by decreasing the lift
coefficient, thus increasing the weight vector rgtin opposition to the roll excursion
(Figure 5.96).

Rolling Moment
Generated by Crosswind

V S
D —

N Left Sideslip
is Generated

Downwind ¢
Landing Gear

The rolling moment about the downwind
point of contact (Generated by the cross-
wind) is opposed by moments generated
by airplane weight and lateral control
inputs.

Figure 5.96
Lateral Ground Stability
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If the rolling moment generated by the crosswind cannot be overcome by all
available means, the upwind wing will rise. Thatékal ground stability” problem can then
quickly become a "directional ground stability” pkem. The increased friction generated
by the downwind landing gear generates a yawing emrtoward the downwind side of
the runway. Pilot brake applications may only cboape the situation, since upwind brake
applications result in little or no braking actiamhile downwind brake applications are
extremely effective. If the pilot is unable to mi@in directional control of the airplane via
all available means, the airplane will depart thewray on the&lownwindside

5.12.2.2 CROSSWIND APPROACH TECHNIQUES

The pilot's major concern during the crosswind apph is to keep the airplane
track superimposed over the runway centerline extended. This may be accomplished
utilizing either of two well-known techniques ocambination of the two.

5.12.2.2.1The Sideslipping Approach

When executed correctly, the sideslipping appraechnique results in the airplane
heading and ground track being identical to themaynheading. The airplane is merely
flown in a steady heading sideslip; the angle déslip is determined by the airspeed and
the crosswind component (Figure 5.97). Bank angle, rudder, and lateral control inputs are
generally required to compensate for sideforcejiygvand rolling moments, respectively.

The sideslip may be maintained through touchdowvineifianding gear is sufficiently strong
and if wingtip and/or external store clearance pexnOtherwise, the pilot may desire to
level the wings just prior to touchdown and compkbie landing.
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Figure 5.97

Sideslipping Technique for Cross-Wind Approaches

Although the sideslipping approach allows the pilot to ealgbgrmingf the track
is along the extended runway centerline, displacements from the desired trddkcale
to correct A simplechangean bank angle generates a lateral displacemeis maneuver
is not easily performed, however, due to the "@dsontrols” condition and the necessity
for maintaining a precise flight path. The pileingrally resorts to continually adjusting the
magnitude of the sideslip in order to make trackexiions. As a consequence, trimming
the control forces to zero in the sideslip is uhiséia. During a long approach, the lateral
and directional control forces may become tiringrtigularly in the large airplane which
may require considerable forces.

Lateral and directional control inputs required during the sideslipping approach
leave correspondingly less control deflections available to counteract gusts. The
sideslipping technique is particularly unsuitable for the unsint approach; a steady
heading sideslip is extremely difficult to establesd maintain without external references.
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This significant advantage of the sideslipping teghe is the easy transition from
approach to landing. The pilot merely holds tlueslip through the touchdown or levels
the wings just prior to touchdown.

5.12.2.2.2The Crabbing Approach

The crabbing approach again result in the airpmoeind track lying along the
runway centerline extended. However, the airplane is headed or "crabbed" into the
crosswind so that the sideslip angle is zero (FEdu®8). In the equilibrium condition,
bank angle and lateral-directional control inputs zero. In some airplanes, e.g., T-38, F-

4, touchdown in the crabbed attitude is recommeibdédn others, the pilot must align the
airplane with the runway heading prior to touchdavatess the airplane is equipped with
crosswind landing gear.

Rur|1way
Crosswind
|
Airspeed
I / M Crab
q Angle

B

Figure 5.98
Crabbing Technique for Cross-Wind Approaches
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The crabbing technique presents the pilot with few difiesi other than those
already present during the approach. The airpgkafiewn in a rather normal manner with
wings level; errors in airplane track are correctétth simple turning maneuvers. During
visual approaches, the pilot's view of the runwagyrbe slightly degraded in airplanes
with side-by-side seating. However, the crabbaahhique is consistent with instrument
approach conditions; the airplane is merely flowithe confidential manner until visual
contact with the runway is established.

The major and important disadvantage of the crapt@ohnique is the transition
required in landing if the crab angle must be removed before touchdown to align the
airplane with the runway centerline. The contamrclination may be quite difficult and the
timing of the maneuver must be precise. The pifmtkload is thus increased substantially
during a critical phase of flight.

5.12.2.3 TEST PROCEDURES AND TECHNIQUES

Certain preliminary investigations should be cornidddefore the actual crosswind
tests.

5.12.2.3.1Preliminary Investigations

The flight test team must determine thaximumpermissiblebankanglewhich will
provide clearance between the airplane wingtipxteraal stores and the runway surface.
This is a simple problem in geometry (Figure 5.98he bank angle so determined may
restrict the crosswind capabilities of the airplaneesult in the utilization of a particular
crosswind technique.
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Y

A i

Pmax =Maximum permissible bank angle which may safely be utilized

while in close proximity to the ground. In thisaexple, wingtip
clearance is utilized. External store clearance should also be
considered, if applicable.

Figure 5.99
Geometric Maximum Permissible BankAngle

The largest sideslip angle which can be generatea intentional steady heading
sideslip corresponds to the maximum crosswind caorapbwhich can be counteracted
during a sideslipping approach. This relationshish®wn in Figure 5.100. Steady
heading sideslip tests in Configurations Power Approach and Land at Representative
Approach airspeeds will provide the largest obtainable sideslip angles. These sideslip
angles may then be utilized to compute crosswindpmments. This procedure does not
consider the additional control authority necessary to counteract turbulence and gusts
during the approach. Further, it must be emphasized that these crosswind components are
applicable only to the approach phase. Signiflgdess crosswind may conceivably cause
intolerable control problems during the landindawl.
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Cross-Wind Component
e
A

/I Bwmax= Maximum sideslip angle

generated by maximum rudder
| deflection at minimum approach
/ airspeed.

Airspeed— :

> -
! Bmax

Figure 5.100
Absolute Maximum Cross-Wind for the Sideslipping Aproach

The determination ofminimum speedsat which the rudder and lateral control
devices are sufficiently effective to provide ditienal and lateral control on the runway
completes the preliminary tests. In generddva airspeed at which the rudder is effective
for directional control enhances crosswind handling qualities. The same generality cannot
be applied to thaileron effectivenessninimum speed for example, widely spaced main
landing gear may result in the ailerons being ¢ffedor bank angle control only at high
speeds on the runway, yet provide excellent lagm@lnd stability. The results of these
tests must be analyzed logically in relation telaine design and the availability of nose-
wheel or tailwheel steering and wing spoiler op8eon pop-up devices.

Rudder effectiveness minimum speed may be detednaisefollows:

1. Under essentially zero crosswind conditions, alignairplane with the runway
heading in configuration Takeoff.

2. Apply full rudder in one direction and begin th&e-off roll.
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3. A speed will be attained at which the airplane begins to respond to the
directional control input. This is the rudder etfeeness minimum speed in the
take-off configuration. The rudder input shoulddugckly revered as the initial
response is noted in order to verify that ruddéaiveness minimum speed
has been attained. After the minimum speed isrtedoed, continue with a
normal takeoff.

4. |If a light crosswind component is present, thedardnput should initially be
madeoppositeto the direction from which the crosswind is blogi Rudder
effectiveness minimum speed will easily be recogphias the speed at which the
rudder input counteracts the weather-cocking teaglen the airplane. Note
that some airplanes with tricycle landing gear exhibit negatieatiner-cock
stability on the ground. In this event, reverse the direction of rudder
application.

5. The above test should also be performed duringdatinding rollout. In this
case, the initial rudder input must be cautioushdemand of a small magnitude.
(Alternate applications will be helpful in keepitige airplane near the runway
centerline.) As speed decreases, the rudder inputs must be increased in
amplitude. The speed at which full rudder deftacis just barely effective for
directional control is the rudder effectivenessimimm speed during landing.

Aileron effectiveness minimum speed may be detezthas follows:

1. Under essentially zero crosswind conditions, dlrgmnairplane with the runway
heading in configuration Takeoff.

2. Initiate the take-off roll; simultaneously begmaoth pulsing of the lateral
control from full deflection to full deflection.

3. A speed will be attained at which the airplaneit®&gp respond to the lateral
control inputs. This is the aileron effectiveness minimum speed in the Takeoff
configuration. After the minimum speed is ascesdi continue with a normal
takeoff.
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4. The above test should also be performed duringdhding rollout. Small
alternating lateral control inputs are smoothlyrgased in amplitude as speed
decreases. The speed at which full lateral control deflection is just barely
effective for roll control is the aileron effectiveness minimum speed during
landing. (This speed may be quite high if pop-upilgps or flaperon pop-up
devices are installed.)

5.12.2.3.2Crosswind Tests

After completion of the preliminary tests and prdaees, the test program can be
expanded to include actual crosswind takeoffs and landings. Accurate analytical
estimations of maximum crosswind components foaréiqular airplane and configuration
are almost impossible; therefore, the crosswirghfltests must be conducted utilizing a
build-up program. Initial tests should be perfodwath small crosswind components. As
familiarity is gained, the components may be syst#rally increased in increments of 5
knots or less until the limits are determined.

The following guidelines and general information should aid in planning and
conducting the crosswind tests:

1. Crosswind tests should be terminated when maximum allowable crosswind
components are reached (if limits are publishetigier authority) or if lateral
or directional control becomasarginal Initiating a takeoff or landing in a
crosswind which exceeds the airplane capabilities neaylt in the airplane
departing the runway with catastrophic consequences. An intolerable situation
may be rectified if the pilot can abort the takemficonvert a full stop landing
into a touch-and-go. However, the test palbbuldnot be requiredto resortto
thesemeasures An adequate build-up program will preclude thadvertent
entry into dangerous flight conditions.

2. Initial tests should be conducted with all relevainplane systems operative.
Degraded system operation may be investigated l#texppropriate. These
tests might be aimed at the determination of marimecommended crosswind
components for engine-out condition, wing spoilers or flaperon pop-up
inoperative conditions, or flight control systemlfuactions.
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One of the most important aspects of the crosswind evaluation is the
formulation of optimum techniques for crosswind takeoffs, approaches, and
landings. The optimum techniques should be explistated in a technical
report and published as recommended operational procedures in the pilot's
handbook.

. Applicable specification conformance or non-conformanshould be
ascertained during these tests.

One of the most frustrating aspects of crosswastirig isthe availability of
useablecrosswinds This factor may require offsite testing to ohtauitable

crosswinds.

. The turbulenceand gustinessusually associated with high surface wind

conditions tends to complicate the test pilot's task. These factors may,
additionally, restrict the airplane's capabilities iofluence optimum piloting
technique.

. The test pilot should be aware of possible comagibms generated by lateral
ground stability problems. For example, if the dawind main landing gear is
equipped with micro-switches which activate nosewheel steering, spoiler or
flaperon pop-up, anti-skid braking, etc., thesduess may not be available
because of insufficient weight on the gear.

. The condition of the test airplane's tires shdadadthecked frequently during
crosswind tests.

. The possibility of blowing tires during crosswitasts is high. The test pilot
should plan an exact course of action to be folldbwethe event a tire fails.
Availability, capacity, and location of arresting gear should be given due
consideration.
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5.12.3 Lateral-Directional Trim Changes

Lateral-directional trim changes are generally aosignificant as the previously
introduced longitudinal trim changes. Usually,finght test time is specifically allocated
for their determination. These trim changes car\muated during other tests, such as
climbs and descents. However, the test pilot rbastontinually alert for excessive lateral
and/or directional trim changes. "Short-term" lateral-directidnen changes might be
associated with configuration changes, power chengdernal stores separation, bomb
bay door operation, rocket or missile firing, ettong-term" trim changes, such as lateral
and/or directional trim changes during level acelens or decelerations, climbs, dives,
etc. should not be seriously objectionable or impastical maneuverability or weapons
delivery.

5.12.4 Irreversibility of Lateral-Directional Trim Systems

Lateral and directional trim systems should maintain given settings indefinitely
unless intentionally changed by the pilot. This characteristic may be quickly evaluated by
subjecting the systems momentarily to large hinge moments, thekirghebe lateral-
directional trim of the airplane.

The lateral trim system may be checked for irraléity as follows:

1. Stabilize and trim the airplane precisely at a high equivalent airspeed (low
altitude, near maximum operational airspeed).

2. Perform an abrupt roll utilizing maximum allowaltdeeral control deflection.
Continue the roll to attain a maximum allowablelbangle change.

3. Stabilize the airplane carefully at the origirggtt condition. If the airplane is
still in trim laterally, the lateral trim systemirseversible.

4. Perform this test utilizing rolls in both directm
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The directional trim system may be checked fowgrsibility as follows:

1. Stabilize and trim the airplane carefully at a medium airspeed, such as the
airspeed for maximum range in configuration Cruisemedium airspeed has
been arbitrarily chosen; a larger sideslip anglg begenerated at a medium
airspeed than at a very high airspeed.

2. Perform a steady heading sideslip utilizing futlder deflection or maximum
allowable sideslip angle.

3. Return the airplane smoothly and slowly to the original stabilized condition. If
balanced flight conditions still exist, as evidetd®y the ball position in the

needle-ball instrument, the directional trim sysisnnreversible.

4. Perform this test utilizing both left and righdeslips.
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CHAPTER SIX

ASYMMETRIC POWER FLYING QUALITIES

6.1 THEORY

6.1.1 General

The asymmetric power flying qualities problem ivanably a lateral-directional
control problem. Yawing and/or rolling moments generatedti®y asymmetric power
condition must be counteracted by airplane statalitd pilot control inputs. Although
asymmetric power control problems are generally confined to the low airspeed flight
regime, serious airplane departures from controlled flight may be encountered with
asymmetric engine failures at very high airspeefisymmetric flying qualities may also
result from the asymmetric carriage of externahtarnal stores.

Basically, two aspects of flight on asymmetric powrist be considered:

1. Regainingof control immediately following failure of one arore engines.

2. Maintainingcontrol in steady flight with one or more engimegperative.

The steady or equilibrium flight condition with asymmetric power will be
considered first. (Note: Most of the stability derivatives and symbols utilized in this

discussion have been introduced previously. Tleegfimany of these derivatives and
terms will not be redefined here.)

6.1.2 Steady Straight Flight on Asymmetric Power

6.1.2.1 THE DIRECTIONAL CONTROL PROBLEM

Flight on asymmetric power is characterized lyg&ing momentgenerated by the
asymmetric condition (Figure 6.1). It is importamtconsider the factors influencing the
magnitude of this yawing moment since the degrabffifulty associated with asymmetric
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power flight is generally directly related to thgarameter. If the inoperative engine is
assumed to generate no thrust or drag, the yaworgent generated by the asymmetric

condition, Ny, may be developed as follows (Figure 6.1):

NT = FN yp eq6.1
Where:
(SN = thrust developed by operative engine, pounds.
Yp = distance from center of gravity to asymmetrrcigh vector measured in

wing plane, feet.

In non-dimensional form, the yawing moment coeéfiti G, , may be expressed:

N FnY
CnT = J = N p
gShb qsb
or for level fIightDW = CLD:
ms -0
C. = Mc Yo

T W oL Th

FN T Inoperative
A Zero Thrust

Nt

Figure 6.1
Yawing Moment Due to Asymmetric Power



Note that the asymmetric power yawing moment coiefiitincreasesvith increase
in operaitve enginethrust, distanceof operativeenginefrom airplane center of gravity, and
increasan lift coefficient(or decreasén airspeed)

Expressions for the thrusty FFdeveloped by the operative engine will be differe
for jet and propeller-driven airplanes. For thie flee thrust is simply \r. However, for

the propeller-driven airplane:

550N, BHP

Prop = T eq 6.2
Where:
550 = horsepower constant, foot-pounds/second.
Nnp = propeller efficiency factor.
BHP = brake horsepower, HP.
\% = airplane true airspeed, feet per second.
Thus, for the propeller-driven airplane:
55, BHP C y, _ 55N, BHP y, eq 6.3

C _
Mprop =V W b V qSb

Theequilibriumequations for sideforce, yawing moment, and rglimoment may
now be written as follows for the asymmetric power condition:naa( and C5, are

assumed to be zero for simplicity):

SIDEFORCE Cy, B+ Cy; 3 +CL ¢ =0 eq 6.4
YAWING MOMENT ) C Yo +Ch, B+ C o =0 eq 6.5
W L b ng ns, °r '

ROLLINGMOMENT ~ C;; B + Cyy 85 = 0 eq 6.6




(Note: Operative engine is assumed to beptireengine If the starboardengine
were operative, the asymmetric power yawing momenid benegative)

Since thedirectional control problem with asymmetric power is of interest at
present, expressions will be derived for thdderrequiredfor steady heading, equilibrium
flight under three flight conditions.

6.1.2.2.1 No Sideslip

If the pilot maintains zero sideslip, and expresdmr the rudder requirement may
be obtained easily for the yawing moment equation:

-Rg ¢, Y
Steaiibru = A Co /b(ZEROSIDESLIP eq 6.7
quilibrium Cne;
)

Several important relationships may be gatherad tiee last equation:
1. The rudder requirement increases with increasgmeetric thrust, .

2. The rudder requirement increases with increasing lift coefficierdrédsing
airspeed).

3. The rudder requirement increases with lateralrengiacement from the center
of gravity.

4. The rudder required for equilibrium is inversetpportional to rudder control
power.

Note that for zero sideslip, sobankanglemust be used to balance the sideforce
generated by the rudder input. From the sidefequation:

= C—r (ZERO SIDESLIP eq 6.8

(prEquiIibrium L



For a positive asymmetric yawing moment (starb@argine inoperative), trailing
edge left (positive) rudder deflection is required; thus, a negative (left) bank angle is
necessary to maintain equilibrium flight (Figure 6.2). In most cases, the bank angle
requirement is fairly small (approximately 5 degee

B=0
Fn

Inoperative

Nt i
/\ -+
u U

W SIN @
Y /
l or Nér
D = Drag in Line of Flight
NT =N, W SINQ= Y5,
Minimum Drag Since = 0
Ys,
e \
Fn JD
e
W SIN @

Ball Will Not

Force Polygon
Be Centered

Figure 6.2
Equilibrium Asymmetric Power Condition with Zero Sideslip



6.1.2.2.2 No Bank Angle

If the pilot maintaingerobankangle an expression for the rudder requirement for

equilibrium, steady heading flight may be obtained via a determinant solution of the
sideforce and yawing moment equations:

S
C - m CL & m ﬁ C C
. I W bl _ _-w b " ™% 00 6.9
rEquilibrium Cy Cy C C. -C C q%.
B & N5, Vg Yo, Mg
Rud g,
_ W b
6rEqui|ibrium = (ZERO BANK ANGLE) eq 6.10
T c, Cnll
C”é a - C_L C—D
= N5, Yp =

The only difference between the equation and tleedamived for zero sideslip is the
term in braces. This term can be rationalizeshaasinghe rudder requirement over the
zero sideslip case; the increased rudder requirement will be necessary to balance the
sideforce due to sideslip,yg.

For zero bank angle, tlsdesliprequired for equilibrium may be obtained from the
sideforce equation:

Sy, O

B = (ZERO BANK ANGLE) eq6.11

Yp

If the asymmetric yawing moment is positive, thdder requirement is positive,

therefore, the sideslip angle mustdwsitive(right sideslip). The balance of moments and
forces is shown in Figure 6.3.
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Figure 6.3
Equilibrium Asymmetric Power Condition with Zero Bank Angle

6.1.2.2.3 No Rudder Requirement

It is possible to balance the airplane in steady heading equifibflight under
asymmetric power wittzerorudderrequired. From the yawing moment equation, the
sideslip required to balance the asymmetric yawiognent may be obtained:

-Fngoc Yo
B = /V‘é: % (ZERO RUDDER

eq 6.12
B



For apositiveasymmetric yawing moment, the sideslip requirensenégative(left
sideslip). The sideslip angle required for thiadition is generally quite large, particularly
at low airspeeds, high operative engine power vétidlow directional stability.

The bank angle required to balance the sideforaethe zero rudder deflection
condition may be obtained from the sideforce equati

a CyB B
¢ = < (ZERO RUDDER eq 6.13
L

For a positive asymmetric yawing moment, the sigeshgle must be negative;
therefore, the bank angle must be negative (lefklaamgle). This bank angle is generally
quite large (approximately 15 degrees) at low airspeeds. The balance of forces and
moments is show in Figure 6.4.

At first glance, the equilibrium condition shownFigure 6.4 might seem to be a
desirable state of affairs since the pilot is reegiito hold no rudder input. However, the
drag is high, there is a possibility of losing dtienal control due to vertical tail stalling,
and the flight condition is uncomfortable because of the large siddetmn due to
gravity. Usually, the pilot will achieve equilibrium in a flight condition somewhere
between the conditions shown in Figures 6.2 and 6(8he operative engine will be
banked down about 3 degrees and there will be # sideslip from the inoperative engine
side. If the directional trim system is sufficignpowerful, the rudder force requirement
for steady heading flight can be trimmed to zero.)
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6.1.2.2.3 The Lateral Control Problem

Lateral controllability under equilibrium asymmetric power conditions is generally
not as severe as the directional control probl&war. pure-jet airplanes, minimum control
speeds are almost always based on directionalataiiility. However, for propeller-
driven airplanes under asymmetric power condititims differences in slipstream over the
wings may generate large rolling moments (Figure 6.5). If the wings are almost
completely immersed in propeller slipstream, the rolling moment generated by the
asymmetric power condition may limit minimum airspls. Sideslip from the operative
engine side coupled with positive dihedral effexdative CZB) complicates the lateral

control problem. The lateral control requirement to counteract the rolling moments
generated by asymmetric power and sideslip may be obtained from the equilibrium rolling
moment equation:

Lo - L; y
# o Fp + Cpp+ Cpy, g = 0 eq 6.14
(Note: If the asymmetric power rolling momentnghe left-wing-down direction,

the first term of the equation will be precededahyegative sign.)

Y¥p
Cp, O W ol

L
5aEquililorium + C/,B BE eq 6.15
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Rolling Moment Due to Asymmetric Power

6.1.3 Equilibrium Asymmetric Power Conditions

The previously discussed directional and the lateral control problems with
asymmetric power will result in various equilibrium states. If an airplane displays
conventional lateral-directional stability deriwets as shown on page V-33, the equilibrium
flight conditions resulting from the failure of igint engine will be as shown in Figure 6.6.

Several things should be noted in Figure 6.6. Control of th@aa® may be
limited by either rudder or aileron. Although thelder deflection required is reduced if the
airplane is banked into the operating engine, bayhk angles may be uncomfortable to the
pilot and may be geometrically restricted in the take-off and landing environment.
Furthermore, in order to maintain a constant vertical velocity with increasing bank angles,
C_ must be increased with the resulting increaseduced drag and stall speed while
increasing sideslip angles will result in highemfiodrag. These performance and control



consider