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BACKGROUND AND PURPOSE

This manual is primarily a guide for pilots and engineers attending the U. S.
Naval Test Pilot School. However, it may be used as a guide in any fixed wing flying
qualities investigation. The text presents basic fixed wing stability and control
theory, qualitative and quantitative test and evaluation techniques, and data
presentatio~ methods. In most sections, more than one technique is descri!;ed for
each test. Generally, the best technique for a particular investigation will depend on
the purpose of the investigation, the amount of instrumentation availabIe~ and the
personal preference of the individual test pilot . The approach of the qualitative

C stability and control testing presented herein is an attempt to associate all flying
qualities tests with particular pilot task s required in the performance of the total

• mission of the airplane. The pilot’s opinion of a particular flying quality will
consequently depend primarily on the pilot workload while performing the desired
task. Quantitative evaluation techniques presented may be used to substantiate pilot
opinion or gather data for documentation of airplane characteristics. The
performance of both qualitative testing and quantitative evaluation is considered
essential for any successfu l flying quahties investigation. 
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PHILOSOPHY OF FLYING QUALITIES TESTING

• The flying qualities of a particular airpt~ne cannot be discussed unless the total
mission of the airplane and the multitude of individual tasks associated with that

total mission are defined. The definition of flying qualities leaves no other

• choice : “Flying qualities are defined as those stability and control characteristics
• 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

determined when the need for a new airplane is realized. However, the mission may

be diminished, magnified, or comp letely changed during the service life of the
C airplane. Therefore, in the formulation of a test and evaluation program for any

airplane, the total mission must be defined and clearly understood by all test pilots

and engineers involved in the prograffi.

The individual tasks associated with the accomplishment of a total mission must
also be determined before the test and evaluation program can be formulated.
Although the individual tasks may be further subdivided, a military mission will

normally require the pilot to perform the following tasks:

• 1. Preflight ground or deck operations.

2. Take-off and climb.

3. Navigation to a predetermined point.

4. Strategic or tactical maneuvering.

I-i
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5. Navigation to a landing point.

6. Approach and landing.

7. Postflight ground or deck operation.

Because this manual is strictly concerned with flying qualities many ground,

deck, or in-flight tasks necessary for mission accomplishment will not be discusse-1.

These tasks include attachment of payloads, maintenance, servicing, engine start and

operation of navigation and weapon systems. Under severe emergency conditions,

the pilot task may involve engine airstar-t , fire extinguishment , jettison of

equipment, or simply abandoning the airplane without serious injury. These areas

must be investigated on every military airplane and their importance cannot be

overemphasized.

The tasks for which the most favorable flying qualities are required are the

“essentiall.. or “critical” tasks required by the total mission. For an aircraft which

must perform air-to -air , air -to-ground, and/or reconnaissance functions (and training

for those functions), the greatest emphasis must be placed on the flying qualities

exhibited while perfosming the maneuvers required to accomplish these critical

tasks . These tasks will , of course, vary greatly with the total mission of the airpI~ne.

In any case, adequate flying qualities must be provided so that take-off . approach,

wave-off , and landing maneuvers can be consistently accomplished safely and

precisely.

1-2
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The prime reason for conducting flying qualities ir~vestigations. then, is to
determine if the pilot-airplane combination can safely and precisely perform the

various tasks of the total mission of the airplane. This determination 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 must also be
performed in order to:

C 
1. Substantiate, if possible, the pilot’s qualitative opinion.

2. Document those characteristics of the airplane which particularly enhance or
derogate some flying quality.

3. Provide data for comparing airplane characteristics and for formulating
future design changes.

4. Provide base data for determination of future expansion of flight and CG

envelope or future expansion of total mission.

• 5. Determine conformance or norl(.orsrormance with appropriate test
specifications.

A balance between qualitative and quantitative testing must be achieved in any
stability and control test and evaluation program.

1-3
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RESPONSIBILITIES  OF TEST PILOT AND E N G I N E E R

Almost every flight test and evaluation team will be composed of ‘~ne or more

test pilots and one or more project engineers. The team concept provid es the
necessary balance between qualitative testing (the pilot’s opinion) and quantitative
evaluation (the engineer ’s knowledge of theory, instrumentation , and specifications ) .
The team concept does not imply, however , that the test pilot should be oily a
“driver.” To perform the necessary tests and evaluations, the test pilot must also
have at least conversational knowledge of theory, instrumentation , and

specifications. Furthermore, the engineer must possess a thorough knowledge of the
pilot tasks required in performing a tota l mission in order to participate fully in
formulation and conduct of the test and evaluation program.

THE TEST PILOT

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

1. The airplane undergoing evaluation and airplanes in general .

2. The total mission of the airplane and the individual pilot tasks required to
accomplish the mission.

3. Test techniques and associated theory required for qualitative testing and
quantitative evaluation.

1-4
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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 engine-airframe combination. The test pilot
- 

. must also consider the effects of internal and external configuration on flying

qualit ies.

• In particular , a thorough knowledge of the flight control system is essential if

the test pilot is to do a creditable job of stability and control testing. Many of the

characteristics which shape the pilot’s opinion of the airplane in performing 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

part icular test vehicle. He also needs flight experience in many different types of

airc raft. Only by seeing “in person” the widely varying characteristics exhibited by

different design and mission concepts can he prepare himself for accurate and

precise assessments of part icular design and mission concepts. Further , by fly ing

many different types, he develops the quality of adaptability - he can easily and

quickly adapt himself to the characteristics of a new airplane. When flight test time

is severely limited by monetary and time considerations, this quality or trait is

invaluable.

The total mission of the airplane must be perfectly clear in the test pilot’s mind.

To obtain this clear concept of the total mission, the test pilot must review and

study the specific operational requirements on which the design was based, the

detail specification under which the design was developed, and nther planning

I-S

~~~~~~~~~~~~~~~~~~

--
..
- 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
~~~~~~~~~~ ---~~~~~~~~~~ -.r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘

~~~~~~
- ---::_:

~~~ 
-



• documents. Knowledge of the individual oilot tasks required for total mission
accomplishment is derived most easily from recent onerational experience. (Recent
operat ional experience in missions similar to the design mission of the airplane under
evaluation is particularly advantageous.) If the test pilot does not have the advantage
of the recent operational experience, he can gain knowledge of tne individual pilot
tasks from talking with other pilots, studying operational and tactical manuals,
and/or visiting replacement pilot training squadrons.

The t.~st pilot ’s knowledge of theory , test techniques, relevant specifications, and

technical report writing may be gained through formal education or practical
experience. The most beneficial , rewarding, and easiest road to knowledge in these
areas is through formal study with practicable application at an established test pilot

• school. This education allows the pilot to converse with the engineer in technical
terms which are necessary to describe flying qualities phenomena.

THE PROJE CT E N G I N E E R

The successfu l project engineer must have at least general knowledge of the same
items for which the test pilot is mainly responsible. Additionally, he must possess
superior knowledge of:

1. Instrumentation requirements.

2. Formulation and coordination aspects of the test and evaluation program.

3. Data acquisition, reduction, and presentation.

4. Technical report writing.

1-6
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The project engineer will normally be responsible for the determination of

instruments required to carry out the investigation. This also involves determination

of the ranges and sensitivities required and formulation of an instrumentation

“specification” or planning document. His responsibilities also include witnessing or

conducting weight and balance tests, engine calibrations, and fuel quantity system

calibrations.

Because the engineer does not normally fly in the test 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 preparation and, if necessary, revision

• of the “test plan” and coordinating the order in which flights will be conducted.

Additionally, the project engineer will normally prepare all test flight cards and be

present to assist in all flight briefings and debriefings.

A great deal of the engineer’s time will be spent in working with flight and

ground test data. He must review preliminary data from contractor wind tunnel

studies and flights. From this data, critical areas may be determined prior to actual

military flight tests. During the actual flight tests, the engineer may monitor and aid

in the acquisition of data through telemetry facilities and radio, or by flying in the

test airplane. Following completion of flight tests, the engineer coordinates data

reduction, data analysis, and data presentation.

The engineer’s knowledge of technical report writing allows him to participate

fully in the preparation of the report . He will write many parts of the report which

do not require pilot opinion information. The engineer usually is given the arduous

task of proof reading the entire manuscript and approving (for distribution) the first

printed copy of the technical report.

1-7 
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CONCEPTS OF STABILITY AND CONTROLLABILITY

In order to exhibit satisfactory flying qualities, the airplane must possess a
certain measure of both stability and controllability. The optimum “blend” depends
on the total mission of the airplane. A certain degree of stability is necessary if the
airplane is~~o be easily controlled by a human pilot. However , too much stability can

• severely der~gate the pilot ’s ability to perform maneuvering tasks. The attainment of
an optimum\blend of stability and controllability should be the goal of the airplane
designer. Wh~n the optimum blend is attained, flying qualities greatly enhance the
ability of the ~iIot to perform the intended mission.

STABILITY

The airplane is a dynamic system. i.e., it is a body in motion under the influence
of forces and moments producing or chanq~ng that motion. In order to investigate
the motion of the airplane, it is necessary to establish first 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 trim” condition from the pilot ’s standpoint).
Then the stability characteristics of the equilibrium condition can be determined.
The airplane is statically stable if restoring forces and moments are created which
tend to restore it to equilibrium when disturbed from equilibrium. Thus, static
stability charac terist ics must be investigated from equilibrium flight conditions, in

which all fo rces and moments are in balance. The direct in-flight measurement of

cer tain static stability paramete rs is not feasible in many instances. Therefore, the

flight test team must be content with measuring parameters which only give

indications of static stability. However, these indications are usually adeq uat e to

establish conclusively the mission effectiveness of the airplane and are more

• meaningful to the pilot than the numerical value of the stability derivities.

1-8
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The pilot makes changes from one equilibrium flight condition to another

through one or more of the airplane’s modes of motion. These changes are initiated

by excitation of the modes by the pilot and terminated by suppression of the 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 study of dynamic

- stability. Dynamic stability may be classically defined as the ability of the airplane
to eventually regain original f l i ght conditions after being disturbed. Dynamic
stability characteristics are measured from nonequi librium flight conditions duri ng

which the forces and moments acting on the airplane are not in balance.

Static and dynamic stability determine the pilot’s ability to control the airplane.

While static instability about any axis is generally undesirable, if not completely

unacceptable , excessively strong static stability about any axis may derogate

controllability to an unacceptable degree. For some pilot tasks, neutral static

stability may actually be desirable because of the increased controllability which

,results. Obviously, the optimum level of static stability depends on the mission of

the airplane.

Here the characteristics of the modes of motion of the airplane determine its

dynamic stability characteristics. The most important characteristics are the

freauency and damning of the motion. The frequency of the motion is defined as the

“number of cycles per unit time” and is a m ea su re of the “auickness” of the

motion. I he term undamoed natural frequency is often used in describing airplane

motion. It is the frequency of the motion if the motion exhibited zero damping.

1-9
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Damping of the motion is defined as a progressive diminishing of its amplitudes

and is a measure of the subsidence of the motion. The term damping ratio is often

used in describing airplane motion. It is the ratio of the damping which exists to

critical damping. The damping ratio of the airplane modes of motion has a profound

affect on flying qualities. If it is too ~~~ the airplane motion is too easi ly excited by

inadvertent pilot control inputs or by atmospheric turbulence. If it is too ~~~ the

airplane motion following a control input is slow to develop and the pilot may

describe the airplane as “sluggish,” The mission of the airplane again determines the

optimum dynamic stability characteristics. However, the pilot always desires some

level of positive dam ping of all the airplane’s modes of motion.

- 
- 

Static and dynamic stability prevent unintentional excursions into dangerous

• ranges (with regard to airplane strength) of dynamic pressure , normal acceleration ,

and sideforce . The stable airplane is resistant to deviations in angle 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

smoothness, precision, and a minimum of effort.

CONTROLLABILITY

Controllability may be defined as the capability of the 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.

1-10
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The pilot ’s op inion of controllability is shaped by several factors. The most

apparent of these factors are the initial response of the airplane to a control input
and the total attitude change which results. In addition, the cockpit control forces
and deflections required to accomplish necessary pilot tasks are extremely

- — important. These factors depend on the static and dynamic stability of the airplane
and the characteristics of the flight control system. The complexity or d egree of
difficulty which the pilot encounters during maneuvering tasks is directly dependent

• 
~~~

- on the stability characteristics of the airplane (Figu re 1).

(A) (B) (C) (D)

0 INITIAL POSITION

INITIAL MOVEMENT

FINAL POSITION

FIGURE I

CONTR OL MOVEMENT R EQUIR ED IN CHANGING
/ 

FROM ONE STEADY STATE FLIGHT CONO(TION
TO ANOTH ER

(A ) STABLE AIRPLAN E
(B) WEAKLY STABL E AIRPLANE

• (C) NEUTRALLY STA BLE AIRPLANE
(DI UNSTASL~ AIRCRAFT

I-i 1
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- • The reversed-translational control movements shown in (d) are never required
when the airplane possesses adequate stability; therefore, the nature of the control
movements required while maneuvering the stable airplane are greatly simplified.
(Although Figure 1 uses the longitudinpl or lateral cockpit controller as an example,
the same analysis would, of course, apply to the directional cockpit control.) The
simplicity of control movements required in maneuvering the stable airplane
significantly reduces the pilot expenditure of effort devoted to directly flying 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 2).

OPTIMIZED STABILITY AND CONTROL CHARACTERISTICS

(B) POOR STAB UTY AND CONTROL CHARACTERISTICS:
/ (MAY BE CAUSED BY LACK OF STABILITY , TOO MUCH
(
__________ 

STABIL(1Y~ OR POOR CONTROL SYSTE M CHARACT-
ERISTICS).

(C)UNSTABL E
AIRPLANE

______ PILOT ATTENTION DEVOTED TO MAINTAINING A REQUIRED FLIGHT
CONDITION (i.. .JUST “ FLYING TH E AIRPLANE” )
PILOT ATTENTION WHICH CAN BE DEVOTED TO OTHER DUTIES

L REQUIR ED IN MISSION FULFILLMENT

- • FIGUR E 2
TYPICAL PAT TERNS OF F~LOT ATTENTION AND
EXPENDITURE OF ENERGY REQUIRED AS FUNCTIONS
OF AIRPLANE STABILITY AND CONTROL CHARACT—
ERISTICS.
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MECHANICS OF DYNAMICS

This section is designed to introduce the language of and provide some

background for the dynamic stability discussions presented later.

THE SPRING-MASS-DAMPER SYSTEM

A n a i r p l a n e  i n flight displays motion similar to the motion of a

spring-mass-damper system ( Figu re 3). The static stability of the airplane is

analogous to the spring; airflow interaction with the airplane components provides

damping and the moment of inertia of the airplane is analogous to the mass of the

spring-mass-damper system. —

£~~11~~# ~~~~~~~~~~ # #~~ -F # #~~~-~~ #~~A -~~A~~

SPRING K SPRING~~~~~~~ A~ C DAMPER 

MOMENT

- 

:~ 
MASS ~ 1 ~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
MASS~~~7 INERTIA

DAMPER 
~jj 

C SPRING S~I~iL~TY 
DAMPER INTERACT I ON

~~~~~~~~~~ FFFFF~~ ,,, p~~i’ ~~~~~ I/I

-
‘ 

FIGURE 3

AN AIRPLANE IN FLIGHT IS SIMILAR TO A SPRING—MASS—
DAMPER SYSTEM
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Of course, the motions of the airplane are much more complicated than the motion
of the simple Spring-mass-damper system. However, the solution of the equation of
motion for the spring-mass.damper system provides a useful analogy to the solution
of the equations of motion of the airplane.

The homogeneous form of the second order linear differential equation of
motion of the Spring-mass-damoer system may be written:

where: M = mass of the body
C = damping constant, a measure of the strength of the

• viscous damper.
• K = spring constant, a measure of the stiffness of the spring.

= displacement of the mass from an equilibrium position.
= velocity of the mass.
= acceleration of the mass.

The characteristic equation is of the following form (a trivial solution has been
neglected):

2 C KA +~~ .A  +~~~~ Q

This characteristic equation yields two roots which may be written as follows:

A
1 2 ~~~~~~~~1 -~./~ i

) -

~~~~~

It is interesting to study the characteristics of these roots as the value of the
spring constant, K, is increased from zero. The movement of these roots may he
graphically shown on the complex plane. The significance of the positio, -s of the
roots is shown in Figure 4.

1- 14
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THE COMPLEX PLANE

As the spring constant is increased from zero, the movement of the roots is

shown in Figu re 5. As long as the damping of the system is predominant , i.e.,

(C/2M)2 > KIM , the roots will lie along the real axis and the motion of the system

is described as aperiodic or deadbeat subsidence (the system is overdamped). When

K/M = (C/2M)2 the roots meet at point A on the real axis. The value of the

damping of the system at this point is called critical damping, CCrit.

Cc i t = 2M~ i7i~~
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EFFECT OF INC R EASING SPRING CONSTANT

When the roots are positioned at point A , the motion of the system is still described

as aperiodic or deadbeat subsidence. However , it is on the verge of becoming

oscillatory, i.e., it is critically damped.

If the spring constant is increased further such that K/M > (C/2M) 2, the

solutions to the equation of motion are composed of real and imaginary parts. The

roots split at point A; the real part remains constant and as K increases, the

imaginary part becomes larger. The motion of the system is now oscillatory and the

frequency increases as K increases. However, for all values of K, the motion is

damped after the disturbing fo rce is removed.

- The spring-mass-damper system is a second-order system since its describing

differential equation contains the dependent variable (~p) and the first and second

derivatives of the variable. The measure of the strength of the system to seek an
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equilibrium condition is called the system stiffness and is the square of the system

frequency when damping is not present. This frequency is called the undamoed

natura l frequency W n~ 
of the system. (It is usually a computed number since most

- ‘ systems have damping and the measured system frequency will be the damped

natural frequency, w d .) The undamp ed na tura l  frequency for the

spring-mass-damper system may be expressed as follows:

The degree of dynamic stability of a second order system is generally expressed

in terms of the system damping ratio , ~~ . It is the ratio of the real system damping

constant to the damping constant which would make the system critically clamped.

C

-• -

The characteristic equation for the spring-mass-damper system may be written

• in terms of undamped natural frequency and damping ratio as follows:

A 2 + 2 ~~~A + w ~
2 O

The two roots of the equation then may be written:

These roots plotted on the complex plane are shown in Figure 6. Several

important relationships are also presented.
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RESPONSE OF A SECOND O R D E R  SYSTEM TO A D I S T U R B A N C E

The response of a second order system to a disturbing force which is
instantaneously applied (step input) is shown in Figure 7. In this case, the motion is

convergent to a steady state or equilibrium condition. The “quickness ” of the

response depends mainly on the undamped natural frequency of the system and the

osc illatory nature of the response depends on the damping ratio. The amplitude of
the steady state value of the response is quite dependent on the square of the
undamped natural frequency or the system stiffness. The greater the system

stiffness , the smaller is the steady state value of the response, if other factors remain

constant .
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FIGUR E 7
TIM E RESONSE OF A SECOND ORDER SYSTEM TO A

STEP INPUT

The response of the second order system shown in Figure 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 of a second order system may appear to

be a “first order response,” i.e., the response builds up smoothly to a steady state

with no oscillatory motion (Figure 8). The time required to reach 63.2 percent of a

steady state first order response is calied the motion time constant, -r.
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ANALYSIS OF SECOND ORDER RESPONSES

There are various methods for determining the characteristics of second order

responses. The graphical methods presented herein are fairly simple and are

considered to be of sufficient accuracy for most flight test woric

If the system exhibits a damping ratio less than about 0.5, the oscillatory motion

will be significant enough to measure a half-cycle amplitude ratio and determine the

damping ratio as shown in Figure 9. The undamped natural frequency may then be

computed as follows:

n
= 

~
T1

where AT 1 = time between the first two peaks, i.e., the time required for the first

half-cycle.
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SYSTEM
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If the system is heavily damped, determination of the motion parameters is more

difficult. From a practical flight test standpoint, the pilot will probably not be able

to detect visually any oscillatory tendency if the damping ratio is greater than 0.5.

Therefore, it may suffice to call the motion “essentially deadbeat” in that case.

However , if sufficient instrumentation is installed , the method shown in Figure 10

may be used to determine approximate values for damping ratio and undamped

natural frequency. One of the most frustrating problems in the analysis of very

heavily damped responses is the detection and selection of the proper “peaks” of the

response curve. For the analysis shown in Figure 10, the first two response peaks

after the control input has reached steady state should be used.

~
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Other parameters used to describe the characteristics of second or ’~er responses

include the following:

T 112 = time in seconds for the motion to subside to half its amplitude.

= time in seconds for the motion to double its amplitude.

C1,,2 = cycles required fui the motion to subside to half its amplitude.

C2 = cycles required for the motion to double its amplitude.

c These parameters may be determined by the method shown in Figure 11 or

Figure 12. (In determining certain flying qualities specification requi rements , the

~ 
~~
- parameters j . and C1,10 are often utilized.)

C112
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- A I R P L A N E  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 is considered to be restricted to a

“plane of symmetry” and a “plaie of asymmetry” with no “interaction” or

“cross-coupling” between the planes of motion. Motion in the plane of symmet ry is,

of course , longitudinal motion; motion in the plane of asymmetry is

lateral-directional motion. By separating the study of &rplane dynamics in this

manner, the analysis is greatly simplified and yields quite accurate results for most

flight conditions. The effects of “cross-coupling” can be studied separately for

special flight conditions.
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The characterist ic equations of mot ion for the longitudinal and

lateral -directional cases are fourth order linear differential equations. At present, let

it suffice to say that the difficulty in solving these equations by “norm al”

procedures is considerable. However, by use of an operational calculus technique

called “Laplace Transformations,” the solution can be determined quite easily. The

• equations of motion will not be derived in this text nor will a great deal of the

• mathematical manipulations required to solve the equations be presented. These

derivations and mathemat ical manipulations can be found in appropriate literature

and will be presented in the academic syllabus of the U. S. Naval Test Pilot School.

The classical solution of the longitudinal characteristic equation for the airplane

• yields four roots having real and imaginary parts. Normally, these roots form

“complex pairs” which describe two second order modes of motion - the airplane

short period mode and the long period or “phugoid” mode.

The lateral-directional characteristic equation also yields four roots for the

classfcai case. Two of the roots have real and imaginary parts and form a complex

pair which describe a second order mode of motion commonly called the “Dutch

roll mode.” Two of the roots have only real parts. One of the real roots describes an

essentially first order, heavily damned motion - the “roll mode,” The second of the

real roots describes another first order motion which may be convergent , divergent,

or neutral. This mode of motion is called the “spiral mo~~ .”
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I N F L U E N C E  OF F L I G H T  CONTROL SYSTEM

ON F L Y I N G  QUALITIES

A rigorous discussion of the numerous flight control system design concepts is

beyond the scope of this text. However, some brief discussion of control system

influence on the pilot’s opinion of the airplane is appropriate.

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

categor ies :

1. Manual Control System: The pilot deflects the appropriate control surface

through direct mechanical connections between the cockpit control and the

aerodynamic control surface. The pilot force required is a function only of

control surface hinge moments developed and pure mechanical 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, spring, and servo tabs. Other

control system “gadgetry ” such as springs and bob weights may also be
• employed to improve basic airplane characterist ics.

2. Power-Assisted Control Systems: The pilot deflects the appropriate control

surface by direct mechanical connections between the cockpit control and

the aerodynamic control surface. However, a suitable power unit (usually

hydraulic) is appropriately placed in the control system to ~~~ the pilot in

moving the control surface. The pilot force required is 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 made of aerodynamic and

mass balancing geared, spring, servo tabs, and other control system

“gadgetry.”
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3. Fully Power -Ooera ted Control Systems: Through cockpit control —

deflections, the pilot positions a valve of a power unit; the power unit in

turn positions the control surface proportional to the pilot ’s cockpit control

input. The pilot force required is purely a function of cockpit control

deflection and does not depend on control surface hinge moments. It is

~~parent then that an artificiaLfeei system must be provided to give the pilot

the normal control force variations. Extensive use is made of springs, bob

weights , dynamic pressure sensors, dashpots, and other electrical,

mechanical, ~r hydraulic devices in order to provide satisfactory stability and
control characteristics.

The manual and power-assisted control systems are reversi ble control systems;

i.e., the pilot receives some control force feel by vi rtue of the hinge moments

developed when the aerodynamic control surface is deflected. The ful ly

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 is utilized, the requirements placed

on the flight control system remain the same. The control system must give the pilot

the ability to make simple and unhindered control deflections in any direction.

Control deflections and forces required for maneuvering the airplane must be

commensu rate with the mission of the airplane, the structural limits of the airplane,

and pilot strength limitations. The controls must exhibit good centering when

released and must exhibit no tendency toward lightly damped or undamped free

oscillatory motions. There should be no noticeable lag between the deflections of

the cockpit controls and the movement of the corresponding control surface.
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Since the flight control sy stem is the implement by which the pilot is “ mated ”

- to the airplane, th e importance of good control system characteristics cannot be
- over emphasized. The control system must bc~ suitably matched to the stabi lity,

contro l, and inertia characteristics of the basic airplane , and to the requirements of

the human pi lot. Proper fligh t control system and basic airplane matching provide

the pilot with the opportunity to fully utilize the maneuvering capabilities of the

airplane for maximum mission performance.

F 4

F:
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THE U. S. NAVAL TEST PILOT SCHOOL

DEMONSTRATION AND PROGRESS CHECK FLIGHTS

I

The U. S. Naval Test Pilot School utilizes actual flight instruction in the

techniques of stability and control testing. At the beginning of each new phase of

• study, students are exposed to actual flight test techniques and methods through

Demonstration Flights. At the completion of each phase, students demonstrate their

prof iciency in that phase of flight testing during Progress Check Flights. The purpose

of the Demonstration Flight is to provide instruction in stability and control test

techniques in a realistic environment; whereas the purpose of the Progress Check

Flight is to evaluate the student ’s progress and render additional instruction in

troublesome areas.

THE DEMONSTRATION FLIGHT

The Demonstration Flight will be preceded by thorough briefings which will

present background theory, test techniques, ana lysis of test results in terms of

mission accomplishment and specification requirements, and data presentat ion

• methods. It is the student ’s responsibility to prepare for the Demonstration Flight

by thorough review of briefing notes, appropriate technical literature, and relevant

• specifications. Thorough preparation is essential for derivation of maximum benefits
• from this flight.

The Demonstration Flight is usually flown in an airplane with side-by-side

cockpit seating. One or more students and one instructor comprise a normal flight

crew with the students sharing equally in airborne instructional time. Since The

students may not be qi~’lified in the demonstration airplane, the instructor pilot
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usually handles all normal preflights, ground operat ions, takeoffs , and land ings. The

students are not required to know the demonstration airplane from an operational
- -

~ standpoint. During the actual instructional phase of the flight , the instructor will

demonstrate both qualitative and quantitative test techniques, use of special

instrumentation, and data recording procedures. After the student has observed and

understands each technique, he is given an opportunity to practice until attaining a

reasonable level of proficiency. Throughout the Demonstration Flight, the instructor

will discuss the significance of each test , implications of certain characteristics
exhibited, and slight variations in the test techniques which woulr~ be appropriate in

other type airplanes. The student is encouraged to ask questions during the progress

of the flight. Many points are made perfectly clear in only a few seconds in flight; to

accomplish the same on the ground would probably require several minutes. A

thorough postflight discussion between instructor and students completes the

Demonstration Flight. During the debrief , the data whichwereobtained on the flight

is plotted, discussed, and analyzed.

THE PROGRESS CHECK FLIGHT

- - As stated previously, the progress check fl ight is an eva luation exercise as well as

an instructional flight. It has the additional purpose of sampling the qual ity and

thoroughness of instruction presented by the Test Pilot School. It should therefore

be considered by the student as a form of “check” flight on his knowledge of the

• phase of study which has just been completed. A numerical grade will ‘ e assigned by

the instructor.

The Progress Check Flight is usually flown in an airplane which possesses greater

• maneuverab ility capabilities than the airplane used for the Demonstration Flight.

One student and one instructor comprise the flight crew. The student is required to
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plan the flight completely, giving due consideration to a real or simulated mission of

the airplane and appropriate specification requirements. The student conducts the
flight briefing, which must include a definition of the mission and a brief description

-‘ of the flight control system, as well as discussions of test techniques and

spec ification requirements.

As the student demonstrates his knowledge of qualitative and quantitative test

• techniques in flight, he is expected to comment on the importance and mean ing of

the tests with respect to the real or simulated mission. The instructor will comment

on va lidity of the results obtained, errors or omissions in test procedures, and may

• demonstrate variations in test techniques which have not been previously
• introduced. Near the conclusion of the flight, the instructor may request the student

to investigate qualitatively the pilot effort required in the performance of a

particular mission task. This task may be a tracking maneuver or ground controlled

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

maneuver during the debrief following the flight.

The debrief consists of the student discussing and analyzing the results of the
in-flight tests. The analysis must be oriented toward the influence of the

characteristics exhibited on the mission effectiveness of the airplane.
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INTRODUCTION

All airplanes are subjected to stall investigations for the following reasons:

1. Safety and operational considerations.

2. Actual flight tests are the only means of precisely determining stall

characteristics.

3. Expansion of the operational flight envelope,

• 4. Determination of trim airspeeds for future tests.

The investigation of stall characterisitcs is a phase of flying qualities which is

difficult to associate with particular ~iIot tasks. There are no total missions in which

stalls are required for mission accomplishment, although pilot training and

familiarization in stall characteristics are considered an essential phase of the training

mission. However, all airplanes will be stalled at one time or another in operational

use if sufficient longitudinal control is available and if no stall prevention device is

installed. Therefore, stall tests are an integral part of any flying qualities program.

The emphasis placed on the stall investigation depends on the total mission of
the airplane. If mission accomplishment involves a great deal of maneuvering, the

pilot is very likely to inadvertently stall; therefore, a thorough stall investigation

must be carried out. If mission accomplishment involves a minimum of maneuvering,

the pilot is not likely to inadvertently stall; therefore, the stall investigation may be

less stringent.

i i i



Stall investigations encompass both normal and accelerated stalls. The norrnaJ

• ~~
jj , is defined as a stall which occurs while the airplane is in an unaccelerated flight

condition. The accelerated stall is defined as a stall which occurs while the airplane is

in an accelerated flight condition, such as a pull-up or a level turn. Accelerated stalls -

always exhibit more violent characteristics than normal stalls; therefore, normal

stalls should be investigated thoroughly before commencement of accelerated stall

tests. The total mission of the airplane dictates where the primary emphasis is placed

during the stall investigation. For the airp lane which will be maneuvered extensively,

primary emphasis must be placed on accelerated stalls which could result from .

c mission tasks. If mission accomp lishment involves a minimum of maneuvering,

primary emphasis should be placed on normal stall characteristics. The large

passenger, transport, or heav y bomber type airplane will most likely be inadvertently

stalled in unaccelerated flight during transitions associated with instrument

departures or approaches.

Normal and accelerated stalls ~nay be further classified as “positive g” or

“negative g” stalls. This discussion of stall characteristics will be concerned only

with “positive g” normal and accelerated stalls because:

1. Normal “negative g” stalls are difficult to obtain in most operational

airplanes due to insufficient longitudinal control effectiveness.

2. Precise pilot technique is required to perform “negative g” accelerated

stalls (stalls entered at less than -1 .Og).

3. Pilot discomfort discourages entry into “negative g” normal or accelerated

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

Normal and accelerated stall characteristics indirectly affect mission
performance of the pilot - airplane combination. Satisfactory stall characteristics
greatly increase pilot confidence in his airplane. When assurance can be provided
that violent departures into uncontrolled flight will not result from inadvertent
stalls, the pilot will utilize fully the maneuvering capabilities of the airplane for

maximum mission effectiveness.
p
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THEORY

• 

- - - • The classical stall may be defined as a condition in which the airplane wing is

subjected to an angle of attack greater than the angle f or maximum lift coefficient.

Stall reed can be defined as the minimum steady airsneed attainable in
-‘ unaccelerated flight or the minimum usable airspeed. However, characteristics

exhibited by many airplanes in the region of the stall preclude attainment of the
classic aerodynamic stall. These characteristics vary widely among different airplanes

and are greatly affected by a multitude of factors. The maior factors affecting stall

characteristics are discussed herein. A resum~ of stall warning and stall prevertion

devices is also presented. -

WING DESIGN • -

Wing Section Characteristics

Wing section design determines the value of the maximum lift coefficient, the

angle of attack at which it is achieved, and the rate of change of lift coefficient with

angle of attack in the region of the stall. The most influential wing section

• - parameters are the wing thickness and position of maximum thickness, the amount

of camber, and the leading edge radius.

The influence of airfoil thickness and camber on maximum lift coefficient is
ouite pronounced. A thin symmetrical airfoil (thickness ratio less than .08) has such
a small leading edge radius that large adverse pressure gradients induce leading edge

flow separations at low angles of attack. The thick (thickness ratio greater than .12)

or highly cambered airfoil creates large adverse pressure gradients near the upper
surface trailing edge which causes separation near the trailing edge at low angles of

• attack. An airfoil of moderate thickness (thickness ratio from .08 to .T 2)aid camber

Il-i
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• may exhibit a tendency for separation to occur simultaneously at both leading edge

and trailing edge (Figure 1). (Note: Positive cambering of a thin symmetrical airfoil

generally reduces the tendency for early separation and increases maximum lift

coefficient. However, too much cambering of thick sections can produce the adverse

characteristics discussed above.)

LEADING EDGE SEPARATION
~ ~~

READ)NG AFT

• 
, 

~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~ 

...__ THIN SYMMETRICAl.
~~~~~~~~~

— SECTION

TRAILING EDGE SEPARATION
SPREADING FONWAND 

THICK OR HIGHLY CAMBERED
SECTION

SEPARATION SPREADING AFT
AND FORWA RD

SECTION OF MODERATE
THICKN ESS AND CAMBER

FIGURE I
TYP ES OF SECTION STALL
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The type of section stall has a great deal of influence on stall characteristics. If

separation occurs first near the trailing edge of the airfoil, the soread of separation

forward is fairly slow and gradual until the maximum lift coefficient is attained. This

type of separation progression indicates that the lift curve would exhibit a smooth,

gradual change in slope near the stall, although the stall would be rather

welt -defined. An airplane having this type of lift coefficient - angle of attack

relationship would probably exhibit satisfactory stall warning and a well-defined

aerodynamic stall (Figure 2).

- STALL WA~~4ING ~~
. 

+ 
STALL WARNING

_ _  

>4
ANGLE OFATTA CK + ANGLE OF AT TACK +

S S
GRADUALIWELL (ZFINEO SThLL ABRIPT S~~LL

WtrlA I. S(~~RATION AT TRAILING ED~~ PfTIAL ¶PARAT~ONAT LEADING EDGE -
0*

SMJLTANEOLS SE~~RATION AT LEADP~AND TRAILING EDGES

• FIGURE 2

- 
INFLtJENCI OF SHAPE OF LIFT CURVE ON STALL CHARACTERISTICS

11-3

r -

- -



— •_-_-•,-• -&•&_, ~_ ~~~~~~~~~~~~~ __ _  —•- - -—-- --—- .~ ~~
_
~~~~

‘ _
~

The second lift curve of Figure 2 also exhibits a well-defined peak, however , the

peak is followed by a very rapid, even discontinuous, decrease in lift coefficient for a

small increase in angle of attack. This type of lift curve can result from leading edge

flow separation spreading rapidly aft on the airfoil or simultaneous 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 indicate that

one wing can easily stall prior to the other generating rolling motion at the stall. This

“asymmetric ” stall can be caused by small difference in wing sections along the soan

or smal .l differences in local flow direction due to vertical gusts or yawing motion. In

any case, the downgoing wing experiences an increase in angle of attack , while the

upgoing wing experiences a decrease. This situation may result in autorotation. a

motion in which the rolling is self-su staining and which may result in the airplane

• • entering a spin. The abrupt, “asymmetric ” stall tendency may be overcome by

increasing the radius of the leading edge of 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, this correction is usually a
- - “trial and error” process.

Wing Planfcrrn Characteristics

Wing planform design influences the slope of the lift curve - angle of attack

relationship, downwash pattern, and the portion of the wing span which stalls first.

The most influential planform paramters are aspect ratio, sweep, and taner.
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The slope of the lift curve at airspeeds near stall is determined primarily by

aspect ratio and sweep angle. An increase in aspect ratio1 increases the slope of the -•

lift curve, while an increase in sweepback decreases the slope (Figure 3).

The slope of the lift curve influences the angle of attack and pitch attitude at

which the aerodynamic stall is encountered. If the slope of the lift curve is shallow,

the angle of attack for the stall may be attained only at a very high airplane nose

attitude and with a very large rate of descent. Furthermore, adverse stability and

control characteristics may be encountered before the attainment of the maximum

lift coefficient. Therefore, airplanes with low aspect ratio and highly swept wings

generally do not exhibit a true aerodynamic stall and a “minimum flying speed”

• would be determined based on other criteria.

+ + INCREASING

ANGLE OF AT TACK + ANGLE OF ATTACK +
a - a

FIGURE 3
• TYPICAL INFLUENCE OF ASPECT RATIO AND SWEEPBACK ON LIFT

CURVE SLOPE

1Aspect ratios of 3 to 6 are considered “ medium ,” above 6 are considered “high,”
less than 3 are considered “low.”
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Downwash is the unavoidable result of lift production ~y a real wing. It reduces

the angle of attack at which individual wing sections operate ~Figure 4).

a: WING ANGLE OF A .  tAC K

~~~~~~~~ 
o.: SECTION ANGLE OF ATTACK

a 
~
f- 
.! 2CI1~~~ T W ~~G~~~~~~~ a1’ INDUCED ANGLE OF ATTACK

ç VELOC ITY OF FRE E STREAM

FIGURE 4

DOWNWA -SH INFLUENCE ON SECTION ANGLE OF ATTACK

The spanwise distribution of downwash dictates the section angle of ~ttack and
hence the section lift-coefficient distribution along the span. This distribution is
extremely important because of its influence on the part of the span to first reach a
stalled condition. The sparwise downwash distribution depends on wing taper and
sweep, if the wing has zero twist and the same section from root to tip. As the
degree of taper increases, the area of first stall on the span moves from root to tip

• (Figure 5). An increase in sweepback has a similar effect as the increase in taper. The
tendency of the wing to stall first at the tips seriously derogates stall characteristics.

While the root stall is generally prethded by buffeting of the fuselage anci tail caused
by turbulent air shed from the root section, the tip stall generally occurs with iiili ~
or no stall warning . Since the latera l control surfaces are usually positioned near the
wing-tips, loss of roll control is often experienced when the stall occurs first at the
tips.
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RECTANGULAR

.~~~~~ç4 STALL MOVES FROM ROOT OUTBOARD

ELUPTIGAL ELUPTICA L WING HAS CONSTANT D~~ N WASH AND
• ___________________ SECTION LIFT COEFFICENT ALONE THE SPAN

THEREFORE STALLS EVENLY ACROSS THE S~ IN

[III~~~~~~~~~~~
>

~ 
STALL MOVES FR~~$ TIP INBOA~~

POINTED

FIGURE~ 5TYPICAL INFLIENCE OF WING TAPER ON STALL

— The swept wing has an inherent tendency toward tip stall because sweepback

changes the spanwise downwash distribution such that the wing area near the tip

operates at larger section anales of attack than other wing areas. This generates a

pressure gradient along the span of the wing with pressure decreasing from root to

11-7
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tip. As a consequence, con~iderable spanwise flow of the boundary layer occurs.

This spanwise flow from root to tip may be considered a form of “natural”
boundary-layer control for the inboard area of the wing and increases the already

• inherent tendency toward tip stall. (Note : It should be remembered that spanwise
• flow occurs on any wing planform. However, the swept wing is particularly prone to

spanwise flow.)

Tip stalling of the swept wing results in an additional factor which tends to
derogate stall characteristics. Since sweepback places the tips aft of inboard sections,

tio stallina precipitates a forward shift of the wing center of pressure. This causes the
wing to become more longitudinally ~~ tabilizing; if the destabilizing influence is

greater than the stabilizing influence of of the horizontal tail, the airplane tends to

pitch nose-up at the stall. This characteristic makes the airplane prone to inadvertent

- • stal ling and “deep stall” penetrations.

- There are several means by which tip stalling tendencies may be decreased or

eliminated. The most common are listed below. They may be used singly or in

combination.

1. Twist: The wing is gradually twisted from root to tip so that outboard

sections are always at a lowe r angle of attack than inboard sections
(sometimes called washout).

2. Incorporation in the wing tip area of an airfoil section of higher maximum

lift coefficient than inboard sections.

3. Wing tip slots or slats: Spanwise passages near the leading edge to delay -

• separation at high angles of attack.

11 -8

r

~~~~~~~~~

-- o- 
. 

- • •  - 

_ _  _ _  • • ~~~~~~~~~ - - -~~~~~~~ - •~~~~~~~~~~ ——~~~~~~ -~~~~ -•- -— - --~~~~~~~~~~~~~ - 



~~~~TT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

_—
~ 

—

~~~~~~~

- --_ 

~
-• •.— -

~~
T:-

-
~~~ 

- -

~~~~~~~~

--

~~~~~~~~~~~~~~~~~~~~

---

~~~~~~

4. Wing tip vortex generators: Small spanwise airfoils which introduce a

higher energy level in the boundary layer.

5. Inboard stall strips: Spanwise leading edge protrusions which cause flow

separation 0t the wing root at high angles of attack.

6. Fences: Thin chordwise strips which inhibit spanwise flow.

7. Leading edge discontinuities: A device which creates a vortex just above

the wing surface to inhibit spanwise flow.

• Effects of High Lift Devices

High lift devices are used to increase the maximum lift coefficient of the wing,

allowing stall-free flight at slower airspeeds. Their main influence on stall

characteristics is indirect. With high lift devices operating, the airplane stalls at

slower speeds; therefore, the effectiveness of the aerodynamic control surfaces for

controlling airplane attitude in the stall region is weakened. In addition to this

indirect effect common to all high lift devices, some direct effects of particular

devices are discussed below.

Flap deflection changes the spanwise distribution of downwash and hence t~e

section angles of attack. This change in section angles of attack may cause

significantly different stall characteristics when flaps are deflected.

Boundary layer control (BLC) tends to change the shape of the lift curve near

stalling angles of attack (Figure 6)- The sharper peaks of the lift curve, when

boundary layer control is used, make the stall more abrupt and also creates the

tendency for an abrupt roll at the stall. In addition, a very large reduction in angle of

attack may be necessary to effect stall recovery.
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FIGURE 6
• EFFECT OF BOUNDARY LAYER CONTROL ON

~ r
Slots or slats may be used to improve airflow conditions at high angles of

- attack. One means of utilizing these high lift devices is through use of the

“automatic slot.” The automatic slot is a slot in the leading edge of the wing created

- by the movement of a slat which is retained in the leading-edge contour of the wing

at low angles of attack , but extends to create the slot as the stalling angle of attack is

• approached. The slats operate without action by the pilot and, unless design
• precautions are taken, have an inherent tendency to extend and retract

asymmetrically. Leading edge slats have exhibited an 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 the slats on the leading edge of the wing until the landing

• 
gear or flaps are extended.
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HORIZONTAL TAIL DESIGN AND LOCATION

-; ~
‘ • Horizontal tail design and location have a major influence on stall

characteristics. Since the contributions of the fuselage and wing to longitudinal

- 

• stability are generally destabilizing in the stall region, the horizontal tail must
provide the necessary stabilizing pitching moments if the airplane is to remain
longitudinally controllable. The vertical location of the horizontal tail with respect
to the wing is of extreme importance for this dictates the airflow characteristics at
the horizontal tail 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 tex t. However, 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 of attack , this tailplane is immersed

in airflow which has been altered by the wing (Figure 7). 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. The horizontal tail, therefore,
maintains its effectiveness at low angles of attack since the flow field 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 aft of the wing. If
the angle of attack is increased sufficiently, a complete breakdown of flow spreads
over the entire wing and the stall occurs. However, if the horizontal stabilizer is
mounted low on the empennage, the stabilizer emerges from the wing wake at high
angles of attack (Figure 7). This causes the horizontal tail to maintain a strong

• longitudinally stabilizing influence at the stall, generating large nose-down pitching

moments. In addition, the longitudinal control surface maintains a high degree of

effectiveness throughout the stall, allowing the pilot close control over pitch

attitude.
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LOW ANGLE OF ATTACK

H

- • 
HIGH ANGLE OF AT TACK

FIGURE 7
- TYPICAL FLOW PATTERNS ABOUT THE LOW—

MOUNTED HORIZONTAL TAIL

The placement of the horizontal stabilizer high up on the vertical fin (T-tail) has

become increasingly popular in recent years, particularly for passenger and transoort
- 

: airplanes. With the appearance of aft fuselage mounted engines (which allowed a

• structurally simple and aerodynamically clean wing), the horizontal stabilizer was

placed higher to avoid interference flow and structural fatigue from engine exhaust.

The T-tail also realizes other advantages such as an increase in effectiveness at low

angles of attack since, in that flight regime, it does not operate in the wake of the

wing. In addition, it has an “endplate effect” on the vertical tail, and thereby

increases the effectiveness of that surface. Unfortunately, the T-.tail design causes

severe oroblems at high angles of attack, particularly at stalling angles of attack.

ll - 12
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Insight into the T~tail stall problem can be gained by a study of Figure 8. At

low angles of attack , the T-tai l receives little or no influence from the downwash

caused by lift production of the wing. However, as the airolane is rotated 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. In the region

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 reduction in

stabilizing effect from the horizontal tail causes a severe pitch-up tendency which

the pilot may not be able to counteract even by applying full nose-down

longitudinal control. This stall, from which recovery is impossible without an

unconventional recovery technique or a “recovery augmentor,” such as a tail

parachute, is referred to as a “super stall” or “deep stall” and has been experienced

by T-tail aircraft flying at an aft center of gravity position.
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IDW ANGLE OF ATTACK

HIGH ANGLE OF ATTACK

- • FIGURE 8
TYPICAL FLOW F~ TTERNS ABOUT THE T— TAIL

(he problem of the T-tai l ente ring distu rbed airflow at high ang les of attack can

be complicate d by aft mounted engine nacelles (Figure 9). The associated increase in

airflow disturbance may increase the severity of the loss in horizontal tail

effectiveness or cause the loss in effec~tiveness to occur at lower angles of attack.

11-14
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FIGURE 9
AFT - FUSELAGE MOUNTED ENGINES COMPLICATE
THE T-TA IL AIRFLOW DISTURBANCE AT HIGH
ANGLES OF ATTACK

If an airplane experiences a “deep-stall” or “super-stall” problem, it may be

necessary to incorporate a stall prevention device, such as a “stick-pusher.” Such

systems must be reliable and must not cause dangerous flight conditions if

accidentally activated during take-off or landing. In stall testing an airplane 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

tail. The incorporation of an angle of attack indicator is absolutely essential for

these stall tests. 
-

ACCE LE RATION

Maneuvering produces an effect on sta ll speed which is similar to the effect of

weight. As an example , an a irp lane in a steady level turn requires a higher lift

coefficient , thus increased angle of atta ck , for a giv~o airspeed; therefo re, stall speed

is higher in level turning flight.

/ 2nW
S

max
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where: V5 = true stall airspeed in feet/seconds

r = normal acceleration in g

W = airplane gross weight in pounds

p = air density in slugs/ft3

S = wing area in square feet

• 
- CLmax = maximum lift coefficient, dimensionless

Since the maximum lift coefficient is dependent only on angle of attack for a

given configuration, the angle of attack at stall is the same for any value of normal

acceleratiQfl . Note: The effects of Reynolds number and Mach number on

maximum lift coefficient are neglected here to simplify the discussion.

Accelerated stal l  character istics are more violent than normal stall
• characteristics for a given configuration because the accelerated stall always occurs

at a higher airsneed and may occur at a much higher rate of entry. Adverse

characteristics noted during normal stalls are magnified by the increased airsneed at

the accelerated stall. Therefore, accelerated stalls should be investigated with

caution. Rigorous normal stall tests must precede any accelerated stall evaluation.

Accelerated stall warning may vary with rate of entry into the stall. Rapid

rotations generating rapid increases in acceleration (greater than one g per second)

may result in virtually no aerodynamic stall warning. Rapid rotations may also result

in abrupt accelerated stalls at indicated angles of attack less than actual angles of

attack due to lag in the angle of attack indicator.
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Fl If operational considerations require that the airplane be flown well into the

buffet regime to obtain optimum turni ng performance , airframe buffet may lose

significance as accelerated stall warning unless there is a noticeable increase in buffet

intensity just prior to the stall. This situation may result in other pilot cues being

used for accelerated stal l warning.

Poststall gyrations may be induced by intentionally maintaining an accelerated

stall condition. The pattern and severity of the motions are generally dependent

upon the energy level (airspeed and altitude) at entry. The investigation of poststall

gyrations is usually performed in a build-up program for a spin investigation.

However, these gyrations may be experienced during intentional or inadvertent

accelerated stalls.

POWER

The influence of power on stall characteristics depends upon the type, number,

location, and rating of the engine or engines installed.

If the airplane is equipped with a jet power plant (or power plants), the only

major effect of power will be that stall airspeed will be 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 be lessened at

lower airspeeds.

The stall characteristics of airplanes equipped with reciprocating or turboprop

engines may be greatly influenced by the power setting existing at the stall.

11-17
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If the wing is partially or completely immersed in the propeller slipstream, stall

L Fl speed will vary markedly with power setting. Full power stalls may occur at

extremely low airspeeds and the weakened effectiveness of the control surfaces at

these (ow speeds may severely derogate stall recovery characteristics. Full power

stalls in airplanes of this type must be approached with due caution. If the control

surfaces are immersed in slipstream, the effectiveness of the surfaces will vary with

the amount of power output.

The high powered, single-engine, single-rotation propeller airplane may exhibit a
C severe “torque-roll” tendency if power is applied rapidly at low airsoeeds in the

region of the stall. This characteristic may dictate a stall recovery procedure which

involves maintaining a fairly low power setting until airspeed increases to a

predetermined value.

STABILITY AND CONTROL AUGMENTATION

Stability and control augmentation systems may introduce large control inputs

(independent of the pilot) at or near stalling angles of attack which may be

detrimental to stall characteristics. This will be most apparent if the augmentation

system possesses a high degree of sensitivity and control authority. For illustrative

purposes, two examples are presented which emphasize the possible influence of

these systems on stall characteristics.

The first example is extracted from accelerated stall tests of a light jet attack

airplane equipped with longitudinal and lateral control augmentation and directional

stability augmentation. The time history of an accelerated stall which was aggravated

by the roll damper mode of the control augmentation system is shown in Figure 10.

The stall was entered from a left turn with 2g normal acceleration; approach to the

stall was characterized by increasing airframe buffet. Just prior to the stall (at 8

11-18
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~ seconds on the time history), note that the pilot was required to hold right aileron

position to keep the airplane from entering a tighter left turn. The stall was marked
by a “directional slice” to the left, at which time the pilot neutralized the controls
(at 10 seconds on the time history). At this time, the roll damper portion of the

f i
~~ 

control augmentation mode, ~~~~~ a left roll rate without a pilot control input,

applied a large right lateral controi input. Note that the cocknit control stick was

essentially neutral at this time. The aileron input of the roll damper was in the
oro-soin direction and the airplane entered a left spin. After approximately two

r turns of the spin, the pilot deactivated control augmentation and effected recovery

by applying aileron into the spin , rudder against the spin, and full aft longitudinal

control.
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FIGURE 10
ACCELERATED STALL TIME HISTORY

• CONFIGURATION : POWER (MIL THRUST ) CG: 26.5% MAC
LOADING NORMAL ATTACK GROSS WT : 28, 490 LB
ALTITUDE AT STALL ; 28 ,000FT YAW STAB : ON
AIRSPEED AT STALL . 200 KIAS CONTROL AUG :ON
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The second example is extracted from normal stall tests of a twin-engine
turboprop transport airplane equipped with directional stability augmentation. This

augmentation system was composed of yaw damping, directional trim follow-up,
and a turn coordination feature. The time history of a normal stall (Power approach

configuration) which was aggravated by the turn coordination feature of the
stability augmentation system is shown in Figure 11. Power appr-z ach configuration
stalls in this airplane were characterized by abrupt rolls (note the bank angle change
at the stall). The turn coordination feature of the stability augmentation sensed the

rolling motion and attempted to coordinate with a large left rudder input. Note that

C about 10 degrees of left rudder deflection was introduced by the stability

augmentation system while the pilot was holding right rudder pedal deflection. The

. 

• 
large left rudder input increased the left bank angle and sideslio excursions and the

airplane entered a series of uncontrollable snaprolls. Recovery was initiated by

- 
• 

deactivating stability augmentation. During the recovery, airspeed and normal

acceleration limitations of the airframe were exceeded.
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STAB AUG INTRODUCES LEFT RUDDER INPUT
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FIGURE II
N O R M A L  STALL TIME HISTORY

CONFIGURA TION- POWER APPROACH CG: 33.6 % MAC
• ALTITUDE AT STALL 10 ,000 FT GROSS WT : 45 ,900 LB

AIRSPEED AT STALL 80 KIAS STAB AUG : ON
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It should be emphasized that stability and control augmentation systems do not
always derogate stall characteristics. Some systems may have no influence; other
systems may have significant influence on airplane behavior in the region of the stall.
Knowledge of the various modes and functions and the control authority of the

augmentation system in the airplane being tested is essential if the stall investigation
is to be conducted rigorously and safely .

MISCELLANE OUS FACTORS

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

1. Location of Control Surfaces. If the control surfaces are immersed in low

energy separated airflow at the stall, the controllability of the airplane will
be decreased. The lateral control surfaces are particularly susceptible to
immersion in separated flow.

2. Configuration. The extension of wing flaos, wing leading edge slats , speed
-, 

. - brakes , landing gear, etc. wil l have some influence on stall characteristics.
This influence may be estimated by consideration of the location of
various devices in relation to control surfaces and stabilizers. Some
configuration changes, such as flap extension, may result in airframe buffet

• which masks the prestall aerodynamic buffet , decreasing its value as a stall
warning.

3. ~~~~rnpl Stores. Stall characteristics may be altered by various
combinations of external stores. Asymmetric store loadings may severely

derogate stall characteristics, particularly during accelerated entries. The
investigation of stall characteristics under asymmetric loading conditions

should be accomplished on any airplane which may carry asymmetric loads

in operational use.
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- - 4. Center of Gravity. Stall characteristics may be markedly influenced by
airplane center of gravity (CG) if the airplane exhibits a deficiency in
longitudinal control effectiveness. At forward CG positions in some
airplanes, nose-up longitudinal control effectiveness may not be sufficient
to attain maximum lift coefficient. The minimum attainable airspeeds for
these airplanes would be marked by steady flight with full nose-up

• longitudinal control; minimum attainable speed would, of cou rse, vary

with CG position, decreasing as the CG moves aft. At aft CG positions in
other airplanes, nose-down longitudinal control effectiveness may not be
sufficient to quickly reduce angle of attack after attaining the stall . This

— situation would seriously comprom ise, and might preclude, stall recovery.

5. Shock-Induced Separation. Shock-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. Tendencies toward
shock-induced separation would, of course, increase with increasing
subsonic 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.

CHARACTERI STICS WHICH MAY LIMIT MINIMUM STEADY AIRSPEED

For some airplanes, the attainment of maximum lift coefficient 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 an extremely large
increase in drag coefficient.
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Loss of Control Without Reduction of Lift

• During approaches to normal or accelerated stalls, directional stability may be

reduced significantly through the deterioration of airflow around the vertical

stabilizer . At high angles of attack , the vertical tail may become immersed in

nonstreamlined, low energy flow generated by flow separation on the wing and

interference effects from aft-fuse lage mounted engines, speedbrakes, or other

protrusions (Figure 12).

0

FIGURE 12
TYPICAL FLOW PATTERN AROUND THE VERTiCAL 1~~L AT
HIGH ANGLE OF ATTACK

• The deterioration in effectiveness of the vertical tail generally results in

increasing yaw excursions with increases in angle of attack. The airplane may diverge

directionally prior to attaining maximum lift coefficient if the destabilizing action

progresses sufficiently. Directional divergence can be “triggered” or aggravated by

lateral control inputs if these control inputs generate significant yawing moments.

• High angle of attack directional divergence is sometimes referred to as “slicing” and

would limit minimum steady airspeed and preclude attainment of the maximum lift

coefficient.
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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 “elevator-limited” airplanes.

Minimum steady airspeed or maximum angle of attack in this situation is that which

is attained with full nose-up longitudinal control. Since elevator effectiveness is a
function of center of gravity (CG) position, stalling airspeed and angle of attack for

these airplanes will vary with CG position.

“Zero Rate of Climb Speed”

The very low aspect ratio (less than two) airplane exhibits practically no

aerodynamic stall; however , its minimum practical airspeed will be limited by

performance cons iderations , if not by adverse stability and control characteristics.

The variation of lift and drag coefficients for the low aspect ratio or “slender delta”
design gives insight into the problem which may exist (Figure 13).

+

L __________
ANGLE OF ATTAC K

a

• FIGURE (3
TYPICAL VARIAT IONS OF LIFT AND DRAG COEFFI-
CIENT FOR THE LOW ASPECT RATIO AIRPLANE

11-26

_ _ _ _ _ _ _ _ _  . 



- - -
‘ — -

~~~~~~~~~~~~~~~~~~~~~~~~

=-

~~~

- ‘ -- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-•

While the lift curve exhibits no definite peak which would define maximum lift

coefficient, the drag curve may exhibit a tendency to slope upward sharply at high

angles of attack. An angle of attack, corresponding to an airspeed, 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 ZRCS is loss of
performance. For example, if an airplane decelerates below ZRCS during the
approach, a sacrifice in altitude (poss ibly a significant one) must be made in order

to execute a wave-off. A disturbing feature of an airplane capable of steady flight at
airspeeds below that at -.vhich it has sufficient power to maintain level flight is the
long “settling time” needed to establish a final flight path. For instance, it may be

possible to fly at speeds slightly below ZRCS with p slight rate of climb for periods

as long as 1 minute. The slight rate of climb is caused by the inertia of the airplane

• as it settles down on its final flight path. The pilot might deduce that he is above

ZRCS due to this phenomena. However, he eventually finds that the airplane begins

a shallow de~ ent. Increasing angle of attack at this stage only increases the rate of

descent and some height must be sacrificed for recovery. Recovery from airspeeds

below ZRCS can only be accomplished by pushing the nose over to decrease angle of
attack , then reestablishing a climb at an airspeed above ZRCS.

For ~ me airplanes, “zero rate of climb speed” may constitute the extreme
limit of safe flight, and operational speeds must be chosen which provide adequate

margins against accidental exposure to irrecoverable situations.
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NOTE: It must be emphasized that ZRCS is expected to limit minimum
-
~~~~ airspeed only for airplanes with very low aspect ratio and very slender wing designs.

During stall investigations of any airplane, certain flight conditions will be
encountered where the airplane will be descending at significant rates of descent,
such as landing configuration with idle power or power on stalls at high altitude.
However, the high rate of descent does not necessarily indicate a minimum airspeed
limit above aerodynamic stalling airspeed, and should not be reported as such.

- 
~

• Whenever safety considerations permit, the stall investigation should probe into the
stall region as deeply as possible.

STALL W A R N I NG AND STALL P R E V E N T I O N  DEVICES

Artificial Stall Warning

- 
Airplanes which do not exhibit adequate aerodynamic stall warning, such as

airframe buffet, are frequently equipped with devices which detect the approach of
the stall and transmit a warning to the pilot. A rtificial stall warning is, at best, a poor

- 
- substitute for aerodynamic stall warning since the detection device is never

absolutely reliable.

Any artificial stall warning system should satisfy the following requirements:

• 1. The system should be capable of stall warning for any airplane
configuration, airspeed, altitude, normal acceleration, sideslip, bank angle,
and power setting. In addition, the system should not be suscepti ble to
atmospheric influence, such as temperature and pressure variations,
precipitation, and icing.
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• 2. The warning provided the pilot should be unmistakable and sufficiently in
- 

• advance of the stall to allow avoidance of the stall without undue pilot
• _ p& 1

effort.

3. The system should be easy to maintain and easy to calibrate on the around,

• 
Some of the devices used to detect approach of the stall and their principle of

operation are listed below.

Table I

Summary of Stall Warning Devices

Device Principle of Operation

Free Floating Probe or Vane Airflow direction (angle of attack)

- brag Sensing Probe Airflow direction (angle of attack)

- Differential Pressure Head Airflow direction (quantity proportional
- 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 wing surface

Trailing Edge “Blister” Static pressure at wing surface

• Boundary Layer Pitot Tube Boundary layer pressure fluctuation
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The means by which the pilot is warned of the approaching stall may be visual

(warning light), oral (sound in earphones), or physical (shaking or vibrating of

rudder pedals or control stick). The most suitable artifical forms of cockpit warning

are probably the “stick shaker” and vibrating stick grip; these warning signals are

similar to aerodynamic buffeting of the controls and are difficult to misinterpret.

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 conditions, such as strong, sudden

• pull-ups or abrupt longitudinal attitude changes caused by gusts, these airplanes may

be equipped with a “stall prevention” system. Stall prevention systems are used

quite commonly in “T-tail” airplanes.

Any artificial stall prevention system should satisfy the following requirements:

1. The system should be capable of stall prevention for any airplane

configuration, airspeed, altitude, normal acceleration, sideslin, bank angle,

and power setting. The system should not be susceptible to atmospheric

influence, such as temperature or oressure variations, precinitation, and

icing.

2. The system should provide a large nose-down pitching moment 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-stall” penetration. I’
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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 easy to calibrate on the around.

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

No matter how well- designed and how reliable it may be, a stall prevention
system represents added complexity in the airplane. Un~~s safety or overriding

- 
- design considerations dictate otherwise, stall prevention systems should be avoided.

11 -31

-~~~~ ‘0~~~~~~~ .. -



- ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TEST PROCEDURES ANDTECHN IQUES

PREFLIGHT PROC EDURES

Successful stall investigations can be accomplished only after thorough preflight
- planning. During preflight planning, the ouroose and scooe of the tests must be

clearly defined. After purpose and scope are clearly understood, a “plan of attack”

or test method can be formulated.

(
~. Preflight planning should start with research. This includes a study of the

airplane - many stall characteristics can be predicted by studying various design
-

. parameters of the airplane. All available information on stall characteristics should

be reviewed. Much useful information may be gained by conversations with pilots

and engineers familiar with the airplane.

The test conditions - altitude, configuration, center of gravity, and trim

airspeeds - must be determined. Test conditions should be commensu rate, as much

as possible, with the mission environment of the airplane. However, safety

- - • 
considerations dictate that investigations of stall characteristics be performed in such

a manner that the most critical conditions are tested only after a reasonable 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 and the 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 angles of attack are suspected, forward CG positions

should be used for initial investigations. Because of possible adverse stall

— characteristics resulting from high power settings and extension or activation of
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high-lift devices, a “clean” airplane configuration with low engine power settings

should be chosen for initial stall tests. Appropriate trim airspeeds should be chosen

• for each configuration to be evaluated. For example, appropriate trim conditions for

an investigation of power approach configuration stalls would be those

corresponding to normal approach airspeed and angle of attack. Of course, the

affects of “trimming into the stall ” and “out of trim” entries into the stall should be

determined also.

The amount and sophistication of instrumentation required will denend on the
purpose and scope of the evaluation. A pure qualitative investigation can be

accomplished with only cockpit and hand-held instruments. A portable tape

recorder for pilot comments is especially useful. If accurate quantitative information

is needed, or if preliminary studies ndicate very adverse stall characteristics ,

automatic recording devices, such as oscillograph, photopanel, and telemetry, should

be utilized. The paramete rs to be recorded and ranges and sensitivity of test

instrumentation will vary somewhat with each test program.

The final step in preflight olanning is the preparation of oilot data cards. An
- - example of a stall data card is presented in Figure 14. 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 information desired and
should be easy to interpret in flight. For stall investigations in particular , several data

cards with adequate space for pilot comments should be provided.
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TYPICAL STALL DATA CARD
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FLIGHT TEST TECHNIQUES

Stall characteristics must be evaluated in relation to their influence on mission

accomplishment. Thus, both normal and accelerated stalls must be performed under

entry conditions which could result from various mission tasks. However, prior to

evaluating stalls entered from these conditions, a more controlled testing approach

should be employed. This approach allows lower deceleration rates into the stall and

lower pitch attitudes at the stall, thereby reducing chances for “deep-stall”

penetration without adequate buildup. Afte r the controlled stall investigation, if

stall characteristics permit, simulated inadvertent stalls should be investigated under

conditions representative of operational orocedures.

The Controlled Stall Test Techniciue

The easiest and safest approach to controlled stall testing is to divide the

investigation into three distinct parts:

1. Aoproach to the stall

- 

- 2. Fully developed stall

3. StaU recovery

Approach to the Stall

During this phase of the investigation, adequacy of stall warning and retention

of reasonable airplane controllability are the primary items of interest. Assessment

of stall warning requires subjective judgement by the pilot Only the pilot can decide

when he has been adequately warned. Warning must occur sufficiently in advance of
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the stall to allow prevention of the stall by normal control applications after a

reasonable pilot reaction time. However, stall warning should not occur too far in

advance of the stall. For example, it is essential that stall warning for approach

configuration occur below normal approach speed. Stall warning which occurs too

early is not only annoying to the pilot but is meaningless as an indication of

proximity to the stall.

The type of stall warning is very important. Primary stall warning is generally in

C the form of airframe buffet, control shaking, or small amplitude airplane oscillations

in roll, yaw, or pitch. Other secondary cues to the approach of the stall may be high

• pitch attitude, large longitudinal control pull forces (of course, this cue can be

destroyed by “trimming into the stall”), large control deflections,or sluggish control

-
• 

response. In any case, stall warning, whether natural or artificial , should be

unmistakable, even under conditions of high pilot workload and stress and under

conditions of atmospheric turbulence. If an artificial stall warning device is installed,

approach to the stall should be evaluated with the device operative and inoperative

to determing if the device is really required for normal operations.

During this phase of the evaluation, the test pilot must evaluate stall warning

with ~~ ir~~nded use and operational environment in mind. He must remember that

he is specifically looking for the stall warning under controlled conditions. The

operational pilot probably will not be. This question must be answered: Will the

operational pilot, preoccupied by other tasks and not concentrating on stalls,

recognize approach of the stall and be able to prevent the stall?
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The general flying qualities of the airplane should be investigated during the

-~ 
- approach to the stall as well as stall warning characteristics. Longitudinal, lateral ,

and directional control effectiveness for maintaining a desired attitude may

deteriorate significantly during the approach to the stall. Loss of control about any
• axis such as uncontrollable pitch-up or pitch-down, “wing drop,” or directional

“slicing” may define the actual stall. During the approach to the stall, the test pilot

should be particularly aware of the amount of longitudinal nose-down control

available because of the obvious influence of this characteristic on the ability to

“break” the stalled condition and make a successful recovery.

This phase of stall investigation usually begins with onset of stall warning and

ends at the stall; therefore, the test pilot will certainly be conccrned with the

manner in which the airplane stalls and the ease of recovery. However, p~j~ arv

emohasis is placed on obtaining an accurate assessment of stall warning and general

flying qualities during the approach to the stall . During initial investigations, it may

be prudent to terminate the approach short of the actual stall, penetrating deeper

and deeper with each succeeding approach until limiting conditions or the actual

stall are reached. In addition, the rate of approach should be low initially, less than 1

knot per second for normal stalls. Investigations of accelerated stalls should be made
by using the “constant normal acceleration ” technique or the “constant airspeed”

technique. The constant normal acceleration technique is performed by selecting

and holding a desired g level while allowing the airspeed to decelerate until the stall

is encountered. Slow deceleration rates (typically 2 knots/second) are used for initial

investigations. As experience is gained, faste r deceleration rates should be performed

unless safety considerations dictate otherwise. The constant airspeed technique will

be discussed in the STALL TEST TECHNIQUES section.
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The test pilot should record at least the following cockpit data during the

approach to the stall:

1. Airspeed and angle of attack at stall warning.

- 
. 2. Type and adequacy of stall warning.

3. Longitudinal control force at stall warning (either measured or estimated).

4. Qualitative comments regarding controllability and control effectiveness.

• Fully Developed Stall

During this phase of the investigation, the primary objective is to accurately

define the stall and the associated airplane behavior. The stall should be well-marked

by some characteristic, such as pitch-up or pitch-down or !ateral or directional

divergence. In general, any pitch-up or directional divergence at the stall is

undesirable because pitch-up may precipitate a deep stall penetration and directional

divergence may lead to a spin. Pitch-down at the stall arid lateral divergence may be

acceptable; however, severe rolling, pitching, or yawing or any combination of the

three are obviously poor characteristics.

Control effectiveness as evidenced by the pilot’s ability to control or induce

roll, pitch, or yaw should be evaluated in the stall, if airolane behavior permits this

to be done safely. Obviously, control effectiveness should be evaluated with a

suitable build-up program. Initially, control inputs only large enough to effect an

immediate coordinated recovery should be used. As experience is gained, the

airplane should be maintained in the stalled conoition for longer and longer periods

of time, and the effectiveness of all controls evaluated with larger and larger control

deflections. —
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The test pilot should record at least the following cockpit data regarding the

stall:

‘S

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 (either measured or estimated). The

ratio of longitudinal control forces at stall and stall warning is a rough
• indication of longitudinal stability in the high aigle of attack region and an

indication of the ease of inadvertent stalling.

5. Qualitative descriptive comments.

Stall Recovery

During this phase of the investigation, primary items of interest are the ease of

recovery (the pilot’s task), genera l flying qualities during the recovery, altitude

required for recover~ and the determination of an optimum recovery technique. The

definition of stall recovery may vary with the configuration under investigation. For

example, the goal of recovery for configurations commensurate with combat

maneuvering may be to regain sufficient control effectiveness about all three axes to

perform offensive or defensive maneuvering tasks; the attainment of level flight may

not be critical in these configurations. The goal of recovery for take-off and

approach configurations should be the attainment of level flight with a minimum

loss of altitude and the regaining of sufficient control effectiveness to safely

maintain stall-free conditions. In each case, the test pilot must clearly define “s~af I

recovery.”
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During initial investigation, the stall recovery procedures specified in pertinent

publications should be utilized and the ease of effecting recovery evaluated. - If no

j~
. procedure has been developed, initial recovery must be accomplished with a

“preliminary” technique formulated from all available technical information. As
experience is gained, various modifications to the recovery procedure should be

made until an optimum procedure is determined. In arriving at an optimum

procedure for use by the operational pilot, the test pilot must not only consider the

effectiveness of the technique (in terms of altitude lose or maneuverability

regained), but must also consider the simoiicitv of the technique.

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

• 
1. Qualitative comments on ease of recovery

2. Optimum recovery technique

3. Altitude lose in recovery

4. Qualitative comments on control effectiveness

Profile of the Controlled Stall Test Technique

The general flight profile of the controlled stall investigation is presented in

Figure 15. Points along the profile are further explained on the following page. It

should be remembered that until familiarity with stall behavior of the airplane is

gained, the profile may be broken off at any point.
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• FIGURE 15
GENERAL PROFILE OF THE CONTR OLLED S1~~LL INVESTIGATION

I +
.

Trim Point. The configuration under investigation should be established.
At least the following items should be recorded in the cockpit:

1. Trim speed
~ —

I

2. Trim tab setting

3. Power setting

4. Fuel quantity

If automatic recording devices are installed, a “trim shot” should be made.

Entry Point. Decide on an entry point which will result in the stall
occurring near the test altitude t± 1000 feet). The entry procedures will be different

- .. for normal and accelerated stall investigations.
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Normal Stalls. Slow the airplane rapidly to about 20 KIAS above the estimated

stall warning speed. Power reduction or speed brake extension may be utilized.

Reestablish trim configuration at this new airspeed. Make a slight oitch increase to

‘S start the deceleration toward the stall. Using the visual horizon as a primary cue and

airspeed indicator as a crosscheck, establish the desired deceleration rate.

Deceleration rate should be one knot per second or less initially, but should be

increased as experience is gained.

Accelerated Stalls. For initial investigations, the constant normal acceleration

• ¶ - technique is normally used. Select an entry normal acceleration commensurate with

configuration , flight conditions, and familiarity with the accelerated stall
• 

- characteristics. If appropriate and feasible, slow the airplane to about 40 KIAS

above the estimated stall warning speed for the selected load factor . Entry normal

acceleration should be increased to maximum allowable or attainable as fam liarity is

gained. Establish a roughly level turn at entry normal acceleration. Maintaining

normal acceleration constant, establish the desired deceleration rate. The primary

refe rence should be the visual horizon, although the normal accelerometer , angle of

attack indicator, and airspeed indicator will have to be crosschecked frequently.

Deceleration rate should be approximately 2 knots per second or less initially, but

may be increased as experience is gained.

Approach to the Stall. If automatic recording devices are utilized, they

should be activated at some convenient point prior to stall warning. The event

marker may be used to mark stall warning on the recording traces. In order to aid in

) 
remembering data, the pilot should call out the airspeed and angle of attack at stall

warning onset and mentally note the type and adequacy of the warning. For

approaches to normal stalls, utilize pitch control to maintain 1.0 g normal

• acceleration and the predetermined deceleration rate. During approaches to
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accelerated stalls, a combination of bank angle and pitch attitude are used to

maintain normal acceleration and deceleration rates at predetermined values. An
— 

.• increase in bank angle will slow the deceleration rate and a decrease in bank angle

:~ 
will speed it up, providing the normal acceleration is maintained constant.

• 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 is marked by pitch-down,
pitch att itude and normal acceleration should be closely monitored for accurate

- - detection of the stall. At the stall, actuate the event marker if automatic recording

• devices are used and call out the airspeed, angle of attack, and altitude at the stall.

Mentally note the airplane behavior at the stall and initiate recovery control inputs
and configuration changes.

- - (‘I~ The Recovery. Follow the predetermined recovery procedure and effect
- recovery. Qualitatively evaluate recovery characteristics. Call out final recovery —

altitude and actuate the event marker if utilized. The automatic recording devices
should be deactivated when convenient.

The Situation Review. As the airolane is started toward the next stall test
point, the pilot should record at least the following cockpit data from the last stall:

1. Stall warning speed and angle of attack

- 2. Type and adequacy of ~taII warning

- 
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3. Stall speed and angle of attack

4. Stall characteristics

5. Recovery characteristics

6. Altitude lost and airspeed buildup during recovery

Alternate Technique for Accelerated Stall Investigations

It is recommended that initial accelerated stall tests be performed utilizing the

• “constant normal acceleratio~ ’ technique described above; this technique allows a

gradual build-up to accelerated stalls at high levels of normal 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 tec~inique is
• more expeditious and somewhat simulates inadvertent stalls in operational use. The

technique merely involves gradually increasing angle of attack or normal acceleration
at constant airspeed or Mach number in a wind-up turn until the airplane stalls. The
difference between the angle of attack or normal acceleration at stall warning onset

and at stall is an additional measure of the adequacy of the stall warning.

Simulated Inadvertent Stalls

If the results of the controlled stall investigation indicate that inadvertent sialls

will produce no dangerous flight conditions, simulated inadvertent stalls should be

investigated from entry conditions which could result from various operational

procedures. These entry conditions will generally involve more rapid deceleration

rates during normal stalls and more rapid increases in normal acceleration during

accelerated stalls.
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The mission tasks most likely to result in inadvertent stalls should be used as

s
~
ntry conditions. These mission tasks may be those required in air combat

m~’neuvering, gunnery exercises, missile attacks and reattacks, and conventional and

nuclear weapons deliveries. Other tasks peculiar to take-off and approach conditions

must also be used as entry conditions; these may include simulated catapult

launches, field take-offs, wave-offs or “bolters,” and field or carrier approaches. Of

course, the mission tasks will vary widely in all test programs; these are presented as

examples for illustration. No matte r what tasks are selected, all stalls should be

performed at a safe altitude (at least 10,000 feet).

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 stall, and the ease of recovery from the

stall. No rigorous stall investigation would be complete without this type of

evaluation.

POSTFLIGHT P R O C E D U R E S

• 

- 

As soon as possible after returning from the flight, the test pilot should write a

brief, rough qualitative report of the airplane behavior in the region of the stall. This

report should be written while the events of the flight are fresh in his mind. The

qualitative opinion will be the most important part of the final report of the stall

characteristics.
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Appropriate data should be selected to substantiate the pilot’s opinion. If

automatic recording devices have been utilized, stall time histories will be presented

in the stall report. The time histories should be of particularly well flown stalls, or of

stalls during which some unusual characteristics were observed. Examples of stall

time histories are presented earlier in this section (Figures 10 and 11). Stall data also

may be effectively presented in tabular form. An example is presented in Figure 16.

C O N F  
TRIM CG AL.T l A S  V~/ 

A O A  Nz 
*LT L.OST

Fl) I “V1 
I 

IECO VERY
• 

______ 
M lAS 

— 
Won4StolI 

- 
Warn$tdlWor,~ toll ~orn Stall 

______

FIGURE 16

TYPI CAL STALL DATA TABLE
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SPECIFICATION REQUIREMENTS

Requirements for stall characteristics are contained in Section 3.4.2 of Military

Specification MIL-F-8785B(ASG) of 7 August 1969, hereafter referred to as the

Specification. The requirements of Section 3.4.2 may be modified by the applicable

airplane Detail Specification. Comments concerning individual paragraphs 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 assu re safety and the absence of any

compromise in the performance of any mission task due to stall

warning, stall, and stall recovery characteristics.

3.4.2.1 Stalls. The stall may be defined either by airflow separation with

increasing angle of attack causing loss of lift, control difficulty, or

excessive buffet/vibration (see 6.2.2 and 6.2.5) or by a minimum

permissible airspeed for safe execution of a specific mission task (see

3.1.9.2.1). The maximum obtainable angle of attack may be control

limited; i.e., full aft stick applied, in which case the maximum

obtainable angle of attack defines the stall (see 6.2.5 a). The stall

may be defined in terms of airspeed or angle of attack but the
definition must clearly state which of the above conditions exist.

3.4.2.1.1 Stall Aporoach. 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

11 -47
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• should be a function of angle of attack rather than airspeed. Rates

of increase of wing incidence angle of attack of 2 degrees oer second

or less should be used to determine Specification compliance. For
both normal and accelerated stalls, greater deceleration or angle of

- 
- attack rates could be utilized during simulated inadvertent stalls

under conditions representative of operational procedures.

3.4.2.1.1.2 Warning Ranae 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.

The value of c~ may be determined in flight by recording ~ over a

range of normal load factors from -1 to +3 g and plotting the results.
The intercept of the curve with the cz 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 Prevention and Recovery. The requkement 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 Soins

3.4.2.2.1 Resistance to Loss of Control

11-48
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3.4.2.2.2 Recovery from Post-Stall Gyrations and Spins. Tests to determine
- compliance with these requirements will only be conducted at TPS

if specifically briefed. Tests of this nature require a cautious and

- ~~

- 
- progressive approach which is time-consuming and requires soecial

safety precautions. An indication of the probability of meeting the

- 
intent of these requirements may possibly be obtained without

investigating the entries and control applications specified.

4- 
•~
j
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STALLS

G LOSSARY OF DEFINITIONS

CAMBER - The curvature of the mean line of an airfoil section from leading edge

to trailing edge.

THICKNESS RATIO The ratio of the maximum thickness of an airfoil section to

its chord length.

AUTOROTAT ION - Uncontrolled rolling or rotating, as in a spin.

ASPECT RATIO - The ratio of the span of the wing to the mean chord.

TAPER - A gradual reduction in chord length from wing root to wing tip.

DEEP STALL - A flight condition in which the airplane has attained an angle of

attack far higher than the angle of maximum lift coefficient.

SLAT - Any of certain long, narrow vanes or auxiliary airfoils. The vane used in an

automatic slot.

~J~QI - 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

improvement of airflow conditions at high angles of attack.

ENDPLATE A plate or surface at the end of an airfoil attached in a p~aie normal

to the airfoil that inhibits the formation of a tin vortex, thus producing an effect

similar to that of increased aspect ratio.

11.50
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REYNOLDS NUMBER - A nondimensional parameter representing the ratio of the
momentum forces to the viscous forces about a body in motion. Reynolds number

t . decreases with increase in altitude and increases with increase in true velocity, if the
dimensions of the body remain constant

POST-STALL GYRATION~ - Random oscillations of the airolane about all axes
following departure from controlled flight

SHOCK STALL - A stall brought on by compressibility burble; i.e., by separation
aft of a shock wave.

11-5 1
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STALLS
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SPINS

INTRODUCTION

In order to obtain the maximum capability from tactical airplanes, it is

necessary to fly them near the limit of their flight envelopes. This includes lift

boundaries, structural limits, and minimum and maximum airspeed limits. This type

of flying will often result in inadvertent stalls and occasionally in inadvertent snins.

If the tactical pilot has confidence in his capability to successfully recover from any

uncontrolled flight maneuver which may be inadvertently entered, he will not

hesitate to fly the 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 from a spin, he 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 which cannot be consistently recovered from a spin or a

departure after an accelera ted stall wil l also not be flown to its utmost tactical

advantage. In both cases, a significant and extremely important portion of the

airplane’s tactical capability will be negated. It is of primary importance, therefore,

that all U. S. Navy tactical and training airplanes be evaluated by Navy pilots in

comprehensive spin programs. In this manner, spin recovery techniques and

optimum spin avoidance maneuvers can be determined, thus providing the fleet pilot

with the information he needs to gain confidence in his airplane’s tactical

capabilities. 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 show tactical pilots that the airplane has been soun and

recovered successfully.
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THEORY

GENERAL

There is probably no other aerodynamic maneuver about which exists more

misinformation and confusion than the spin maneuver. While the interaction of

aerodynamic and inertia forces in a spin involves long and complex equations of
motion, the factors which cause spins are in themselves relatively simple. It would be
well at the start of this discussion to dispel any confusion by defining clearly those
terms which will be used in this discussion of stalls and spins.

• STALLS

An aerodynamic stall is defined as a condition in which the wing attains an

angle of attack greater than the angle of attack for maximum lift, resulting in a loss

of lift and an increase in drag. Stalls may be either erect, inverted, normal, or

acce’erated. For purposes of this discussion, normal erect stalls are those stalls
entered in positive angle of attack flight at a load factor of one g or less by
decreasing airspeed (including both slow and rapid deceleration). Normal inverted
stalls are similar with the exception that the angle of attack and load factor have

negative values. Erect accelerated stalls are those stalls entered at load factors greater

than 1.0 g and inverted accelerated stalls are those entered at less than -1.0 g.
Inverted accelerated stalls are rarely seen due to difficulties in pilot technique, pilot
discomfort , and control effectiveness limitations which usually restrict or prevent

these maneuvers.

111.2



POST-STALL GYRATI ONS

Post-stall gyrations are maneuvers entered after stalls which are different from

spins. These gyrations are often extremely violent and result in random pitch, roll,

and yaw oscillations. In many cases, the characteristics of post-stall gyrations are

determined by the steady state spin speed of an airolane. The steady state snin speed

is that speed attained by the airplane in a steady state spin (defined below).

Post-stall gyrations which occur at airspeeds faster than steady state spin speeds are

those which normally occur after accelerated stalls. In these entries, the post-stall

gyration acts to dissipate the kinetic energy prior to the airplane entering an

incipient spin. Post-stall gyrations occurring below steady state spin speeds are
• normally associate d with nose high, low airspeed conditions duri.ig which inertia

forces become more powerful than aerodynamic forces. Low speed post-stall

gyrations are usually more unpredictable and 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 random, unpredicatble airniane

motion are the most pronounced characteristics of a post-stall gyration.

SPIN DEFINITION

The spin is a maneuver during which the airplane descends rapidly toward the

earth in a helical movement about a vertical axis (called the soin 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 two distinct 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 attack and load factor ,

whereas in an inverted spin, there is a negative angle of attack and negative load

factor.

111 -3



- 5— ---_,~
. 

~~~~~ — -—-- ~~— 5--

S ~~~~~~~~~~~~~~~~~~~~ 

- -

~ 

—

~~

Each spin is divided into two phases; incipient and steady state. The incipient

phase of the spin is that portion of a spin occurring after poet.stall gyrations, if any,

have ceased and the airplane commences a spin-like motion; however, the

aerodynamic and inertia forces have not yet achieved a balance. In a steady state, or

fully developed spin, the aerodynamic and inertia forces have reached a balance. The

pitch attitude, angle of attack, vertical velocity, and yaw rate reach constant, average

values , or changes in any ot these parameters are uniformly repetitive. Some

airplanes never reach true steady state or fully developed spins, but attain only

partially developed spins. The difference is that in the partially developed spins,

stabilization is lacked in one of the parameters listed above. For example, pitch

attitude or yaw rate might fluctuate in a random, nonrepetitious fashion.

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 between the wings

of the airplane. Figure 1 shows a lift coefficient (C L) angle of attack ( ct) curve for a

typical airplane.

S STALL

_

M4GL E - O ~ -ATTA C K , a

FIGURE I
TYPICAL LIFT SLOPE CURVE
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At angles of attack lower than the stall (Point A), any change in angle of attack

between the wings due to sideslin tends to raise the lower wing. This is called

dihedral effect or lateral stability. Once the stall angle of attack is exceeded (Point
B), any sideslip which induces an apparent change in angle of attack between the

wings results in the opposite restoring moments and causes the airplane to rotate 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 of
attack ane ii1 turn causes yawing moments in the direction of rotation. The motions
in roll, yaw, and pitch are opposed by, or coupled with, inertia moments until
eventually a balance of forces and equilibrium is achieved. Figure 2 shows an
example of this sort of aerodynamic and inertia balance.

A E R O D Y N A M I C  MOMENTS
INERTIA MOMENTS

SPIN
A*~IS SPIN

FIGUR E 2
BA LANC E OF A ERO DYNAMIC AND IN ERTIA PITCHING

MOMENTS IN A S PIN
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The airplane mass may be illustrated by fly balls or a series of weights. As this series

of weights rotate about the spin axis , a nose-up inertia nitching moment is caused .

This moment balances out the aerodynamic nose-down pitching moment. The other

• axes of motion contain corresponding balances of aerodynamic and inertia

moments . A discussion of spin tunnel research on this subject is found in Reference

It is important to realize that the airplane mass distribution has an extremely

strong effect on the spin and spin recovery characteristics. This mass distribution is

normally discussed in terms of the inertia yawing moment parameter, I Y MP . This

term is equal to lx - ‘y rnb2, l~ and l,,~, being the moments of inertia about the x

and y body axis, respectively; m, the mass of the airplane , and b, the wing rnan.

Present trends in modern aircraft usually result in large negative values of inertia

yawing moment parameter (i.e., fuselage-heavy airplanes ). This is the result of thin

wings , high density jet engines, and fuel cells in the fuselage of the airplane. Inertia

yawing moment parameters will change greatly in many airolanes by fuel

consumption, addit ion or release of external stores , etc. The effects of mass

distribution should be determined prior to actual spin testing and initial tests should

be performed in those loadings considered least critical from the inertia yawing
• 

- 
moment parameter standpoint. There may well be some loadings in which snin

recovery wil l be impossible. For example , spin recovery in the A-i was impossible or

unacceptable with heavy wing loadings. Ho wever, recovery could be accomp lished

easily when wing stores were jettisoned .

Sufficient spin tunnel data has been accumulated to show strong trends in the

capabil ity of various control combinations to recover airolanes versus the magnitude

of the inertia yawing moment parameter. In general , airplanes with fuselage-heavy

loadings wi ll require use of lateral , as well as directional and longitudinal control , for

sp in recovery. In airplanes of this type, lateral control often becomes a more

powerful spin recovery control than the rudder. Additional informat ion on this

theory may be found in References 2 and 3.
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TEST PROCEDURES AND TECHNIQUES

PRELIMINARY DATA

Navy spin programs occur only after the contractor has demonstrated

sat isfactory spin recovery characteristics of the r articular 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. In addition, any areas

which are not clear or need further amplification should be discussed with the

contractor pilot who flew the spin demonstrat ion. A great deal of information is

obtained in spin tunnel evaluations which are nerformed on scale models of nearly

al l new airplanes prior to the contractor ’s spin work. The snin tunnel reports are

available to the project pilot and should be studied thoroughly.

It is extremely important for the oroject nilot to pay particular attention to any

changes that are made to the test airplane configuration between the demonstration

by the contractor and the Navy spin evaluation. Changes to the demonstration

configurat ion are often made as a result of deficiencies found during NPE and BIS
• - trials. These changes may appear to be entirely unrelated to the spin evaluation but

may nevertheless seriously affect the airplane spin characteristics. If, in the opinion

of the project pilot, these changes are significant, the contractor should be required

to conduct additional spin demonstrations in the most recent configuration.

Examples of these may be changes in canopy design, speed brake extension limits,

addition of various stores, modif ication of high lift devices, revision of UG limits,

and other oovious changes which would affect the stability and mass distribution of

the airplane. Unless the project pilot is positive that the changes are inconsequential,

additional demonstrations in the modified configurations should be required.

111-7 
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TEST INSTRUMENTATION

• Having a properly instrumented airplane is of maximum importance in spin
testing due to the rapidity with which parameters change. External and Internal
photography will also be extremely useful in both analyzing the spin characteristics
and in subsequent training of sciuadron pilots.

Primary internal instrumentation may include magnetic tape, oscillograph, and

photopanel. Pertinent parameters include control positions and forces, angle of

attack, sideslip, airplane attitudes, rates, and so on. One unique parameter for spin
tests is turn count or azimuth angle. Measurement of this parameter requires
installation of a turn count gyro or photoelectriv celi. A list of typical spin test
instrumentation parameters is presented in Figure 3.

111-8
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Quantities Meas ured

- 1’lag Tape/ Photo Pilot ’s
Oscillograp h Panel Panel

• - Film Frame Counter X X A
Oscillograp h Burst Counter X X X
Pilot Signal X X
Running Time X

-

• Long itudinal Stick Force X
Lateral Stick Force X
Left and Rig ht Rudder Pedal Force X
Longitudinal Stick Position X
Lateral Stick Position X
Rudder Pedal Position X
Left Elevator Position A
Left Aileron -Position A

- - Rudder Positi on x
• Left and Right Elevator

Trim Tab Positions X
Rudder Trim Tab Position A
Nor mal Acceleration A
Pilot ’s Seat Acceleration X
Angle of Attack - X
Angle of Pitch x
Ang le of Sank X
Ang le of Sideslip X
Rate of Pitch A
Rate of Roll X
Rate of Yaw X
Spin Turn Count A

- -
~: Left and Right Eng ine Oil Pressure A

Left and Right Eng ine Fuel Used A A
Noseboom Airspeed A X
Noseboom Altitud e A A

-: Production Airspeed A
• Production Altitude A

Critical Structural Loads X

FIGURE 3

TYPICAL TEST INSTRUMENTATION
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The test airplane cockpit should be instrumented to provide the pilot with

controls for activation of data records and primary and secondary emergency

antispin device actuation. In addition, there are several devices which may be

installed to provide the pilot with orientation cues and warning signals. These

devices include oversized, centered, turn needle (or roll and yaw lights), single

pointer altimeter (such as a glare shield mounted cabin pressure altimeter hooked to
the regular static source), low altitude warning lights and aural warnings, and direct

readouts of any parameters considered critical. The pilot should be provided with a

kneeboard or cockpit mounted tape recorder or telemetry voice recorder channel.

The recording device permits the pilot to make a running commentary of the spin as

it progresses through its various phases. Because so much is hapoening in a short
• period of time, the pilot is not usually able to write down all his observations and

comments. The recorder is particularly valuable for mission 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 relative violence of the maneuvers in the

cockpit.

External instrumentation usually includes telemetry, photo theodolite, and

chase plane film/tv coverage. Real-time telemetry will permit a project engineer to

monitor various critical parameters such as angle of attack , engine operation,

altitude, turn direction, control position, etc.

Motion picture films are, of course, very useful in showing the real life sequence

of the spin and provide the capability of slow motion analysis of airolane motions.

The films may subsequently be used along with cockpit films for spin training films

and other presentations.

111-10
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CHASE PLANE REQUIREMENTS

A chase plane is mandatory on all spin flights in a Navy spin program.

Consideration should be given to assure that the chase plane is compatible with the

test airplane. Using a chase airplane that has large disparities 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 with inferior low speed handling

qualities (to the test airplane) may result in inability to closely monitor the test

airplane in slow speed flight and in the spin. The chase pilot is used to maintain
surveillance of the test area, count spin turns, and act as a safety backup by

monitoring alitutde and inspecting the test airplane at frequent intervals for any
external signs of damage or stress.

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 airolane from the spin. Most

- - 
commonly used is an anti-spin parachute which is deployed behind the airolane to

slow the yaw rate, lower angle of attack , and thereby recover from the soin.

Anti-spin parachutes are of many types and sizes and the requirements for a

particular chute are usually oredicted on spin tunnel research. Chutes may be

deployed and opened ballistically in certain cases. Other devices utilized are anti-snin

rockets which can 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 the

use of vectored thrust as a method of lowering angle of attack and breaking a spin.

In any event, the anti-spin device decided upon should be demonstrated by the
contractor during the spin demonstration. The device should be tested on the
ground and in flight prior to the commencement of the spin tests.

Ill— il
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SPIN FLIGHT TESTING

The evaluation of deep normal and accelerated stall characteristics should be
the start of the spin program. In some cases, this will be the initial Navy evaluation

of deep stalls. This will occur whenever an initial investigation of stall characteristics

indicates that the airplane has strong pro-spin tendencies in deep stall penetrations.

In any spin program, however, the buildup orogram for the spins should start with 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 used in previous evaluations to define stall speeds. In these cases, the criteria

will be some limiting factor based on the 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 should, therefore, proceed in a logical buildup sequence starting

with normal stalls at high altitude using low power settings.

It is important to keep the oower settings low initially so that the nose of the
airplane will be as low as possible at the stall. Thus, when the airplane stalls, the best

possible conditions for regaining f lying speed will exist because the nose will already

- 

- - be low. The pilot should build up to full control deflection 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 state conditions but should be

recovered from immediately.

The incipient phase spin testing should be commenced from one g, power off

stalls, in the loading which has been predicted to be the least critical insofar as
center of gravity and IYMP are concerned. Intentional spins are usually entered by

application of full pro-spin control deflections at or after the stall. Specific entry

111-1 2
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procedures are described in the military spin specification , Reference 4. Entries and

types of spins may be modified by the detail specification for the airplane. It is

* important to emphasize that the majority of testing should be concerned with
recovering from post-stall gyrations and the incipient phase spin characteristics.
These regions of uncontrolled flight are those which the fleet pilot will see most
frequently in tactical use. -

The test pilot should build up to steady state spins very slowly. A good

schedule for a buildup would be to init ially look at spins for 1/2 turn, 1 turn, 1 1/2

turns, and so on, until steady state spins have been attained. Once the steady state
spin has been attained and the pilot has ascertained that he can recover consistently

from the spin, the evaluation should proceed to investigate the variables of
configuration and control changes. Included here are the effects of control positions

and configuration variations such as speed brakes , oower, and flaps - both in the

spin and for recovery . Since lateral control position may be a nowerful variant, the

inputs should be made in an incremental buildup.

After a thorough and complete one g entry evaluation in the least critical
loading, the evaluation should move on to entries from accelerated stalls, then into —

vertical entries. A gradual buildup in load factor and pitch attitude, resnectively, 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 fact , be the

optimum place to eva luate inverted spins. Following this buildup, tactical entries

such as from high g reversals, improper nose high recoveries, and improperly

executed aerobatics should be investigated. Again, the emphasis should be placed on

defining the capability and requirements to recover the airplane in post-stall
gyrat ions and incipient phase maneuvers. Finally, the effects of inertia couolinq at

low speeds should be investigated. These maneuvers will probably present the most

violent post-stall gyrations and often result in inverted spins even though erect
pro-spin controls are utilized. Low sneed inertia coupled maneuvers are entered by

applying abrupt pro-spin control deflections during low speed rolling maneuvers.
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Once the complete spectrum of entries, control positions, and tests have been
completed in the least critical loading, the data should 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 logical buildup for each
new loading is again warranted, especially in the area of asymmetric loads.

MISCELLANEOUS TESTS

A complete spin evaluation will require the investigation of several

miscellaneous areas. Some of these areas will be unique to only one airplane and the
- 

- project pilot will be required to use his imagination to insure that he has considered

all logical conditions. Some examples are discussed below.

Power Effects and Engine Operation

Power effects may be negligible or extensive and engine operation may vary

drastically between various power settings. Pro and anti-spin asymmetric oower
should be investigated on multiengine airplanes. Asymmetric power may be an aid or
hindrance to spin recovery. The various combinations of tests and oossible

ramifications should be obvious. In many cases, high angle of attack and/or sideslip

will cause erratic engine performance, stalls, chugs, and flameouts.

Configu ration Changes and Nonoptimum Recoveries

The project pilot should evaluate the effects of various configuration changes

on spin and recovery characteristics. Items here include effects of flaos, speed

brakes, and so on. Past experience has shown that actuation of these items may

either prevent or produce spin recovery. In many cases, they will have little or no

effect. In any event, it is important to know these effects and the evaluation should

not overlook this important area of investigation.

111 — 14
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Nonoptimum recovery variations should also be investigated in detail . This will
ass ist in determining critical recovery parameters. Nonoptimum 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, application of
steady state spin recovery controls in a post-stall gyration or incinient phase spin
may actually act as pro-spin controls. These data are obviously of importance to the
fleet pilot.

De~caded Systems Operations

• Insofa r as logical and feasible, the project pilot should investigate spLi
recoveries under conditions of degraded systems operation. Loss of flight control
boost, stability augmentation, and so on, could produce significant variations in spin
recovery capability . Spin maneuvers may have side effects on systems operations and
it is appropriate for the project pilot to comment on the mission suitability aspects
involved. Examples include tumbling of attitude gyros, illumination of various
warning lights, loss of fuel through venting, adequacy of pilot restraint system, and

so on.

REQUIRED DATA

There is a myriad of data pertinent to any spin program. These data are
normally presented in the report as time histories of various important rates,

positions, control deflections and forces, altitude, etc. Qualitative data presented by
the pilot, however, are the most important data presented. The description of how it
feels in the cockpit, the ability of the pilot to stay orientated in the spin recovery,
and so on, are the most important portions of the evaluation from the pilot’s point

of view. For example, use of angle of attack for dive pull out following spin recovery
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may be extremely critical. If this is true, it is important for the project pilot to
define the limitation in terms of cues available. Use of a cockpit tape recorder with
which the pilot can make a running commentary of his spin is invaluable for this
purpose. Nose position, turn needle position, altitude loss per turn, yaw rate, various

recovery techniques, and so on,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 characteristics during the spin. It is up to the project pilot

to insu re that his important cockpit observations are not lost in a maze of
quantitative data. A pilot-oriented , qualitative assessment of the spin entry
characteristics, the spin characteristics, and the spin recovery characteristics must be
foremost . A checklist of some of the important data to obtain in spin testing is
presented at the end of this section.

SAFETY CONSIDERATIONS IN SPIN PROGRAMS

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

As stated earlier, prior to commencing a spin, it is necessary for the pilot to do
stall work which logically and reasonably oroceeds in a planned builduo 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 reasonable buildup
program.

111- 16 
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Prior to commencement of actual spin tests, the project pilot should devote

some flights to dive pull-out data at various airspeeds, angles of attack , and power

settings with and without speed brake. A dive pull-out table should then be preoared

and utilized by the project pilots. From this dive pull-out table, decision altitudes

should be established. Decision altitudes should include: altitude at which to stop

other than optimum recovery tests, altitude for anti-spin device deoloyment,

ejection or bailout altitude. It is important for the pilot to have these alt itud~ fixed

firmly in his mind prior to doing any spin testing. If a certain critical altitude is

reached, the pilot will have a preplanned course of action to follow and will not
delay in making the proper decision as to emergency spin recovery actuation or

ejection, if necessary.

In many cases, unusual or erratic engine operation may occur during spin

testing. It is not unreasonable to expect this because of the extre me high angles of

attack , high yaw rates, and sideslip angles associated with spin flights. The pilot

must, therefore, be very familiar with procedures for clearing compressor stalls,

airstarts, flame-out landing pattern, etc. In some cases, it may be necessary to fit the

airplane with some auxiliary power devices. For example , an air driven ram air
- - turbine for emergency electrical power may not operate if deployed in a spin.

There fore; it may be necessary to install a battery to provide for ignition, critical

electrical demands, or possibly even run auxiliary hydraulic pumps to provide

adequate flight control. If the airplane is prone to engine flameouts in a spin, it may

be valuable to fit it with a continuous ignition circuit. In any event, these factors

should be considered. The pilot should practice f(ameout landing procedures, air

starts, and various forms of degraded systems flight. It is logical to assume,

therefore, that the spin testing should be done near a field to which an emergency or

flameout landing can be made quickly.
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Use of the chase plane for data and safety purposes was discussed previously. It
also serves as a very important extra pair of eyes to maintain surveillance of the spin

area and warn the spin pilot of any possible intruders. Additionally, 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.

• THE INVERTEDSPIN

INTRODUCTION

Inverted spins have always provided an interesting and frequently spectacular
realm of flight; however, it is also a realm of relative unfamiliarity to most pilots. It

has been well documented that soins cannot be prevented by a handbook entry that
“intentional spins are prohibited.” Also, inverted spins cannot be prevented by
handbook entries that “the airplane resists inverted spins.” Someone will always find
a way to end up inverted in uncontrolled flight. Because of this, soin testing,
including inverted spins, will always remain an important part of the test programs

- - for new tactical airplanes.

The same general rules that apply for upright spins also apply when flight

testing inverted spins. However, a few other considerations should be taken into
account. The first area to consider is the disorientation that occurs to most oilots

when initially exposed to inverted spins. In some airplanes it may be difficult to tell

whe ther the spin is upright or inverted, particularly if significant pitch oscillations
are superimposed on the spin (yaw) motion. The direction of the sum may also be
difficult 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 spin. In an erect spin, if the roll rate is not oscillatory, the sum —

direction and roll direction are the same.
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This problem of disorientation can be reduced or eliminated by several means.

A solid buildup program in a spin trainer is essential before spinning a new airolane.
The number of flights required to become acclimated to the spinning flight regine,

t and the inverted regime in particular, will vary with the experience and ability of the

test pilot. The cockpit instrumentation of the test airplane is also important 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 or

inverted, the direction of the spin is indicated by the turn needle. Additionally, the

pilot should be 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 attack indicator. in the standard Navy AOA systems, the indicator will
be pegged at zero during an inverted spin. In an upright spin, the indicator will be
pegged at 30 units. If the airplane is equipped with a flight test sensitive angle of
attack indicator, the readings will vary, depending upon the measurable range of the
system.

The standard pilot restraint systems in most Navy airplanes are totally

inadequate in the inverted flight/spin regimes. Aditional means must be supolied to

- - hold the pilot in the seat during negative g flight conditions. Besides being

uncomfortable when not properly restrained, full rudder throw can be denied the

pi’ot if he is not held in his seat and is allowed to float to the top of the cockpit.

The usual method to provide adequate restraint is to install an additional lap belt or

negative g strap which is attached either to the seat or to the seat pan.

Under negative or zero g conditions, many aircraft systems become degraded or

are severely limited and this must be taken into account during inverted spin testing.

Typically, oil pressure on many jet engines goes to zero during inverted sum s. In

addition, most airplanes have negative and zero g time limits due to the limited fuel

1 1 1 - 19
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tank capac ity. During violent maneuvers sometimes encountered during spins, gyros

may tumble and preser.t misleading information to the pilot and the negative g

structura l limits of many airplanes can be easily exceeded. These limitations should

be taken into account and approached cautiously through an appropriate buildup

program.

INVERTED SPIN ENTRY TECHNIQUES

— 
Conventional Entry

The conventional method of entering an inverted spin consists of stalling the

airplane inverted and applying pro-spin controls. If the inverted stall cannot be
achieved due to inadequate elevator effectiveness , pro-spin controls are applied as

the nose begins to fall through with full forward stick . Pulsing the rudders back and

forth during deceleration may be somewhat effective in aggravating the yaw at spin

entry . This conventional entry involves primarily the use of aerodynamic forces to

enter the spin, although some inertial effects may also be present. In the case of the

elevator-limited airplane, an inverted spiral vice the inverted spin may result and
some airplanes simply will not spin inverted using this entry technique.

Recovery controls will vary for different airplanes but will always include full
• rudder opposite to the spin direction (opposite to turn needle deflection). Unlike

erect spins in many of our current airplanes in which the rudder is only marginally

effective in spin recove ry, the rudder in an inverted spin will (except possibly for a

few 1-tail types) be highly effective since it is in “clean airflow;” i.e., undisturbed by

the wing, fuselage, and horizontal tail. This is illustrated in Figure 4. However , this

should not be misinterpreted to infer that any airplane can be recovered from an

inverted spin by use of opposite rudder only. Anti-spin aileron is required in many

high inertia types.
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Fi gure 4

Roll Cou~ lin~ Entry

Some airplanes are elevator limited in inverted flight and attempts to spin them

inverted using conventional entry techniques often meet with failure; i.e., inverted

spiral v ice the inverted spin. However, the same airplane might spin inverted very

readily using a rolling entry executed in a manner to take advantage of inertial

coup ling moments in pitch.

Use of inertia character istics for spin recovery in high performance jet airplanes

has been commonplace for years. In fact , most supersonic and many subsonic

airplanes w ill not recover from a steady state spin unless recovery inertia moments

are generated in yaw to augment weak aerodynam ic yawing moments produced by

the rudder. It logically follows that inertia coupling can be used for spin entry. For

elevator- limited airplanes, the desir ed coupling moment is usually in pitch to

compensate for limited inverted flight elevator effectiveness. The simplified equation

of mot ion in pitch is:
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~ 
- I )  = pitch acceleration.5- q = 

~~

- + pr ( I ) 
p = roil  rate

y y r = y a w rate
- - -  q = pitch rat e

M = aerodynam ic pitching
- 

-
~~

• moment
- - I = moment of inertia in

roll
I = moment of inertia in
>‘ pitch

- I = mom ent of inertia inz yaw 
-

Analysis of the inertia term, pr ~~ , in the equation reveals that roll
(lv)

rate opposite to yaw rate (opposite signs) produces a negative or nose down pitching

moment since I~ - l~ is always positve. This pitching moment then is in the desired

direction for an inverted spin entry. Now it can readily be seen that if the spin is
- • entered with some roll momentum opposite to the direction of yaw, or sum

- . direction, nose down (negative) aerodynamic pitching moments, as viewed from the

cockpit, are augmented with inertial coupling effects.
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It is important that the roll be made opposite to the direction of the intended

spin; i.e., right roll for a left spin and left roll for a right spin. Roll in the direction of

spin will have the opposite effect and produce pitching moments in the wrong

airection.
5-’

The roll-coupled entry can be exaggerated by increasing the roll rate and

creating as much roll inertia as possible. This roll inertia will then be dissipated in

the post-stall gyrations. These post-stall gyrations may be quite mild or they can be

totally spectacu lar and include pitching, rolling, and yaw ing to such a degree as to be

indescribable. Need’ess to say, a suitable buildup program must be accomplished

prior to any roll-coupled entries. If the controls are maintained in the pro-spin

positions, the airplane will probably enter an inverted spin; however, experience has

shown that it also might enter an upright spin with the same controls applied.

In summary, spin testing is one of the most interesting and challenging fields of

test flying. In order to safely and effectively accomolish the objectives of any spin

program, total preparation and a thorough t~nderstanding of the principles and test

techniques involved is a necessity.
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PILOT CHECKLIST OF SIGNIFICANT SPIN DATA

I. St-all Characteristics
I-

-

. 

- A. Normal Stalls

- ;  1. Stall warning

2. Configuration effects

I 

-

~

- 
1’ 3. Power effects

4. Angle of attack trends

5. Control effects

6. Deep penetration effects

7. Stall recovery (include optimum recovery)

B. Accelerated Stalls (as above)

C. Inverted Stalls (as above)

- - D. Validity of NATOPS Manual Stall Information

- II. Post-Stall Gyrations

A. High Speed (Accelerated Stall) Entries

1. Description of maneuvers

2. Do maneuvers progress to incipient spins or are they “nonspin?”

- 3. Pilot orientation

4. Recovery and avoidance maneuvers
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III. Erect Spins

A. Entries
1~ .

B. Incipient Phase

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 Jett ing 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, and rudder controls
b. varying power and auxiliary aerodynamic devices
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- c. optimum recovery procedure

(1) critical recovery parameters (if any)

(2) progressive stall/spin tendencies

d. spin recovery capability under simulated IFR conditions

IV. Inverted Spins

A. Data as for Erect Soins and Recoveries

— V. Inertial Coupled Maneuvers

A. Susceptibility of Entering

B. Techniques for Entering

C. Recovery and Avoidance Procedures

V I. Spin Avoidance

A. In Normal Stalls

B. In Accelerated Stalls

C. Inverted

D. Nose High Attitudes
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VII. Miscellaneous Parameters

A. Power Effects

B. Engine Operation

C. Configuration Effects

1. Speed brakes

2. Flaps

3. Slats
4. Spoilers

5. Etc.

- 

-

• D. Artificial Stabilizer or Damper Effects

E. Structural Integrity

F. Pilot Restraint Provisions

G. Side Effects

1. On attitude gyro
2. On warning and caution systems

3. On radio/I CS fidelity

4. On fuel/vent system
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INTRODUCTION

The investigation of longitudinal stability and control involves the study of

characteristics exhibited in the airplane’s plane of symmetry. This plane of

symmetry divides the airplane into two essentially symmetrical halves and contains

components of motion only alone the X and Z axes and about the Y axjL(see Figure

1).

V

X r 
$1

FIGURE I
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 on coupled nh~~jQfl)~ Therefore, longitudinal

stability and control can be investigated apart from lateral-directional stability and

control.
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- Longitudinal flying qualities must be investigated from equilibrium and
noneauilibrium flight conditions. From equilibrium flight conditions, the fl~

jj
~

longitudinal stability characteristics may 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 (longitudinal maneuvering stability, or

“stick force per g” and “elevator position per g”).

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

In order to change from one equilibrium flight condition to another, the pilot
excites two longitudinal modes of motion which are suppressed in equilibrium flight.
The characteristics of these modes of motion greatly influence the dynamj~
longitudinal stabilftv çharacteristics of the airplane; these characteristics are
determined from npneciuilibrium flight conditions. The longitudinal modes of
motion are called the “airplane short period” and the “long period” or “phugoid”
motions. The characteristics of these motions to be investigated are:

1. Frequency or period of the motions.

2. Damping of the motions or lack of it.
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- 
- The pilot’s opinion of longitudinal flying qualities depends on ~

jj the static and
dynamic longitudinal stability characteristics mentioned above ~~~~~ the

characteristics of the longitudinal control system. Therefore, it is not possible to
state conclusively that one or two of the characteristics are overwhelmingly
dominant in a particular flight condition. However , it is possible to rationalize that
certain characteristics will affec t flying qualities more than others in certain -

circumstances. Therefore , the investigation of longitudinal flying qualities divides
nicely into the study of “N. onmaneuvering Tasks ” and “Maneuvering Tasks.”

l~~nmaneuvering tasks are defined as those tasks during which the transition
from one equilibrium flight condition to another is accomplished smoothly and

• gradually. Nonmaneuvering tasks result in essentially tinaccelerated 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

vii
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In genera l, the pilot’s opinion of longitudinal flying qualities during nonmaneuvering
tasks is most affected by the characteristics of the longitudinal control system,
longitudinal control force and elevator position stability, and the frequency and
damping of the long period or “phugoid” mode of motion. (The initial response of
the airplane to a longitudinal control input is greatly dependent on the
characteristics of the airplane short period motion. However, during the study of
nonmaneuvering tasks, the initial response characteristics may he temporarily
ignored. The main areas of concern during nonmaneuvering tasks are the long term
stability of the airplane and associated airspeed changes between equilibrium flight
conditions.)

Maneuvering tasks are defined as those tasks which result in accelerated flight
conditions; during maneuvering tasks, transitions from one equilibrium flight
condition to another are made quickly, and possibly, somewhat roughly. 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 flying qualities during maneuvering
tasks is most affected by the characteristics of the longitudinal control system,
longitudinal manuevering stability, variation of normal acceleration with angle of
attack , and frequency and damping of the airplane short period motion. The main

vu i
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areas of concern during maneuvering tasks are the initial response of the airplane to

a longitudinal control input (short term characteristics) and associated normal

acceleration changes between equilibrium ‘light conditions.

The total mission of any airplane will require the pilot 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 of

the longitudinal flying qualities investigation. Since mission accomplishment for all

airplanes requires numerous nonmaneuvering tasks, the investigation of the

longitudinal flying qualities during these tasks will comprise a large part of any test

program. Maneuvering tasks are not so universally required in all missions; therefore,

the longitudinal flying qualities during these tasks will be rigorously investigated in

some airplanes and less stringently investigated in others.

The provision of satisfactory longitudinal stability and control characteristics is
5- probably the single most important duty of the stability and 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 controllability is
- :: provided, the pilot finds the airplane easy and pleasant to fly. This allows the

performance of mission tasks with simplicity and preciseness, thus enhancing overall

mission effectiveness . -

ix
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NONMANEUVERING TASKS

STATIC LONGITUDINAL STABILITY AND CONTROL IN
t 5-

UNACCELERATED FLIGHT

- For simplicity, the concepts of static longitudinal stability will first be

- presented for an airplane in gliding fIi~ht (power off) with no propeller and with the

longitudinal control surface rigidly restrained in one position. Later, the effects of
- power and freedom of movement of the longitudinal control surface will be

introduced.

- . Stick-Fixed or Elevator-Fixed Longitudinal Stability

- 
5- The variation of static pitching moments about the airplane’s center of gravity

with lift coefficient is the principal measure of the airplane’s static longitudinal

stability. The manner in which the total pitching moment varies with lift coefficient

• 
• depends on contribution’~ from the wing , fuselage, and nacelles, and the horizonta l

• tail for a given configuration and flight condition. Generally, the contributions of

the wing, fuselage, and nacelles are destabilizing : i.e., these individual components
- generate nonrestoring pitching moments when changes in lift coefficient occur. If

the airplane is to possess static longitudinal stability, the horizontal tail must be

designed to overcome the destabilizing influence of the remainder of the airplane’s

components . The contribution of the horizontal tail to static longitudinal stability is

powerful and almost always strongly stabilizing. The design and location of the

horizontal tail determine the magnitude of the contribution which is normally
5- expressed through the following nondimensional parameters:

- S 9.
tail volume coefficient .~.!- .~!.

w
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where S~ = area of horizontal tail in square feet

= area of wing in square feet

= distance from airplane center of gravity to the

aerodynamic center of the tail , or “tail arm” length,

in feet.

I C = average chord length of wing in feet

Tail Volume ificient is a measure of the size and location of the horizontal tail in

relation to the size f the wing and the center of gravity, respectively.

t = tail efficiency factor

• where q~ 
= dynamic pressure at horizontal tail in pounds per

I- - square 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 change in energy level of the airf low. The

dynamic pressure of the airflow at the hocizontal tail is reduced because the airflow

must first encounter the wing, fuselage, ñacelles, and other protrusions prior to

reaching the horizontal tail. The lift slope curve of the horizontal tail is de~~ted as

- - 
- 

follows:

dCL
_ _ _  - a• d o

~~ 
- 

t
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The angle of attack at the horizontal tail will not be the same as the wing angle of

attack because of differences in wing and tail incidence, and downwash created by

the wing lift production (Figure 2).

HORiZONTAL TAIL

___ __

RW~
~~ -l 

~ t

FIGURE 2

RELATIONSHIP OF WING AND TAIL ANGLES OF ATTACK -

= ang le of attack at horizontal ta i l

= ang le of attack at wing

c = downwash ang le

incidence of horizonta l tail

1w - incidence of wing

- 
- 

- relative wind at wing

kWt 
a relative wind at tail
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Classical relationships of pitching moment coefficient with lift coefficient are

shown in Figure 3. Several interesting observations may be drawn from a study of

this figure. (The sign convention used here is arbitrary ; i.e., nose-up pitching

moments are assigned positive signs, nose-down pitching moments are negative.

S t a t i c  s t a b i l i t y  is thus indicated by a negative slope of the

CmCG 
- CL relationship.)

~~~~~~IFi~~
”

i~~~ .o5

- 0 5 -  AIRPLANE
z t&J

AIRPLANE LIFT COEFFICIENT
-.10 - CL TAIL ALONE

FIGURE 3 
- 

- 
-

- 

CLASSICAL LONGITUDINAL STABILITY RELATIONSHIPS

As previously mentioned, the wing and fuselage contribution to static

longitudinal stability is usually destabilizing, while the horizontal tail contribution is

usually strongly stabilizing. As shown in Figure 3, the complete airplane possesses

some degree of static longitudinal stability. The airplane is in trim, i.e., the pitching

moments all add up to zero, at the point where the complete airplane curve crosses

lV -4
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the horizontal axis. It can be seen that in order to exhibit both static longitudinal

stability (negative slope) and a trim condition (cross the horizontal axis), the

complete, airplane curve must intersect the vertical axis at a positive value of

(It should perhaps be pointed out that although the intercept atC L= 0 is a useful

reference point, it does not correspond to a condition that can be achieved in

equilibrium flight.)

The longitudinal stability equation which defines the slope of the pitching

moment coefficient-lift coefficient relationship may be written as follows for the

airplane in gliding flight with fixed controls and no propeller:

dC
• mCG 

X dC a
~ / ~dCL 

= + 

~~~~

. - -

- FuselageAi rplane Nacelle

wtiere = wing contribution, a measure of the location of the
• C aerodynamic center of the wing in relation to the

center of gravity of the airplane (Figure 4).

dCrn = fuselage and nacelle contribution.
Fuselage
Nacelle

a t / ~~ 
= horizontal tail contribution.

V ~~~~~~~~~~~~~

a
~ 

= lift slope curve of horizontal tail.

IV-5

~

LL

~

1 1L_ •~~~~~~~~~~~~~~~~~~~~~~~~~~ J



.5- - 
- - - - -  - - - —-—r—----~

--- 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ie~i

= Iift slope curve of wing

V = tail volume coefficient

- 
= tail efficiency factor

= change in downwash angle with change in wing angle
cia

- of attack.

I 
~~, • 

-

- _____ 

~~: MEAN AERODYNAMIC CHORD _____

.

5- :

X ~c X Q X 0 - X
-
~ I~ X~ 6

- FIGURE 4
- - 

RELAT IONSHIP OF WING AERODYNAMIC CENTER TO
AIRPLANE CENTER OF GRAVITY
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For any given airplane configuration , the longitudinal stability equation is fixed

except for the wing contribution, which can be changed markedly by movement of

the airplane center of gravity (CG). A shift of CG has a very small influence on the

tail contribution (through the tail volume coefficient , V) and negligible influence on

the fuselage and nacelle contribution. However, for every percent of the mean

aerodynamic chord that the CG is moved aft , (dC /dC L) . increases positivelym
(destabilizing) one percent. Center of gravity movement , therefore, has a powerful

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 coefficient-lift coefficient curve is shown in Figure 5. It should be

noted that all the curves rotate about a constant pitching moment coefficient at a

lift coefficient of zero.

An examination of Figure 5 shows that as the CG is moved aft. the slope of the

pitching moment curve becomes more positive; i.e., less stable. A CG position will be

reached at which the slope becomes zero . This CG position, at which the airplane

exhibits neutral static longitudinal stability with the cockpit control stick. or

longitudinal control surface fixed, is called the stick -fixed or elevator-fixed neyj~ L
point and is denoted by the symbol (N0). Once the neutral point is known, the slope

of the pitching moment curve, i.e., the index of the longitudinal stability of the

airplane, can be obtained for any airplane CG position with good accuracy from the

following relationship:

dCmCG ..~~ . NdCL e °
Airplane

lV-7 - 
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dCm0~ -

dCL 
0

‘9
.05-  

- dCm
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- s FORWARD
Q Z D
‘-‘ lu U C
~_ U E - 1.0 15

• dCm
CG:19% MAC 

dC =
L

z
-
~~~

-
I AIRPLANE LIFT COEFFICIENT

- .10 - CL

FIGuR E 5 -

CENTER OF GRAVITY EFFECTS ON STATIC
LONGITUDINAL STABILITY

This distance between the actual CG and the neutral point of the airplane, expressed

in percentage of mean aerodynamic chord, is called the static marqin. (For the case

just presented, i.e., the stick-fixed case, the distance would be called the stick-fixed

static marnin.)

Longitudinal Control

The static longitudinal stability presentation has not, to th is point, included

discussions of the effects of providing a means of longitudinal control nor the effects

of power. The scope of the presentation will now be expanded to include

Ioriiitudinal contr~i however, power effects will still be neglected for the time being.

For a typical airplane, the curve of pitching moment coefficient versus lift

coefficient is shown in Figure 6. This airplane, in the condition shown, possesses

static longitudinal stability.
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FIGURE 6
TYPICAL VARIATIONS OF Cm~~~ 

VERSUS CL

H~ vever, it is in equilibrium at only one value of lift coefficient (point A) . If the

-
‘ pilot wishes to decelerate and fly at a lift coefficient of 1.0 (point B), the airplane

must be equipped with some means of overcoming the nose-down pitching moment

(CmCG = .05). The problem then is to find a means of changing the lift coefficient

for zero pitching moment from point A to point C. The best means of doing so is to

merely shift the curve up without changing its slope. (If the slope is changed, the

stability of the airplane is changed.)

Obviously, the more stability the airplane possesses, the 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.

To find a means for overcoming the restoring pitching moments, the

equilibrium equation of static longitudinal stability is presented (propeller off and

power off for simplicity).

C C + —
~~ C + c -a

mCG ~ac ~ L mCG Fus

- 
Nac

IV -9 
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The three terms of this equation which might be used to change the lift

coefficient for zero pitching moment are Cma~
, X a/C , and c~. The wing pitching

moment about its aerodynamic center (C maC
) ~ a functL n of wing camber and

aerodynamic twist of the wing. This moment can be controlled by a flap at the wing

trailing edge, a common control used by dirplanes without horizontal tails. For

several reasons, it is not a practical longitudinal control for airplanes with horizontal

tails.

The term Xa/C is purely a function of CG position, and the mechanical
complexity and change of rability associated with shifting CG positions rules out

“CG shifting” as a means of longitudinal control.

The final term to consider is the tail a~igIeof attack ,a1. Tail angle of attack can

be changed by utilizing a moveable horizontal tail (sometimes called a “slab tail”) or

by providing a moveable flap on the trailing edge of a fixed horizontal stabilizer.

Changing the angle of attack of the horizontal tail can produce large changes in

pitching moment without significant changes in Ic;~gitudinal stability. It is the most

powerful and most commonly usea means of longitudinal control.

The magnitude of the pitching moment coefficient obtained per degree

deflection of the longitudinal control surface is called the longitudinal control power

and is written as follows for the “slab tail ” and the conventional elevator:

dCin dC
“Slab Tail” C = 

di
~ 

= - 

~~~~~ 

=_ a
~ 

r~

t

dC da
~ - - -

Elevator C = 
CG 

= - 
L bFF Vr l t = —a T V

in~ d
~~ doe e
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• where = elevator deflection from neutral, in degrees, tra iling

• edge up considered negative.

t = rate of change of effective tail angle of attack with
d6e elevator deflection, somet imes given the symbol i. It

is a function of the ratio of the area of the elevator to

the area of the entire horizontal tail; for the “slab

tail”, 1=1 .0.

- 
- Elevator control power, Cm~~ 

wil l be used for the remainder of the discussion

of static longitudinal stability. The change in equilibrium lift coefficient due to

deflecting the elevator may be studied by again referring to the equilibrium equation

of static longitudinal stability . The only term affected by the elevator deflection is

the tail angle of attack ,cxt , which can be broken down in terms of wing angle of

attack , downwash angle, tail and wing incidence angle, and change in angle of attack

due to elevator deflection:

a
t = — £ - + 

~t 
+ TO

e

Thus, the power off , propeller off equilibrium equation can he rewritten :

c = c + 
X a C + C - a (cz - C - i + j  + ‘tO )VqmCG 

mac I ~~~ t w w t e t
C Fus

Nac

The control of the equilibrium lift coefficient is obtained through the influence

of the term 
~e of the equilibrium equation. It is important to note that a change in

elevator deflection does not channe the sIo~e of the pitching moment curve

(dCm~~jdCL).

IV- 11
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An example of the curves of pitching moment coefficient versus lift coefficient
for several elevator angles is shown in Figure 7. The airplane can now be flown in

equilibrium flight at any lift coefficient in the unstalled range by merely changinq

the elevator position. it should also be noted that, at least for the power off case,

elevator deflection has no effect on static Iongitudjn~ts~ I ilj .ty..

.15 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
NEGATiVE SIGN INDICATES

~~~ .l( POSITIVE SIGN INDICATES
-— •2. 1 TRAILING EDGE DOWN

.Oi

~ ~ 
A~ PLANE LIFT COEFF:~ NT

FIGURE 7
CLASSICAL VARIATION OF CmCG VERSUS CL FOR VARIOUS
ELEVATOR ANGLES -

The in-flight measurement of pitching moments about the airplane CG for

different values of lift coefficient (or airspeed) would be a tedious, if not impossible,

undertaking. This measurement can be made to some degree of accuracy in a wind

tunnel. However, an in-flight method is needed to determine or estimate the static

longitudinal stability of the real airplane. Using the principles already presented, a

method can now be developed.

lV-12
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Elevator Position Stability or Longitudinal Control Position Stability

First, a cross-plot is made of the elevator angle required for equilibrium versus

-‘ 
equilibrium lift coefficient (from Figure 7). The cross-plot is presented as Figure 8.

It must be emphasized that equilibrium conditions, i.e., zero pitching moments

about the airplane CG, is represented by every point on the curve of Figure 8.
• 

~~. (Equilibrium conditions do not necessarily imply, of course, that the airplane is

“force trimmed” from the pilot’s standpoint.) The elevator position versus lift

coefficient curve can be analytically represented by:

~ =~~~~

- 
. e e

~ r— CL
- L = O  in

where ‘SeCL O  is the elevator angle required for zero lift coefficient , and is a
• constant. Although zero airplane lift coefficient cannot be attained in equilibrium

flight, the fact that CL O 1S a constant is an important aid in the analysis of flight

test data, as will be seen later.

TED 
lOr 81CL 0 -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIGURE 8

ELEVATOR POSITION FOR ZERO PITCHING MOMENT
VERSUS AIRPLANE LIFT COEFFICIENT

IV -13 



The slope of the curve of Figure 8 is obtained by differentiating the last
equation with respect to lift coefficient:

/ dC \
dO

L m 6e

The elevator position required to vary the equilibrium lift coefficient (or

equilibrium airspeed) varies directly with the stick-fixed (or elevator-fixed) static
longitudinal stability, dCm~~/c$CL ,  and inversely with the elevator control power,

~~~~ This relationship of elevator position versus lift coefficient or airspeed in

equilibrium flight is often termed elevator position stability or longitudinal control
position stability. By measuring this relationship in equilibrium flight, a

determination of the sign, but not the degree, of the stick-fixed static longitudinal

stability may be made. The degree of stability cannot be determined unless the
• numerical value of the elevator control power is known. From the last equation, it is

seen that, if dCi,,~~/dC L = 0, i.e., the CG is at the stick-fixed neutral point, the slope

of the elevator position versus lift coefficient curve will also be zero (Figure 9). This

fact will be used later to estimate the airplane’s st ick-fixed or elevator.fixed neutral

ooint. The neutral point determined from elevator position versus lift coefficient
plots is often, more correctly, called the elevator position neutral point or

longitudinal control ~o$ition neutral ooint.

TED 
- 

&
CG MOVING AFT

• E ~ CC AT ELEVATOR POSITION NEUTRAL POINT

a.
• 

~~~ 
____  

0.5 1.0 ~~~~~~~~~~~~~~~~~~

~ TEU AIRPLANE LIFT COEFFICIENT

FIGURE 9
CLASSICAL CG EFFECTS ON ELEVATOR POSITION STABILITY
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- ‘ • Stick -Free or Elevator-Free Longitudinal Stabi~j~y~

- 
In the previous discussion, static longitudinal stability was related to the

- 

~~~• 
variation of elevator position or longitudinal control position with lift coefficient or

airspeed. This variation was shown to be a function of the stability criterion,

dC m~ddCL. with the longitudinal control rigidly restrained in a fixed position. The

discussion wil l now be expanded to include the effects of allowing the longitudinal

control surface to “float” in response to some variable in flight conditions. The

classical definition of control surface float is “to ride freely in the airstream ,

- .
- changing position in response to pressure distribution over the surface .” The classical-

definition would apply only to a r~yersible control system , since the irreversible
- 

- control system incorporates no control surface response to surface pressure

distribution. However , many irreversible control systems incorporate features

(stability augmentors) which move a control surface, independent of pilot action, in

response to dynamic pressure, normal acceleration , angular rates, or various other

flight variables. This movement of control surfaces in irreversible systems can also be

thought of as control surface “float.” At any rate, freeing the longitudinal control

surface , i.e., allowing it to respond to some flight variable, may have profound effects

on the static longitudinal stability of airplanes equipped with either reversible or
- irreversible longitudinal control systems.

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 against the relative wind at the
• horizontal tail. The direction and degree of float will depend upon the pressure

distribution over the control surface and the hinge moments created at the control

• surface hinge line by the pressure distribution. The pressure distribution, and
• therefore the hinge moments, are governed by two major variables - the angl~ QL

attack of the horizontal tail and the deflection of the elevator with respect to the

horizontal tail.

IV- 15 
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If the elevator is uncambered and hinged at its leading edge, the variation of

hinge moment with horizontal tail angle of attack for zero elevator deflection will be

as shown in Figure 10. As angle of attack is increased positively, the pressure

distribution creates a hinge moment which tends to make the elevator float up.

+

_ _

ANGLE Of ATTACK OF HORIZONTAL TAL

O(GRE~~

FIGURE 10
- - 

.- HINGE MOMENT VARIATION WITH ANGLE OF ATTACK

Now, if horizontal tail angle of attack is maintained at zero and the elevator is

deflected, hinge moments will be created as shown in Figure 11. As elevator

deflection is changed from neutral, the pressure distribution generates a hinge

moment which tends to restore the original elevator position.

IV-16



z
+ -NM

RELATIV E_WIND

ELEVATOR DEFLECTION
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DEGREES

FIGURE II
HINGE MOMENT VARIATION WITH CONTROL DEFLECTION

The total hinge moment, HM, is obtained by the addition of the two effec ts

noted above. In coefficient form, this relationship may be expressed as follows:

Ch = C h a
~~

+ C h 6 ee

where Ch = total hinge moment coefficient , elevator .
e

Ch = hinge moment coefficient variation with angle of
• at attack at zero elevator deflection, normally carries a

negative sign.

Chó 
= hinge moment coefficient variation with elevator

e deflection at zero angle of attack , almost invariably

carries a negative sign.

lV .17
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When the total hinge moment coefficient is zero, an equilibrium condition is

attained where the “floating tendency,” C~~~, is just opposed by the “restoring

tendency,” C~~ . When this equilibrium condition is attained, the elevator angle is

called the “float angle” and may be expressed analytically as follows:

Ch
6 = - ~~~.c*

I- -~ 
eFl~~ 

Cho t

If Ch and Ch both have negative signs, the elevrtor wi ll float up as angle of

attack increases positively and float down as angle of attack increases negatively.

This effect reduces the static longitudinal stability of t he  ~j~~la (Figure 12).

Analytically, the relationship between static longitudinal stability with stick- or

elevator-free and stick- or elevator-fixed may be expressed as follows:

dC dC dOmCG 
- 

inCG eFl~~~
dC L 

- 
dCL 

+ C dC
Free Fixed L

( INCREASE IN CL, DECREASE IN V) - A a t  ( DECREASE IN CL, INCREASE IN V I

_ _  

_ 

- 
_ _

1Puu1 ~‘FLOAT F,---.-
8’FL.OAT

When the elevator is unrestrained, and floats so as to align itself with
the relative wind, the float phenomena reduces the stabilizing pitching
moments generated by the horizontal tail. This effect reduces the static
longitu~Iiual stability of the airplane, i.e., stick-free stability is less
than stick-fixed stability.

FIGURE 12
EFFECT OF ELEVATOR FLOAT ON STABILIZING
INFLUENCE OF HORIZONTAL TAIL
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If the elevator control power coefficient (Cm )- and change in elevator float
angle with change in lift coefficient (d~ /dC L) assume their normal sign

ef loat
(negative), it can readil’- ~e seen that stick-free static longitudinal stability will be
less than stick-fixed static .4.’. jitudinal stability (Figure 13).

I-
.15 .

4 4
.10.

- .05 - STICK OR ELEVATOR
• FIXED

-.10 -
• z

AIRPLANE LIFT COEFFICIENT
- .15 . 

C
L

FIGURE 13
TYPICAL REDUCTION OF STATIC LONGITUDINAL
STABILITY DUE TO FREEING ELEVATOR

Center -of-gravity movement has the same profound effect on stick-free stability

as it had on stick-fixed stability. As the CG is moved aft , 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. This CG position, at

which the airplane exhibits neutral static longitudinal stability with the elevator free

to float, is called the stick-free or elevator-free neutral Doint. and is denoted by the

symbol (No’). Because the effect of elevator float on static longitudinal stability is

generally destabilizing, the stick -free neutral point is usually forward of the

stick-fixed neutral point. Once the stick -free neutral point is known, the stick -free

static longitudinal stability can be obtained for any airplane CG position with good

accuracy from the following relationship:

dCmCG
dCL 

= X
CG

_ N O

Free

IV- 19
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The distance between the actual CG of the airplane and the stick-free neutral point
is called the stick-free static margin.

It is obvious that an in-flight method of measuring or estimating the stick-free
static longitudinal stability is needed. A method can now be developed to estimate

this impo rtant characteristic.

• Stick-Force or Longitudinal Control Force Stabj~j~y -

It is convenient again to study curves of stick -fixed and stick-free static
longitudinal stability (Figure 14).

-

. 

.15 .

.10 - - -.025
STICK-FIXED

- :  LONGITUDINAL CONTROL F~~~ :O
-~~- AIRPLAN E LI F~T COEFFICIENTa-

L -

FIGuRE 14
STICK—FIXED AND STICK—FREE STATIC LONGITUDINAL STABILITY

In this case, assurr’.~ that the airplane is trimmed for zero longitudinal control forces

for both the stick-fixed and stick-free cases at the same lift coefficient or airspeed
(point A). If the pilot now wishes to dece lerate and fly at a lift coefficient of 1.0

(poirt B), he must overcome the stabilizing pitching moment rt~presented by the

dist rnce between the stick-fixed curve at point B and the horizontal axis (Cm.CG=
- .05). Now, if the elevator is free to float , the pilot will only have to overcome the

lV-20
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stabilizing pitching moment represented by the distance between the stick-free curve
and the horizontal axis (Cfl.~ G 

= - .025). The pilot must overcome the stick-free
stability with a change in elevator position from the float position to the position
for zero pitching moments at CL = 1.0. If he does not change the longitudinal trim
setting, stick-free stability will be indicated by the longitudinal control force —

required to move the elevator from its float Position to the position for zej~
qitching moment (Figure 15).

L V
~ Aa~ ~~~~L 

C1

V2
V2 <v I

Longitudinal control forces are generated by the requi rement to move tht .
elevator from its float position to the position for zero pitching moments
for V 2 airspeed. The float ang le , ó e Float , cannot be determined in
fli ght. However, the longitudinal control forc~ required to move the

• elevator from float to equilibrium is an index of elevator float , thus
it is an index of stick-free stability

FIGURE 15 -

• 
- - GENERATION OF LONGITUDINAL CONTROL FORCES — REVERSIBLE

CONTROL SYSTEM

Thus, the variation of longitudinal control forces with airspeed about a force
trim airspeed is indicative of the stick-free static longitudinal stability. This
relationship can be expressed analytically as follows:

dF5 w Ch 6 dC V
= 2k ~~~~e 6e LFREE V
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where dFs/dVe longitudinal control force variation with equivalent
airspeed about a force trim airspeed, V e -trim

K a constant dependent on gearing ratio between the
elevator and cockpit control stick , size of the
elevator, and horizontal tail efliciency factor.
(K = GSe Ce ~t~-

Ch6 
= elevator hinge moment coefficient variation with

e elevator deflect ion.

W wing loading, ratio of gross weight of the airplane to
S the total planform area of its wing.

dCmCG = stick-free stability.
dCLF ree

Cm = elevator control power.

From a study of this equation, it is obvioUs that the variation of longitudinal
control force about a trim airspeed will at least indicate whether the static
longitudinal stability of the airplane with the elevator free to float is positive,
neutral, or negative. However, this variation will not indicate the dearee of stability
unless the numerical values of Cm , W/S, K, and Ch are known. The relationship
of long itudinal control force versus airspeed in equilibrium flight about a trim
airspeed is often termed stick force stability or longitudinal control force stability. It - •

is obvious that if (dCrp~~
/dCL) F ee 0, i.e., the CG is at the stick -free neutral point,

the slope of the longitudinal control force versus airspeed curve will also be zero
(Figure 16). This fact will be used later to estimate the airplane’s stick-free neutral
point.
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- - The neutral point determined from longitudinal control force versus airspeed

plots will be the stick -free neutral point if, and only if, the longitudinal control

system incorporates no force feel “gadgetry,” such as springs or bob weights.

The neutral point determined from longitudinal control force versus airspeed

plots is often, more correctly, called the stick force neutral pointor the longitudinal

control force neutral ooint.

5..
~~PULL

CG Al LONGITU DINAL CONTROL FORCE NEUTRAL
10 - POINT

~~~ 

2~~O 235 240 245

PUSH
15 . EQUIVALENT AIRSPEED

V.
• KEAS

• FIGURE 16

CLASSICAL CG EFFECTS ON LONGITUDINAL CONTROL.
FORCE STARILITY 

-

- - Minimizing Longitudinal Control Surface “Float” in the Reversible Control System

The floating characteristics of the longitudinal control surface depend on the

magnitudes of the parameters and Ch~~
. It is important to reduce the floating

tendency of the control surface as much as possible in order to minimize the

variation in static !ongitudinal stability between the stick -fixed and stick-free cases.

This means the ratio of Ch ICj .~ should be as small as possible.c~ ~e

epi0~~ 
- 

t
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Also, C1~~ must not be too large or the longitudinal control forces will be

excessive. Methods of controlling the magnitude of the hinge moment parameters

are referred to as methods of aerodynpmicj,plancinci.

Common methods of aerodynamic balancing are shown in Figure 17. These

• methods all result in reducing the hinge moments created at the elevator hinge line

when changes in angle of attack and elevator position occur. Aerodynamic balancing

not only reduces the floating tendency but reduces longitudinal control forces

required to deflect the surface.

- - ELEVATOR
• HI

L

(A ) SET-BACK HINGE

_ _ HORN

(B) HORN BALANCE

VENT

(C) INTERNAL SEAL

lEVEL

(D) BEVELED TRAILING EDGE

FIGURE I?
METHODS OF AERODYNAMIC BALANCE 5-
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Stick-Free Static Longitudinal Stabij ity - Irreversible Control System

For airplanes equipped with irreversible longitudinal control systems, freeing

the longitudinal control surface, i.e., allowing it to respond to some flight variable,

may have profound effects on static longitudinal stability. The nature of the
• irreversible control system, however, does not allow a control surface to move

directly in response to a flight variable, in comparison to the reversible longitudinal

control which may respond directly to surface pressure distribution by floating with

or against the relative wind. The movement of the control surface in the irreversible

system must be programmed within the control system. This is accomplished by

providing sensors in the airplane to measure flight parameters, then feeding signals to

the irreversible power control cylinders to move the control surface independent of

the pilot’s actions. This artificial “float” or static stability augmentation is almost

always incorporated to attempt to correct stick-fixed static longitudinal instability.

i.e.; an unstable elevator position - airspeed relationship. The acceptability of such

a device must be determined in view of its reliability, the improvement in flying

qualities which results, and the increase in mission effectiveness which can be

realized. Generally, the use of such devices adds a marked degree of complexity to

the control system.

For illustrative purposes, the following example is presented of an irreversible

control system incorporating a device to provide artificial longitudinal control force

stability. Assume that the airplane in some flight condition exhibits the unstable

elevator position-airspeed relationship shown by the solid line of Figure 19. It is

obvious that the elevator position instability would precipitate longitudinal control

force instability for a “classical ” irreversible control system in which longitudinal

control force is a direct function of elevator position. However , devices can be

incorporated in the longitudinal control system to change the elevator position,

independent of pilot action, to an artificial “float” position as airspeed is varied

about trim. One means of providing the artificial “float” is to incorporate an
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airspeed and altitude senso r with an “ extendable link” in the longitudinal control

- 
. system. These devices , then , can program “ artificial elevator float ” as airspeed is

varied about trim - shown by the dashed line of Figure 18. Since an extendable

link in the control system is utilized , the “artificial elevator float” does not result in

cockpit control stick motion. Long itudinal contro l forces are generated by the

requiremen t for the pilot to move the elevator from the “ artificial float ” position to

• 
‘ the position required for equilibrium. As shown in Figure 18, this movement is now

in the direction which results in a positive or stable longitudinal control

force-airspeed variation about trim (Figur e 19). For a further discussion of the use

of extendable links on irreversible control system , see pages IV-49 through IV-50.

5-

.

I- 
~

ARTIFICIAL ELEVATOR “ FLOAT ”
La. CAUSED BY EXTENDABLE LINK 

— 
- — 

— —

I ___________

• ELEVATOR POSITION
4 w REQUIRED FOR AIRSPEED

V EQUILIBRIUM

AIRSPEED
- KIAS

FIGURE 18
TYPICAL MEANS OF PROVIDING ARTIFICIAL LONGITUD-

- 

INAL CONTROL FORCE STABILITY
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- TRIM AIRSPEED
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FIGURE 19

DEVICES IN THE IRREVERSIBLE CONTROL SYSTEM CAN
PROVIDE LONGITUDINAL CONTROL FORCE STABILITY EVEN
WHEN ELEVATOR POSITION INSTABILITY EXISTS

Power Effects on Static Longitudinal Stabj !jfy

The effects of engine operation on static longitudinal stability may be very

significant. Propeller power effects will be considered first; these effects may be

direct or indirect.

The direct propeller contribution arises as a result of the forces created by the

propeller itself. The components of the force created by the running propeller at

some angle to the relative wind are the thrust force, ~~ and the normal force, N~
(Figt~re 20). The generation of the thrust force is obvious. The normal force is

generated as a result of the airflow being turned more perpendicular to the propeller

disc as it passes through the disc. This effect is sometimes referred to as the

“propeller fin effect.”
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FIGURE 20

FORCES CREATED BY THE RUNNING PROPELLER

From a study of Figure 20, it may be rationalized that the effect of propeller
power on static longitudinal stability depends on the location of the propeller with
respect to the airplane center of gravity (CG). If the propeller is positioned ahead of
and below the CG, direct propeller effects are destabilizing.

The indirect propeller effects are a result of slipstream interaction with the wing
• and horizontal tail and are composed of the following major 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 tail.

4. Effect of increased slipstream dynamic pressure on the tail.

Indirect propeller effects are difficult to predict. Their contribution to static
longitudinal stability may be stabilizing or destabilizing, depending largely on
whether the lift from the horizontal tail is acting up or down.
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Direct and indirect propeller effects on static longitudinal stability are generally

significant. For “conventional” propeller airplanes (propeller ahead of CG), the
- .--  combined effects are usually destabiij~j~.g.

The effects of power on the static longitudinal stability of the jet propelled
- airplane are somewhat simpler to analyze. The turbojet unit generates three major

contributions. These are the direct thrust effect , the direct normal force effect at the
• air inlet, and the effect of the induced flow at the horizontal tail due to inflow

toward the jet exhaust.
1~

• The d~ect effects of thrust and normal force are the same as previously
• discussed for the propeller driven airplane (Figure 21). Whether the direct effects are

stabilizing or destabilizing depends entirely on the vertical and horizontal position of
the airplane center of gravity.

-

5-

- - RW 
~ —Ij ----iJ

- 
- 

- 

FIGURE 21
FORCES CREATED BY THE JET ENGINE

The indirect jet effect on static longitudinal stability is due to the jet exhaust
creating an inclined flow pattern around itself. If the horizontal tail is located in this
area of “exhaust inclined” flow, its angle of attack will be changed, thereby creating

- 
moments that influence the static longitudinal stability of the airplane. This indirect
effect, sometimes called the “entrainment effect,” is u9ially slightly destabilizing.

The total influence of direct and indirect jet effects on static longitudinal stability is
usually destabilizing.
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D Y N A M I C  L O N G I T U D I N A L  S T A B I L I T Y  AND CONTROL IN
UNACCELERATED FLIGHT

The previous discussion of longitudinal stability has been concerned only with
5-
’ ?auilibrium flight conditions. The discussion will now be expanded to study the

means by which one equilibrium flight condition is change~ito another equilibrium

flight condition. This study of dynamic longitudinal stability and control

characteristics will require the investigation of nonequilibrium longitudinal flight
conditions.

The means by which the airplane may be stabilized at various lift coefficients
• 

- and airspeeds has been previously developed. A typical response of the airplane in
• angle of attack and airspeed to a longitudinal control input through the two

longitudinal modes of motion is shown in Figure 22. The control input (nose-up in

this case) generates pitching moments which initially cause only changes in angle of

attack. This is in response of the airplane through its short period mode of

motion - airspeed is essentially constant for this response because the short time

interval does not atfow speed changes. This mode of motion affects both

maneuvering and nonmaneuvering tasks because of its bearing on the Lnilial response
5- of 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 maneuvering tasks.
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FIGURE 22
• TYPICAL AIRPLANE RESPONSE TO LONGITUDINAL CONTROL INPUT

- ., 
The long period response of the airplane occurs after the short period motion

has diminished to a near steady state condition. This typical long period motion is

seen to be a second order response composed of airspeed variations at an essentI&i~
‘cO’~istant angle of attack. Of course, altitude and attitude will vary .

In normal flying of the airplane, the pilot would not allow the long period

motion to cause the airspeed oscillation presented in Figure 22. If the pilot desired

to restabilize at 260 KIAS, he would apply a small longitudinal co,itrol input to

suppress the long period motion at about 10 seconds. However, it should now be

apparent that the long period or “phugoid”1 mode of motion is utilized by the pilot

to make airspeed changes. Since a great deal of the pilot’s effort during
- - nonmaneuvering tasks will be directed toward making airspeed changes in level

flight, the pilot will devote much of his attention during these tasks to controlling

the long period mode of motion.

1The long period mode of motion was first described and named by F. W.

Lanchester. Phugoid is from the Greek root for 
~~~~~~~~ 

It is believed Lanchester really

wanted the Greek root for fl~.
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The remainder of this discussion will be directed toward describing the origin,
characteristics , and parameters affecting the long period mode of motion.

Origin of the Phuooid Mode of Longitudinal Motion

Without derivation, which can be found in appropriate literature, the
determinant of the transformed longitudinal characteristic equation of motion for
“ small” disturb ances may be written as shown in Figu re 23.
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Drag S . D  D - g  &Characteristics U a

Lift L/ u S + L / ~ - s
Characteristics U a 0

Pitching Moments M - M~S - M S2 - M~S
Characteristics

Terms Generated By Term1 Generated By
changes In Horizontal Velocity Changes In Pit ch Attitude

Term s Genera ted By
Changes in Ang le Of Attack

S = Laplace Operator.

g = acceleration due to gravity.

u = horizontal  velocity (U
0 initial horizontal veloc ’ty) .

= 
) DJ) U . change in drag with change in horizontal velocity

d ivided b y the mass of the airplane.

P0 is = change in drag w ith change in angle of attack
divided by the mass of the ai rplane.

L , a L , ~ u cha nge in l if t  with change in horizontal velocity
• ii divided by the mass of the airplane.

L • 
a L/~ a 

= change in l i f t  with change in angle of attack
a is divided by the mass of the airplane .

t4 = ______ = change in pitching moment with horizontal velocityU yy divided by the moment of inertia in pitch , a
speed stabilit y term .

N ~~~~~~~~~~ = change in pitching moment with ang le of attack
a 1yy divided by the moment of inertia in pitch , an

angle of attack stability term .

N • 
a Mfa a 

= change in p itching moment with rate of change of6 yy ang le of attack divided by the moment of inertia
in pitch , a ’tlownwash lag” term .

/~ 0 
- change in pitching mo.ent with rate of change of pitcn

yy divided by the moment of in.rtia in pit ch , a pitchrate damping term .
FIGURE 23

THE LONGITUDIMAL DETERMINANT
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Before proceeding, a few comments are in order concerning angle of attack

stability and speed stability. These terms will be used extensively in discussions of
longitudinal dynamics. Angle of attack stability may be expressed in coefficient

kim ~ ~C~./3aor ~~~~ i.e., the than~~in pitching moment coeFficient with change in

angle of attack at a constant speed. Angle of attack stability normally carries a

negative sign; i.e., positive increase in cL(nose-up) generates a negative (nose-down)

pitching moment. Under restricted conditions (power .off gliding flight at a low

Mach number) where CL isa unique function of a, angle of attack stability can be

5- 

related directly to the familiar static stability criteria dCm/dCL aS follows:

(IC /dC L

5- 
Thus, for these conditions, static longitudinal stability (dCm/dCL< ~ guarantees

angle of attack stability (~~~ ~~~~~~~~~~ a < 0).

• Speed stability may be expressed in coefficient form as or Cmu; i.e., the

change in pitching moment coefficient with change in horizontal velocity ~~~

5- 

constant angle of attack. The Cmu term is normally very small for the moderate and
• low subsonic Mach numbers. In the high subsonic regime, c

~ u is normally negative

and in many instances large enough to make the airplane statically unstable.

The solutions of the longitudinal determinant will provide useful information

ab -,ut the longitudinal modes of motion. The classic long period or “phugoid”

approximation is of concern at present. In order to make this approximation, several

assumptions must be made. These assumptions, based on flight experience and

logical reasoning, are as follows:
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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 pitching moments

generated by pitch rates, pitch accelerations, and velocity changes. This

implies M.d is quite small and that the frequency of the phugoiri is quite

low.

2. The previous argument justifies the assumption that the angle of attack is a

constant during the phugoid oscillation.

3. The assumption that little compressibility effects occur enhances the

approximation.

If the above assumptions are valid , the lift and drag portions of the longitudinal

determinant are the controlling factors for the long period motion. The classic long

1 
- period approximation or “phugoid minor” may then be written as follows:

5- 

5
~~~~

’
~U g

L / u 0 - S

Solving the determinant yields the following second order characteristic

equation:

S2 + D ~S + g L / u O

(V.35
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Therefore, the undamoed natural freauency and damping ralio of the phugoid

mode of motion may be developed1 as follows:

= und amped phugoid frequency IT ~~
—

p 0

i C
D

= phugoid damp ing ra t io = —

For a lightly damped oscillation, the damned natural freauencv is

approximately equal to the undamoed natural frepuQn~y, so: -

= damped natural frequency Ii

The period of the long period motion is thus approximatec’ by:

(sec) = .138 u0 (where is in feet per sec. )

- :~ 
Thus, the period of the phugoid is seen to be a function of horizontal velocity

5- (u 0) or airspeed (V ), about which the motion oscillates. This ia a reasonable

approximation for the phugoid period. It is readily seen that the period of the -‘

phu~oid motion is very long.

The damping ratio of the phugoid motion may be approximated by the

following relationship:

.707
~p t7U

1Several 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. However, it does point out that phuooid

damping varies inversely with the ratio LID. The phugoid mode of motion, if

-‘ . allowed to persist, therefore exhibits a prolonged oscillation that damps very slowly.

Characteristics of the Phugoid Mode 
-

Additional insight into the long period or “phugoid” mode of motion may be

gained by studying the flight path of an airplane during a phugoid motion which is

allowed to persist. The actual motion involves alternate climbing and diving and

airspeed variations between an excess at the bottom of a cycle and a deficiency at
• the top. During these oscillations, the airplane trades kinetic for potential energy

and vice versa corresponding to airspeed and altitude variations. To an observer

with a stationary viewing point, the airplane motion during a longitudinal phugoid

would appear as shown in Figure 24.

-

.

5-

: 

2i

AIRSPEED OE~REASlNG- ø~~~ A~ SPEED INCREASW4G —.

HORIZONTAL DISTANCE’-’ THOUSAND FEET

• 
• FIGURE 24

TYPICAL PHUGOID FLIGHT PATH ( STATIONARY VIEWING POIN 1) 5-
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• If the observer were flying alongside at constant airspeed, the airplane long

period motion would appear as in Figure 25.

‘5-

• 7 5-, ~.f ‘-... ~~~~~~
- IF OSCILL*TION EXHIBiTS ZERO

.1 / ‘ DAMPING, PATH OF MOTION
/ 
,
,,~ 

= WILL BE ELLIPTICAL

OBSERVER’S POSITION

• IF OSCILLATION IS DAMPED. PATH OF
MOTION WILL BE A SPIRAL TOWARD

5- THE CENTER

FIGURE 25

TYPICAL PHUGOID MOTION (MOVING VIEWING POINT)

From the moving viewing point, the airplane will appear 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 deficiency of ~‘irspee’J on the upswing

results in less lift. These variations in lift result in net downward forces at the top of

the oscillation and net upward forces at the bottom. These forces may be thought of

as the effective spring cgnstant in the system.

Drag forces vary also as the airplane oscillates in the long period motion. At the

top of the cycle, where airspeed is reduced, drag is reduced. This results in a net

forward force. Conversely, a net backward force is generated by the increase in drag

at the bottom of the cycle. It is easily seen that these changes 
~t~jag would tend to

damp the forward and backward components of motion. This would cause the[ elliptical path to degenerate into a spiral path toward the center opposite the

observer ’s position (Figure 25).

I
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Additional Parameters Affecting the Ph~g~id Mode of Motion

The discussion of longitudinal long period motion to this point has included no
consideration of varying CG, angle of attack stability (Ma), or speed stability (Mu)

or the effects of power. The effect of varying these parameters will now be shown
by utilization of the convenient root locus plots. The “classic ” phugoid roots with
the characteristics previously developed are shown in Figure 26. The “classic ” short
period roots are shown for completeness; however , the main concern here is the long
period motion.

The long period mode of Figure 26 is typically stable , oscillatory, and lightly

-: damped. The CG is somewhere forward of the stick-fixed neutral point. (Note: The
stick-free case could be used; however , the influence of the free elevator on phugoid
characteristics is usually negligible. The stick-fixed case was chosen arbitrarily for
this discussion.) 

IMAGINARY
x AXI S

SHORT PERIOD
R OOTS

________________________________ _______ REAL AXIS

‘
~~~LONG PERIOD

ROOTS -:

X

FiGURE 26
COMPLEX PLANE REPRESENTATION OF CLASSIC PHUGOID

AND SHORT PERIOD MODES OF MOTION
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Now, if the CG is moved progressively further aft toward the neutral point, ~~
-
, 

frequency of the phugoid mode decreases (oeriod becomes longer) and the damDinQ
remains essentially constant (Figure 27).

IMAGINARY
AXIS

t

FIGURE 27
• 

5- 

EFFECT OF AFT CG MOVEMENT ON PHUGOID
MODE

5- 

If the CG is moved far enough aft , the oscillatory phu~oid mode degenerates

into a pair of aoeriodic modes represented by the branches AB and AC of Figure 28.
- : The CG position at which the phugoici becomes aperiodic (Point A) is generally just

sli ghtly 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 axis representing a

- divergence mode - i.e., the airplane is statically unstable when the CG is aft of the

neutral point. This situation is easy to visualize any change of airspeed from a
trimmed condition for a statically unstable airplane results in a further pure

- divergence in airspeed.
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4 -

• - 
IMAGINARY

- 
AXI S

I 
_ _ _-1 ____REAL

I 1 0  AXIS

• A

FIGURE 28
DEGENERATION OF PHUGO D MODE INTO APERIODIC

- 

-

- 

- MODES

if the CO is moved further aft past the neutrai point, the branches of the
-

. 
phugoid mode and short period mode meet. At this point, a new oscillatpry mode

arises corresponding to the branches DE and DF of Figure 29. This is a stable
5- oscillation whose damping and period both lie somewhere between those of the

short period and phugoid. This mode of motion is of academic interest only since

this far aft CG position is seldom encountered due to the strong static instability

which would exist.
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IMAGINARY
A X I S

I 

£ 

______I p Dt 4 AXIS

FIGURE 29

GENERATION OF THE “ THIRD LONGITUDINAL OSCILLATORY
MODE”

The effect of vary ing angle of attack stability, Ma. can he studiec~ by first
- 

• assuming the M
~ is zero, then allowing Ma to increase negatively from zero. (This is

the normal sign of Ma, since, for stability, positive (nose-up) increases in angle of
- ; attack must generate negative (nose-down) pitching moments.) The effect of

- 

- increasing angle of attack stability is shown in Figure 30, and is seen to be exactly
the same effect as moving the CG forward from the stick .fixed neutral point.
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I-
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REAL.

‘ AXIS

• 
- 

-

FIGURE 30
EFFECT OF INCREASING ANGLE OFATTACI<

STABILITY, Ma
The influence of changing speed stability, Mu on long period characteristics is

mainly to change the frequency (or period) of--the motion. If the roots are initially

positioned according to the “classic approximation,” and M
~ 

is reduced (decreasing

speed stability), the effect will be shown in Figure 31. If the product MuLa becomes

greater than MaLu, a branch of the long period mode crosses the imaginary axis and

the motion becomes a nonoscillatory pure divergence. This phenomenon is easy to

- visualize - an increase in airspeed would generate nose-down pitching moments. The

airplane possessing speed instability may be difficult to fly. This depends on the rate

of divergence. Speed instability is quite often encountered in the transonic flight

- regime.
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F$GURE 3I

INFLUENCE OF REDUCING SPEED STABILI.TY,
- 

- 

M~

If the roots are again initially positioned according to the “classic

• approximation” and Mu is increased positively, the effect may be as shown in Figure

32. If Mu is increased positively a sufficient amount, and if Ma is not too large, the

long period motion may become an oscillatory divergence. If the motion is very

divergent, flying qualities may be seriously derogated, although usually not as much

as the condition of nonoscillatory pure divergence.
IMAGINARY

AXIS

$

. ___________________________ _____
REAL

- AXIS

H 

-

• F’GURE 32
POSSIBLE EFFECT OF INCREASING SPEED

STABILITY, M
~
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For the propeller driven airplane, engine operation may have a large effect on

— damping of the long period motion. For a constant brake horsepower, thrust

increases at decreased airspeed adding a net forward force at the top of the cycle and —

vice versa. This phenomenon increases the damping of the phugoid oscillation. Jet
- 

engine operation has negligible influence on phugoid characteristics.

LONGITUDINAL CONTROL SYSTEM INFLUENCE ON LONGITUDINAL
- -‘ FLYING QUALITIES DURING NONMANEUVERING TASKS

Longitudinal control system design will have a profound effect on longitudinal

• flying qualities during nonmaneuveririg tasks. A thorough understanding of the

- 

-

. effects of control system “gadgetry” on longitudinal flying qualities is essential for

.the flight test engineer and test pilot.

Gadgetry Used ~n Both Reversible and Irreversible Longitudinal Control Systems

The simøle spring is often used to provide a steeper gradient of longitudinal

control force versus airspeed and to prnvide good control stick centering. A simple - 
-

- - spring arrangement and its effect on longitudinal control force stability is shown in

Figure 33. 
-

PULL 
W I T HO UT  s IMPLE SPRING

(SPRj
T~~~~ T)~~~~~~~~~~~~~~~~~~~~~~~~~~~

4

~

- PUSH EQUIVALENT AIRSPEED , KEAS

FIGURE 33
SIMPLE SPRING ARRANGEMENT AND INFLUENCE ON
STATIC LONGITUDINAL STABILITY CHARACTERISTICS
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The øreloaded downwrin~ arrangement has a similar effect on longitudinal control

forces as can be seen from Figure 34. When utilized in a reversible control system,

the downspring has a tendency to “drive” the long period or phugoid motion

- -‘ divergent with controls free.

PULL.
- 

-

- • ~~~ç(PUL&. ) WITHOUT PR(-L~~O~~ OOWNS~~INS

I 
f

~~~~~~~ CONST •

TO (L(~~T~~

. PU$H EQUIVALENT AWS~ ED, KEAS

FIGURE 34
PRE- LOADED DOWNSPRING ARRANGEMENT AND INFLUENCE ON

STATIC LONGI11JDINAL STABLITY CHARACTERISTiCS

This is due to the steady unbalancirig force which is always appiled to the

- longitudinal ~control system. This unbalancing fo rce is “trimmed out” by the pilot at

- :‘ the control force trim speed; however, the force becomes a factor as airspeed varies

in the long period oscillation and may precipitate elevator inputs sufficient to

destabilize the oscillation.

Although the bob weight is normally used to influence maneuvering

characteristics, it has some effect on longitudinal control force stability as shown in

Figure 35.
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- 

(
~~LL) 

PULL 
~~~~~~ POSIThfE BOB W EIGHT

PO~ TIVE eOSwE

~~~~~~~~~~:~~~~~
r::::HT 

g

EOUVALENT AIRSPEED, KEAS

:—
~~

- FIGURE 35
BOBWEIGHT ARRANGEMENT AND INFUJENCE ON STATIC LONGITUDINAL

STABUTY CHARACTERISTICS 
—

Gad~etrv Used Only In Reversible Longjtudinal Control Systej~

The k!p~~~~
gj

~ .. may be used to increase the gradient of longitudinal control
force versus airspeed. As shown in Figure 36, the blow-down tab remains “on the

stop” until the airpla~e
\ 

has accelerated to a speed where the spring force is

overcome. This speed must be slower than take-off speed or the pilot will be
confronted with serious longitudinal control force nonlinearities at flying airspeeds.

WPULL îAØ COMES OFF STOP
• 

)-.. WITH ALOW -DOWN TAB

O C K  

£LEVA T~~ 

BLOW—DOWN TAB 

~~~

PUSH EQUIVALENT AIRSPEED ‘\

FIGURE 36
BLOW-DOW N TAB ARRANGEMENT AND EFFECT
ON STATIC LONGITUDINAL STABILI TY CHARACTERISTICS
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Another means of modifying longitudinal stability and control characteristcs is

- - through the use of lacXling and leading tal.~ These arrangements have a dual effect in
that they modify elevator float characteristics as well as changing longitudinal
control force requirements (Figure 37).

TO COCA PVIJACK SflcK LEAD4NS ARRANSEMENT

_#_ EL.EVATQR PULl BASIC ELEVATOR

~~~ LEAOING TAB ADDED
-

~~~~~~~~~~~ ~~~~~~~~ ~~ e 
_

U LAa BING TM AD~ NO ~ ~~~ Z~ -~~ ‘4
LA SINS ARRAJISEMENT trim ‘..

PUSH EQUIVALENT SPEED, KEAS ~
‘

LEAaNS TAl A~~ ANIEMENT : INCREASES d ,/dMi , REDUCES 5e 
N

FLOAT
LABSINS TAB ANRANSEMENT : DECREASES INCREASES

FLOAT

FIGURE 37
LEADING AND LAGGING TABS

The longitudinal servo tab 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 38). By use of the servo tab, longitudinal control forces required of the pilot

are very greatly reduced.

PULL

WITHOUT SERVO TAB

~RU TO ROTATE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

EOtNVA iINT AIRSPEED, I~~AS
TO COCKPIT

FIGURE 38
LONGITUDINAL SERVO TAB ARRANGEMENT
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Another arrangement used to modify longitudinal stability and control

• characteristics i~ the preloaded spring tab, 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 39).
5-’
: 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.

FREE TO NOTATE 
PULL

1 WITHOUT SERVO ACTI~~ IX .~~ )
- L  I I I $

PRSLORD~~ SPRINGS g s-PRELOAD-.4

- - FIGURE 39
PRE-LOADED SPRING TAB ARRANGEMENT

Gad~etrv Used Only In Irreversible Loji~itudinal Control Systems

Fully irreversible longitudinal control systems generally incorporate simple

springs, bob weights, and viscous dampers to provide the pilot with longitudinal

control “feel.” In addition, other control system gadgetry may be utilized to

improve longitudinal stability and control characteristics. Some of these

arrangements are discussed below.

The exteridable link may he utilized to provide longitudinal control force

stability even though the airplane exhibits elevator position instability. A typical

extendable link arrangement is shown in Figure 40.
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____________ ~~~~~ ~ —_4—-----

SI~Pt.E SPRINGS I
- 1~~i~~~

-

~~~~ I- 

—
~~~~1

POSITIVE BOSWEIr,HT ..~~~ \VISCOUS DAMPEN

- —. EXTERSAULE LINK SERVO- MECNAIus~

~~~ *~ ELL’~VATOR

S~G$Ai. TO EXTENDABLE UNK
lAMSPE EO a* ~s.L SENSOR

FIGURE 40
IRREVERSIBLE LONGITUDINAL CONTROL SYSTEM WITH

EXTEMiABLE L[NK

The extendable link mechanism may be used to program an artificial “float”
into the longitudinal control system as airspeed is varied about trim (Figure 41).

Since the pilot moves the elevator from the “float” position to the position required

for equilibrium, longitudinal control forces are in the correct direction.

I 
-

i flu PIA.•I
RIRPLANE EXHIBITS PILOT ACTION ~ELEVATOR PORTION INSTAINLITY

ARTIFICIAL NFLDAT N INTROOUCED
0 WITh EXTENOAALE UNK

TED AIRSPEED, KIAS PUSH AIRSPEED KIAS

. FIGURE 41
EXTENDABLE LINK CAN PROVIDE ARTIFICIAL CONTROL FORCE STABILITY
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- Other devices sometimes used in irreversible longitudinal control systems are

the mechanical advantage charu*r and the “g. - bellpws’~ Both these devices are

used to cope with poor basic airplane characteristics, such as neutral or negative

elevator position gradients or nonlinearities in relationship of elevator position with

airspeed about trim. One of the characteristics usually generated by the action of

both these devices is cockpit stick motion. However, this motion is usually so slight

that it is not objectionable and usually is not noticeable. Certain types of

“q - bellows” systems have demonstrated a propensity toward failure through

atmospheric icing.
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TEST PROCEDURES AND TECHNIQUES

NONMANEUVE RING TASKS

ti
P R E F LIGHT PROCEDURES

A rigorous investigation of longitudinal flying qualities during nonmaneuvering

tasks must begin with thorough preflight planning. The purpose and scope of the

investigation must be clearly defined, then a plan of attack or method of test can be

formulated.

Preflight planning must start with research. This includes a study of the airplane

and a thorough study of the longitudinal control system - including stability and

control augmentation if installed. All available information on longitudinal stability

and control characteristics should be reviewed. Much useful information can be

gained by conferences with pilots and engineers familiar with the airplane.

The particular nonmaneuvering tasks to be investigated must be determined and
- - 

• clearly understood by the flight test team. These tasks, of course, depend on the

mission of the airplane. It is particularly important during the investigation of

nonmaneuvering tasks to determine if these tas Ks will he performed in instrument

flight ( IFR) conditions or merely visual flight (VFR) conditions in operational use.

• Certain undesirable characteristics can be accepted for VFR missions, but are not

acceptable for IFR missions.

- - - 4

The test conditions - configuration, altitude, center of gravity, trim airspeeds,

and gross weight - must be determined. Test conditions should be commensurate

with the mission environmenj of the airplane. Center of gravity position is extremely

critical for longitudinal stability tests. If flight test time permits, tests at the most aft

and most forward operational CG positions should be performed after adequate

IV.52
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build up. If flight test time is limited, tests should be performed at the most aft

operational CG position (aft critical loading). Note: If the test prcgram is aimed at
determining forward and aft CG limits for operational use, appropriate CG limits

will be promulgated or recommended by the test activity or higher authority .

The amount and sophistication of instrumentation wilt depend on the purpose

and scope of the evaluation. A good, meaningful qualitative investigation can be

performed with only production cockpit instruments and portable

instrumentation - hand-held force gauge, stopwatch, and tape measure. Automat ic

recording devices, such 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 stabilization for equilibrium test

points.

The final step in preflight planning is the preparation of pilot riata car-as. An

example of a longitudinal stability and control data card for the investigation of

nonmaneuvering tasks is shown in Figure 42. Many test pilots desire to modify data

cards to their own requirements or construct data cards for each test. At any rate,

the data cards should list all quantitative information desired and should be easy to

interpret in flight. Blank cards should be utilized for appropriate qualitative pilot

comments .
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• LONGIT UDINA L S TA B ILI TY AND CON T ROL RECORD fCARO NUMBIR
• NON -~ AN(U V ERI N G TASA S

AIRPLAN E rVPE PILOT PTI-IIS

IJRLW N(J41ER TO~ GROSS WEIGM I J1i~~L

T.O. CG
GEAR OO~~ ..._ IMA C GEAR UP ~~AC T~O. TIME —. LAND T IME

• EXTE RNAL LOADING CONFIGURATION

TR IM AI R SPEED MACH _ .__.IPO WER ALT. _~~~~~UNG, TRIM __________

,rAKOU £ L CON TROL SYSTEM HECHAN I AL CMARACT ERIST IC5 I FR(EPLAY
a _ _ _ _ _ _ _ _ _ _ _ _ _

CONTROL SYSTEM OSCILLATION S C E N T E R I N G
a 

_ _ _ _ _ _ _ _ _ _ _J_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _

AIRSPEED. Vo T_ STATIC LONGIT UDI 1. STABIL ITY  
—

~~~~~~ 

— 
PATE OF CLIM B

LONG . CONT R OL FORCE LLEVATOR POS ITION S.
MACH NO~ MA CM STICK PO5IT ION~~~~ 

R ATE OF DESCENT
TRIM
Fua — - — ________________— _________________

TR IM flJEL_ 
— 

ACC E LERATION — DECELERATION MAX _  MIN _________

~~~~ DYNAMIC LOUGITUI .NAI. STAJILITY

SLOW START PHUGOI D FUEL ___________ FAST START PHUGOID FUEL ____________

ELAPSED TI ME , SEC AIRSP EED. Vo ELAPSED TIME, SEC AIRSPEED, Vo
0 0

TRI M TRIM

I~~~
. —______ 

. 
— ________

• T R I M  TRIM 
-

TRIM TRIM

• 

— 
TRI M TRIM

ELEVATO R FLOAT DURING PMUGOID 
- ___________

EASE OF TRI M TOL________ TR IMAA IILI1’v I TRIM RATE
F. 0 TRIM S E N S I T I V I T Y

LON G TE RN TRIM HOLDING TRIM SPEED RAN D LOCATION OF TRIM DEVICE

FIGURE 42

LONGITUDINAL STABILIT\ AND CONTROL RECORD FOR
NON—MANEUVERING TAS~

1V -54

~~~~ — _ _ _ _ _ _  _ _ _  -



FLIGHT TEST TEC i~iNJQUES

The Qualitative Phase of the Evaluation

Longitudinal stability and control characteristics must be evaluated in relation
I’ to their influence on various nonmaneuvering rni~sion tasks. Therefore, the test pilot

must devote a portion of the evaluation to øerformin~ or simulating the
nonmaneuvering tasks which have been selected. While performing these tasks, the

test pilot gains the essential qualitative opinion of the longitudinal flying qualities
and should assign handling qualities ratings. Without recording a single item of data,
the test pilot should be able to form a good opinion of the mission effectiveness of
the airplane, at least for the particular task being evaluated. This opinion will be
based on the amount of attention and effo rt the pilot must devote to “just flying
the airplane.” Due consideration must be given during this phase of the test to the
following factors :

1. Whether the mission task will be performed in VFR and IFR weather, or

strictly in VFR conditions.

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

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

The test pilot’s qualitative opinion of the airplane’s longitudinal flying qualities
in relation to the selected mission task is the most important information 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 characteristics which make the

airplane easy or hard to fly even before proceeding to the quantitative phase of the

testing. Use of the quantitative test techniques to be discussed below hopefully

al’ows the test pilot to substantiate his qualitative opinion.
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• Measurement of tIle Mechanical Characteristics of the Longitudinal Control System

Mechanical characteristics of the longitudinal flight control system have a major

influence on longitudinal flying qualities. The mechanical characteristics to be

evaluated are def ined as follows:

1. Breakout forces including friction: The longitudinal cockpit control force
from the trim position required to initiate movement of the longitudinal

contro l surface.

2. Friction: Forces in the longitudinal control system resisting the pilot’s
- 

. effort to change the control position.

3. Freeplay: The longitudinal cockpit control motion from the trim position

that does not initiate movement of the longitudinal control surface.

4. Centering: The ability of the longitudinal cockpit control and the

longitudinal control surface to return to and maintain the original trimmed

position when released from any other position.

5. Control System Oscillations: Oscillations in the longitudinal control

system (elevator and cockpit control stick) resulting from external or

internal qisturbances .

Breakout Forces. Including Friction. Friction in the longitudinal control

system is unavoidable , however, it should be kept as low as possible. The effect of
friction (without breakout) on longitudinal flying qualities can he rationalized by a

study of Figure 43. The true variation of longitudinal control force versus airsneed is

represented by the solid line and the superimposed friction is represented by the
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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 characteristics would be as follows:

1. Poor longitudinal control “feel” about trim in that the friction masks the
longitudinal control force stability from 150 to 190 KIAS.

2. Poor trimmability in that the airplane will stabilize at any speed from 150

to 190 KIAS w ith the same longitudinal trim setting. This band of airspeed

is called the “trim søeed band.”

By judiciously adding some ~~ akout force to the longitudinal control system .

the derogating effects of friction in the control system may be eliminated. This

effect may be rationalized by a study of Figure 44, which is the same plot as Figure

43 except for the addition of a breakout force and is a typical plot of longitudinal

control fo rce variation with airspeed for a real airplane. In this case, the additon of a

breakout force equal to the friction force reduces the poor control “feel” about tr im

and reduces the trim speed band to zero. There are other advantages to having some

breakout in the longitudinal control system. Breakout forces allow the pilot to rest

his hand on the control stick without introducing inadvertent longitudinal control

inputs.
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LONGITUDINAL CONTROL
FORCE STAIILITY MASKED

PULL Y FRICTION

~~~ 5’
• p~~~ AIRSPEED, KIAS

FIGURE 43
LONGIrUDINAL CONTROL FRICTION MASKING CONTROL

FORCE STABILITY

-‘ 10 RI TION.± I.5L~~

BREAKOUT , INCLImINS FRICTlOWp~~ ~~~~

TRIM
10 AIRSPEED, KIAS

FIGURE 44
ADI)TION OF BREAKOUT FORCE TO THE LONGITUDINAL

CONTROL SYSTEM
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However, breakout forces must not be excessive or ‘ongitudinal flying qualities

will again be derogated. For example, breakout forces must be suitably matched to
the longitudinal control force stability. A combination of high breakout and very
shallow longitudinal control force variation with airspeed (Figure 45) results in a

noticeable control force nonlinearity about trim airspeed. This results 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. This is

because the pilot has difficulty in determining when his applied stick force is equal

to the breakout force (a criteria for trim) f the breakout is large.
V.

g ~io 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

BREAKOUT, INCLUDING FRICTION: ~6.5LB

~~~~~~~~~~~~~~~L90~~~~~~~~~°

0 AIRSPEED, KIAS

FfGURE 45
POOR MATCHING OF STATIC LONGITUDINAL STABILITY

AND BREAKOUT FORCES

In genera l, friction should he as small as possible in the longitudinal control

system; some breakout is generally beneficial , but too much results in undesirable

characteristics. Breakout forces, including friction may vary with atmospheric

conditions, such as temperature and humidity, as well as trim conditions, such as

longitudinal stick position. However , this variance is usually very small. For the

irreversible longitudinal control system, breakout forces, including friction, usually

do not vary from static condition (on the ground) through the airplane’s entire flight

envelope.
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It should be obvious from studying Figures 44 and 45 that j~reakout force can

never be measured alone, unless there is zero friction force. Therefore , breakout
forces , including friction,are measured at the trim airspeed of the test, and friction

alone is measured at stabilized airspeeds above or below trim airspeed. Breakout

forces, including fr iction, are measured in flight with the hand-held force gauge by

carefully stabilizing at the trim airspeed, then applying slow and smooth forward

and aft longitudinal control forces in turn until movement of the elevator is

detected. Movement of the elevator can be detected by visually observing elevator

movement, use of an elevator position indicator, or by observing airp lane pitch

~~jtude changes. If the latter method must be used, extremely slow and smooth

C control force inputs should be made in small increments until pitch attitude
response is noted. Caution must be exercised because the airplane will require a
finite time interval to respond in pitch attitude to the elevator movement. This

becomes particularly critical in large, slow responding, transport and patrol

airplanes; therefore, for such airplanes , incremental force increases of approximately

1/2 ~iound are recommended. If automatic recording devices are utilized , breakout

forces, including friction may be measured from the recording traces as shown in

Figure 46. The longitudinal force inputs should be faster when using automatic

recording devices in order that the trace “breakaways” from the trimmed condition

will be easily identified. 
-

• I J
~~, •ELE~~T0R POSIT~~N TR~~E — ~

—-- — --—— . —- r - ~ ’TR~~ URIM~~~YS

— :7-— —

C LASS TUDINAL CO~I1’R0L FORCE
’ mAd ~~~~~~~~~~~~~~~~~~~

— I I I 1 I I f’ RICTION
O 0.5 (.0

TIME, TENThS OF SECONDS

FIGURE 46
USE OF AUTOMATIC RECORDING TRACE FOR
DETERMINATION OF LONGITUDINAL BREAKOUT

FORCES, INCLUDING FRCTION
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Fr iction forces may be measured by stabilizing at airspeeds above or below trim

airspeed (outs ide of the influence of breakout). After stabilizing at an airspeed above

or below trim , the pilot slowly varies stick force until he observes elevator

movement or a irplane pitch attitude change. Longitudinal friction will he measured

as the difference between maximum and minimum longitudinal control forces

• required to maintain the stabilized airspeed (see Figures 44 and 45).

Breakout , including friction, may he measured on the ground for airplanes

equipped w ith irreversible longitudinal control systems where longitudinal control

force is merely a function of longitudinal control deflection. However, ground

measurements should be checked with an in-flight measurement . It is obvious that

• in-flight measurement at various airspeeds is the only means of accurately

determ ining these characteristics for the reversible .ç~qflol_svste~~. 
-
~

Freeplay. Freeplay in the longitudinal control system should be as small as

possible. Excessive freeplay will cause difficulty in performing precise maneuvers

such as level accelerations or deceleratioris and tracking. The pilot will generally

resort to flying the airplane “out of trim” during prec ise maneuvers to avoid the

necessity to continually move the longitudinal control stick through excessive

freep lay. Freeplay, expressed in inches or degrees of longitudinal cockpit control

movemen t, is measured in flight at the trim airspeed much the same as breakout ,

• including friction, was measured. Ground measurements may also be made for

irreversible control systems.

Centering. The longitudinal control system should exhibit positive centering in

f light at any stabilized trim airspeed. Poor centering generally results in

objectionable tracking characteristics or large departures in airspeed without

constant pilot attention to the control of the airplane. Centering is qualitatively
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evaluated 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 hetwedn the trim position and
* - the position attained after release may be made with automatic recording ~evices or

hand-held cockpit instruments, such as a tape measure. Irreversible control system

centering characteristics may be evaluated on the ground.

Control System Oscillations. Oscillations in the elevator control surface and the

entire lon gitudinal control system, ini tiated by either external perturbations or pilot

action, should be well-damped or deadbe~~. Lightly damped or undamped motion

can result in annoying and dangerous oscillations in normal acceleration , particularly

during fli ght in turbulent air. Damping of the control system is measure’J in flight by

abruptly deflecting and releasing the longitudinal cockpit control (sometimes called

• a “rap” input) and observing the resulting motion in the control surface and/or the

cockpit control stick. Use of automatic recording devices or a cockpit mounter’
elevator position indicator aids in data acquisition. If these are not available, the test

pilot must resort to observing the motion of the cockpit control stick. It must he

remembered, however , that motion of the control stick may or may not be the same

as motion of the elevator, depending on the amount of freeplay in the longitudinal

control system . Irreversible contro l system oscillation characteristics may be

checked on the ground; however , these characteristics should be evaluated in flight

to insure there is no coupling between airplane motion and control system

dynamics.

Measurement of Longitudinal Control Force Stability. Elevator Position Stability,

and Flight Path Stability

It should be apparent that some degree of longitudinal control force and

elevator position stability is desirable. These static longitudinal stability

characteristics contribute to good longitudinal trimmability and maintenance of the
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trimmed condition. In addition, the longitudinal cockpit control forces and motions

required in changing flight conditions are simple and natural if ongitudinal control

force and elevator position stability are present. However , if too much stability is

present, the airplane may be very difficult to control in that large longitudinal

contro l forces and position changes may be required to change airspeed in

unaccelerated fl ight. The degree of longitudinal control force and elevator position

stability which is desirable or acceptable in any airplane depends on the mission of

the airplane and the multitude of pilot tasks required to accomplish that mission.

However, it can be rationalized that for the nonmaneuvering tasks under evaluation,
c some degree of static longitudinal stability is desirable for pleasant longitudinal

fly ing qualities. In addition, plots of longitudinal control force and elevator position

• versus airspeed should be smooth and their local gradients stable within a reason~~le

airspeed band about trim airspeed.

It is desirable that when the pilot changes airspeed by use of the elevator

contro l alone, increases in airspeed are accompanied by decreases in flight path angle

(i) and decreases in airspeed are accompanied by increases in flight path angle. This

characterist ic is referred to as flight path stabiIitv~ and is really a performance

characteristic; i.e., it is dependent on whether the airplane is operating on the “front

side,” “back side,”or “flat portion” of the power required curve. However , it may

have a major infl uence on pilot workload, par~icularly in approach configuration

where “back side” or “flat portion” operation may require continuous throttle and

longitudinal control inputs to maintain desired airspeed and rate of descent. Flight

path stability may be conveniently measured during static longitudinal stability tests

by noting rate of climb or rate of descent at each test point. A plot of change in rate

of climb or descent versus airspeed indicates flight path stability or instability

(Figure 47).
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FIGURE 47
MEANS OF PR ESENTING FLIG HT PATH STABILITY DATA

In analyzing f light path stability in the landing approach phase, a plot of

flight-path angle versus true airspeed is used to determine spec ification compliance.

The requirement is that the flight-path angle versus true-airspeed curve shall have a

local slope at the minimum operat ional approach speed (V omin ) wh ich is negative or

less positive than:

a. Level 1 - 0.06 degrees/knot

b. Level 2 - 0.15 degrees/knot

c. Level 3 - 0.24 degrees/knot.
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The thrust setting shall be that required for the normal approach glide path at

V omin~ 
The slope of the flight~path angle versus airspeed curve at 5 knots slower

than Vomin shall not be more than 0.05 degreas per knot more positive than the

slope at Vomin~ 
as illustrated b’y Figure 48.
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FIGURE 48
FLI GHT PATH STABIL ITY  DATA IN CONFI GURAT ION PA

Several methods have been utilized for obtaining static longitudinal stability

data in f light. Three will be presented here. The first method is called the stabilized

point technique. It involves measuring data at a constant power setting and constant

tr im setting while varying airspeed about trim by varying altitude (or rate of climb

or descent) w ith elevator position. The technique is performed as follows:
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• 1. Stabilize and trim carefully in the desired configuration at the desired
flight condition. If using automatic recording devices, a “trim shot ” should

be taken. Record appropr -te data such as power, longitudinal trim settinq,
elevator or stick position, and ftiel quantity. If a true airspeed indicator is
not installed in the test airplane, OAT should be noted to determine true
airspeed.

2. Without changing power or trim settings, vary airspeed 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 speed or ± 50
KEAS whichever is less (except , of course, where limited by the service
flight envelope). For power approach or land configuration, the range of

• airspeeds should extend to the stall speed. (A reversal or shallowing of the
gradient of longitudinal control force versus airspeed could precipitate a
tendency toward inadvertent stall in these configurations.) It is
recommended that at least three equally spaced points (preferably four)

be selected at speeds both faster and slower than trim in order to
adequately define the relationships to be plotted. At each selected point,
airspeed must be caretully and precisely stabilized. After stabilization , a
short automatic recording burst should be taken, and/or the following
cockpit observations recorded on the data card :

a. Longitudinal control force (maximum and minimum, if friction is
measurable, in order to aid in fairing the data). Measurements may be
made with the hand- held force gauge.

b. Elevator  posit ion or longitudinal cockpit control position.

Longitudinal cockpit control position may be measured with a tape
measure.

c. Rate of climb or rate of descent.
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Altitude variance during these tests should not exceed ± 1000 feet from the
base altitude. For configurations requiring power for level flight, acquiring data at
first fast and then slow test airspeeds, etc., will facilitate remaining near the base
altitude.

The second met~iod is called the Slow Acceleration-~~celeration Technique
and can be utilized only with automatic recording devices. However , it allows rapid
data acquisition, particularly if the airspeed range is large. This method is not as
accurate as the stabilized point method since true equilibrium conditions are never
attained except at the trim airspeed. Nevertheless, if the acceleration and
deceleration are performed slowly and smoothly (approximately 2 knots/second or
less), the data obtained will be adequate for most flight test programs. The

• technique is performed as follows :

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. Record appropriate cockpit data - power , longitudinal

trim setting, and f~?l quantity.

2. Start the automatic recording device and activate the event marker to
denote a “trim shot.” Leave the recording device running and initiate a
slow acceleration or deceleration by applying a smooth longitudinal
control force input. Power and trim settings should remain at the trim
conditions. Adjust the acceleration or deceleration rate and actuate the
event marker at predetermined 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 slowly, or if the airspeed range is large, the pilot may

desire to turn off the automatic recording devices between predetermined
points.) Continue the acceleration or deceleration to one end of the

airspeed range , then reverse longitud inal control force and proceed to the

other extreme. The process should always terminate at the trim airspeed.
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Data obtained by the Slow Acceleration-Deceleration Technique may be
presented as shown in Figure 49. This particular method of data presentation, where

every point on the plot is a data point, is sometimes called “shot gunning ” data.

Plots like this are easy to derive if automatic data reduction facilities are available; it

is apparent that obtaining the same plot by manual data reduction would be
extremely laborious.

-
.

~j  ._j L

Q. 10

~~xIC

~ - 15 INDICATED AIRSPEED, K IAS

FIGURE 49
TYPICAL LON CI TUD INAL CONTROL FO RCE ST ABILITY DATA
FROM A S1O~ ACCELERATION DECELERATION

The third method is called the Power Acceleration-Deceleration Technique and

can be utilized only with automatic recording devices. This method is not as

accurate as the stabilized point method since true equiI~brium conditions are never

obtained and power effects are not constant. Power effects can be observed in the

data, however, since the data is obtained with maximum and minimum power. The

technique is performed as follows:
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1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. Record appropriate cockpit data - power, longitudinal
p,i~ trim setting, and fuel quantity. Start the automatic record ing dev ice and

activate the event marker to denote a “trim shot.”

2. Retard the throttle slowly and smoothly to idle allowing the airplane to

slow down. Leave the recording device running and actuate the event

marker at predetermined airspeeds to simplify data reduction. A zero rate

of climb is desired but a slight rate of climb or descent is acceptable if it is

constant. If the airplane controls are moved back and forth between climbs

and descents, additional errors will be introduced into the elevator position

and stick force readings. A rapid crosscheck between the visual horizon and

the rate of climb indicator will assist in maintaining the proper airplane

rotation rate.

3. At predetermined minimum speed slowly and smoothly advance the

throttles to full military power (maximum power if desired). As the

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 range back to

trim airspeed.

4. If the airspeed range is large and the acceleration/deceleration rates slow ,

the pilot may desire to turh off the automatic recording devices between

the predetermined points.
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Measurement of Long Period or Ph~goid Characteristics

Damping and frequency (or period) of the long period longitudinal mode of
motion have been shown to have little effect on longitudinal f’ying qualities in yi~it~.L
fijgL~.1 Under flight conditions where the pilot maintains close control over Qi~h
attitude, he effectively damps the long period motion before it has a chance.-to cause
airspeed or altitude variations.

• Unfortunately, pilot opinion of instrument flight characteristics is considerably
affected by phugoid damping. Typical adverse effects on instrument flight of
decreasing phugoid damping are:

1. Deterioration in the pilot’s ability to trim at a precise desired airspeed.

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

3. The pilot’s instrument flying technique may change. He may be required to
monitor with increasing frequency the airspeed indicator, altimeter, and

rate of climb indicator. With extreme “negative damping,” the pilot may
find it necessary to monitor very closely the horizon bar of the attitude
gyro.

1 However, if the period of the phugoid is low and the period of the airplane short

period motion is high - such that Pp ~O 
~~~ 

the pilot is like fr to contirwally

excite the phugoid in normal maneuvering flight. This is generally not the case for

most airplanes.
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One study of the influence of phugoid damping on instrument flight

characteristics revealed that the pilot utilized ten times more elevatQtjnnuts when
- 

- the phugoid damping was negative (- 0.23) than when it was positive (+ 0.50). This
reflects the increased pilot workload associated with poor long period
characteristics.

The test technique for measurhig phugoid characteristics (period and damping
ratio) is very simple. The airplane is first stabilized and trimmed in the desired
configuration at the desired flight condition. The elevator control alone is then used
to stabilize at an airspeed approximately 15 KIAS slower or faster than the trim
airspeed. Phugoids should be initiated from airspeeds both slower and faster than
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 position and released to initiate the controls free oscillation; the 60-second
sweep stopwatch is sta rted simultaneously. The pilot then merely recor~Js a time
history of airspeed (and altitude, if desired) until enough cycles are completed to
define completely the characteristics of the oscillation (at least two cycles). Elapsed
time and airspeed should be recorded at minimum airspeed, maximum airspeed, and

trim airspeed points. Airspeed changes occur very slowly at minimum and maximum
airspeed points; therefore, pitch attitude should be monitored to aid in recording the
correct elapsed time at these points. Minimum and maximum airspeeds will occur at
the point where pitch attitude is approximately the same as the initial trimmed pitch
attitude (refer to Figure 24 in the Theory Section).

The pilot must keep the wings of the airplane completely level during the
phugoid measurements without introducing any longitudinal control inputs. This
may be accomplished by use of rudder inputs, latera l trim inputs, or side pressure on
the cockpit control stick.
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If the elevator is observed to “float” during the controls free oscillation, the
phugoid characteristics should also be measured with the longitudinal cockpit
control rigidly restrained in the trim position. (Instead of releasing the cockpit
control stick after it is returned to the trim position, it is returned smoothly to the
trim position and restrained there.) The effect of elevator float can be ceen as the

difference between the phugoids performed with contro 1s free and controls fixed.

Automatic recording devices may be utilized to record phugoi’l characteristics.
However, the long period and low damping of the phugoid require continuous
operation of the automatic devices for a long time interval. Careful manual data
acquisition yields results of usable accuracy.

• Measurement of Longitudinal Trimmability

Longitudinal trimmability, as related to nonmaneuvering tasks, is indicated by
the ease with which the pilot can reduce longitudinal control forces to zero at a
precise airspeed and the ability of the airplane to maintain that trimmed condition
without pilot attention. Trimmability depends on all the characteristics previously
discussed. In addition, it depends on the rate of ooeration~ and sensitivity 2 of the
longitudinal trim device as well as the physical location and ease of operation of the
trim device in the cockpit.

1Movement of the trim tab per unit time. This characteristic is independent of the

flight conditions.

2Response of the trim device to a pilot trim input as indicated by the degree of
longitudinal control force response to the trim input. This characteristic is a

function of flight condition (dynamic pressure) as well as design of the trim system.
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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 and minimum airspeeds at

which the airplane will stabilize at a given trim setting without pilot applied forces.

The technique for determining the “trim speed band” for a given trim airspeed,

configuration, and altitude is rather difficult to explain on the ground but easy to
understand in fl ight. The airplane is first very carefully trimmed at the desired trim

airspeed, configuration, and flight condition. Power and trim tab settings are
maintained at the trimmed conditions. A very small longitudinal control force input
is then applied in the nose-down direction and the airplane restabilized at an
airspeed about 2 KIAS greater than trim airspeed. The longitudinal control is then
released and the pitch attitude response and airspeed response of the airplane noted.
If pitch attitude and airspeed remain at the new stabilized conditions, the limits of
the trim speed band have not been exceeded. If pitch attitude and airspeed start to
return to trim immediately upon releasing the longitudinal contro l, the limits of the
trim speed band have been exceeded. The trim speed band is thus determined by
both increasing and decreasing airspeed from trim until the limits are reached. The
speed band below and above trim airspeed may not he the same since the trim
airspeed may be anywhere in the trim soeed band (Figure 50).
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6 K IA S f *.__ TRIM SP(ED BAND

10 TRUf T~~~ *sp ~~ p -
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THE TRIM AIRSPEED AT WHICH THE AIRPLANE STABILIZESINITIALLY MAY BE 148 KIAS. THE TRIM SPEED BAND MEASURE-MENT WOULD THEN YIELD . IKI AS AND .5KIAS AS THE LIMITSHOWEVER, THE SAME TRIM SPEED BAND OF 6KIA S WOULD BE

FIGURE 50
THE TRIM SPEED BAND

POSTF LI GHT PR OCEDURES

As soon as possible after returning from the flight , the pilot should write a

brief, rough qualitative report of the longitudinal flying qualities exhibited during

the mission tasks under evaluation. This report should be written while the events of

the flight are fresh in his mind. The qualitative opinion of the test pilot,

appropriately related to the mission tasks under evaluation, will be the most

important part of the final report of the longitudinal flying qualities.
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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 modified as
desired by the test activity.

Mechanical Characteristics of the Longitudinal Control System

Mechanical characteristics are effectively presented in tabular form as shown in

Figure 51. Longitudinal control surface damping is also effectively presented on a

t ime history if automatic recording devices are utilized (Figure 52).

BREAKOUT , INCLUDING FRICTION
LBS DAMPING

SPEC F I C A T ION L I M I T S  FR EEPLA Y DAMP I NG R A T I O

MEASURED M I L . S P E C .  ___________ ~FW D & AFT) CENTERING

~FORWAR O & AFT ) INC HES COCKPIT
M IN MAX ELEV A T OR C ON TR OL

_____________________ ____________________ _____________ S T I C K  _____________

~ I 2 1 2 3 I 2 DEADBEAT .45 POSITIVE

FIGURE 51
SUGGESTED lADLE FOR PRESE ITING CONTROL SYSTEPI MECHANICAL (~HA RACTERISTICS
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ELEVATOR POSITION
10 TRACE
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FIG URE 52
LONG ITUD INAL CONTROL SURFACE DAMP-
ING PRESENTATION
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Static Longitudinal. Stability Characteristics

Static longitudinal stability characterisitcs may be presented as plots of

longitudinal control force stability, elevator position stability, and fl ig ht path

stability. (Flight path stability need not be presented in all cases. It should be

presented for all Power approach configuration tests, however, as previously

described in Figure 48.) Longitudinal cockpit control position variation with

airspeed or Mach number about trim may ~1~o be presented. Typical plots are shown
in Figure 53.
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The effectiveness of longitudinal stability plots depends a great deal on the

~~~~ chosen. The gradients may be made to appear steep or shallow merely by
changing the scale relationship of horizontal and vertical axes . Scales should be
chosen so that .t he plots are compatible with the pilot ’s qualitative opinion; i.e., if

the longitudinal control force variation with airspeed felt “light S ’ or “shallow ” to the

pilot, scales should be chosen so that the relationship ~~~~~~~~~~~

• Disc ussior, of static longitudinal stability characteristics in the report of the test

must be worded with care. The report must not imply that some characteristic was

measured, where, in actuality, flight test data only indicated the characteristic. For

example , in flight test work , the parameters recorded, such as longitudinal control
force and elevator position variations with airspeed about trim , are only LndicatLoj~
of st ick-free and stick-fixed static longitudinal stability, respectively. In general , the
use of the terms “stick-fixed ,” “elevator -fixed ,” “stick-free ” and “elevator-free ” is

not recommended for the reporting of static longitudinal stability characteristics
determined from flight tests. The terms are used extensively, of course , in text
books, classroom work , and wind tunnel investigations. The language of the report
should reflect the Qarameters which were actually measured. As an example , the
following introductory sentence might be used in the report: “Static longitudinal
stability, as indicated by the variation of longitudinal control force and elevator
position about the trim airspeed, was slightly positive in all configurations tested.”

Caution must also be exercised when discuss ing the gradient changes which

commonly occur at airspeeds below and above trim airspeed . As an example, the

longitudinal control force stability plot of Figure 53 shows a reversal in the grad ient

at approximately 145 K~AS. This gradient reversal should most emphatically not be
reported as static longitudinal instability, longitudinal control force instability, etc .
If the author desires to discuss the reversal in gradient , it should be reported exactly
as it exists; i.e., “The variation of longitudinal control force with airspeed exhibited
a slightly stable gradient through trim airspeed; however, the gradient reversed
smoothly at 15 KIAS faster than trim and push forces decreased to one pound at 30
KIAS faster than trim.”
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Static longitudinal stability data is sometimes presented in tabular form when

-
. many loadings, configurations, altitudes, trim airspeeds, and CG positions have been

utilized. An example is presented in Figure 54. Expression of longitudinal control

force gradients in “pounds per knot” has particular merit for comparing the static
k stability characteristics for various configurations and CG positions.

Loading Confiqurat~ on A l t i t u d e  T r i r  A ir s p e e d  Cr, rcsition Gradient 11 l
Ift ) (KCAS/M) 1% MA C) (lb/kt )

A 

~
g:ggg :~A P 35,000 .91 18 .1 — .1 5-tr Im

(I ‘t r i m
- 11 C CR 3(1 , 000 .67  2 3 . )  .12

C CR 30 ,000 .77 22.4 .09
A CR 20 ,000 277/ 60 25.2~~~

) 0 trim
.2 0’trim

A 20 ,000 211 22.9 0 ‘t r i m
19’trim

A 0 ( 2 )  20 , 000 212 24 .2 .16
A CR 10 ,000 261 ~~~~~~ .0 3 - t r i r i

.13- trim
A CR 10,000 289 25.5 13 ) .0 trIm

.0 9 - t r i m
~- P 10 , 000 - 454 / .83  2 1 . 0  0
A P 10 , 000 4 6 1/ . 8 3  16 .8 0 t r i r ’

.23~~t r i m
A P 10 , 000 5 24 1 . 94 2 4 . 1 ( 3 )  - . 2 4 - t r ~ ”

. 1 1 7 -  t rl r’
C CR 10 , 000 291 2 5 . 3  . 114
C CR 10 ,000 29 7 20 .5 . 1 3
c P 10 , 000 4 4 5 / . 8 0  2 3 . 2  . 119
A TO 10 , 000  139 26 .5(3) — .13-trim

I ~-tr i m
C TO 10 , 000 166 2 5 . 4 ~~~1 .13
A PA 10 , 000 14 7  21.7 .116
C PA 10, 000 13 5 2 1 . 5  . 20

.~ A l~ 10 , 000 116 2 2 .2  .14
C WO 10 ,000  124 

- 

24 .1 . 2 4

(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 Relationshi p Shown in Appendix IV , Figure 1.

FIGURE 54
STATIC LONGITUDINAL STABILITY TABLE
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4.

Dynamic LQngitucj inal Stability Characteristics . Long Period Oscillations

The phugoid or long period data are presented as time histories of airspeed for
the controls free and controls fixed (if applicable) oscillations. Altitude may also be

I--

plotted on the time histories if desired. An example of long period data presentation

is shown in Figure 55. Characterisitcs of the oscillation (period, damping ratio,
time-to-half amplitude or time-to-double amplitude, cycles-to-half amplitude or

- cycles-to-double amplitude) may be presented on the time history if desired. The
altitude or airspeed variation on the time history may be used to measure the

I characteristics; in Figure 55, the airspeed trace was arbitrarily chosen. Note that the
phugoid motion oscillated about airspeed and altitude different than the assumed
trim conditions. This could be caused by a large trim speed band or poor
longitudinal control centering. However, the data is still usable.
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Longitudinal Trimmability

P.’

The determination of trimmability as presented herein is based on the test

pilot’s qualitative opinion. Therefore, a qualitative discussion of trimmabi lity in the
technical report is appropriate. The trim airspeed band may be shown on the plots
of longitudinal control force stability, if the author desires (refer again to Figure
50).

Determination of the Elevator Position arid 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 configuration, altitude, trim
airspeed, and power setting, neutral points may be computed. In order to obtain the
most accurate neutral points, the following points should be remembered in the

conduct of the static longitudinal stability tests:

1. Although tests at only two CG’s are theoretically sufficient to obtain
neutral points, the flight test engineer should insist that the airplane is
tested with the CG in at least three widely separated locations. If it is
feasible to place the most aft CG behind the neutral point, the neutral
point can be determined by interpolation vice extrapolation, which should
improve the overall accuracy.

2. The CG positions chosen should be evenly spaced (if possible) since ~~~~
increments of CG travel result in even increments of elevator position at

the same lift coefficient (see Figure 56). This fact aids in fairing plots of

elevator position versus lift coefficient.
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3. Airplane gross weight should be maintained near constant for the various

CG positions, since the neutral point may vary with angle of attack and

power setting. This is not too critical, however , since plotting the variables

(elevator position and longitudinal control force) versus lift coefficient

tends to eliminate the effect of variations in gross weight.

- - 4. The in-flight tests are performed exactly as previously described for

longitudinal control force and elevator position stability. Power and trim

setting should not be altered ~s airspeed is changed about the trim

conditions. In addition, power should be the same at trim for all CG

positions tested to eliminate power effects . The small differences in climb
- 

- or descent angles which result should not have a significant influence on

the accuracy of the data.

5. The pilot may have difficulty in attaining the same trim 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 versus airspeed data.

However, this inconsistency is eliminated when the curves of F5/q 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 difficult to 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, maximum and

minimum forces for equilibrium conditions must be measured at each

stabilized point faster and slower than trim airspeed.
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:4 7. Data accuracy will be enhanced if sideslio is maintained constant as

airspeed is varied about trim. Changes in pitching moments are generated

by the horizontal tail moving in relation to the slipstream of propeller

driven airplanes. This is not a particularly important point in testing pure

jet airplanes.

8. Plotting the elevator position data versus lift coefficient vice airspeed tends

to linearize the relationships. Also, the elevator position at zero lift

coefficient is a constant. This is a useful fact in fairing the curves.

The graphical determinations of the elevator position and longitudinal control

force neutral points are presented in Figures 56 and 57.
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(1) Determine CL from various
TED values of Ve. CL — w/sS ‘CONSTANT

~~~~~~~~ ~~i .o 
— 

1/2 PssI V e 2
,
~~0 

~~~~ _____________________
A FT:~ 

~~~~~~~~~~~~~~~~ c~~~ OV ~ING 
(2) Plot óe Versus CL fOr aII CG

Ow + C L~~
S.

~ positions tested.
W a
.4 l.à

I—
TEU AIRPLAN E LIFT COEFFICIENT , C L

(3) Fair lines using rules shown
on figure.

(4) Using selected CL values fromI EU

S

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

the faired 
~e versus CL curve,

determine Ve at each CG
>~~~ position.W O  C O M
~1W _______

TED EQUIVALENT AIRSPEED , K EAS (5) Plot 6e versus Ve for all CG
positions tested.

(6) From the 6e versus CL curves,
at selected CL and CG values,

TEST CG POSITIO NS determine dCL . If relationshipsd

are linear ,~~~ is constant for
DEGREES ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ OF CONSTANT C~ 

given CG position. Therefore ,
dC L

NEUTRAL POINTS -

________________________________ the neutral point is independent
0 CG POSITION , % MAC A F T — ~~

of CL.

(7) Plot dC L 
versus CG for various

2 4 lines of constant CL.t~
.

05Q. ~~
4

0 -~~ z
(8) CG positions where dC L4 W  

is zero for each CL is the neutral
LI FT COEFFICIEN’r ,CL +C L~~~ point for that CL. DetermineFiGURE 56

GRAPHICAL DETERMINATION OF THE ELEVATOR POSITION 
neutral points for several CL values.NEUTRAL POINT

(9) Plot neutral points versus CL.
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(1) Compute q = 1/2 Pssl V 82

LI PUSK
(2) For each CG value, compute

CO MOVING AFT CL = -
~~~~~~~

Fs, C

(3) Compute F5/q

(4) Plot F5/q versus CL for each
LB PULL A IRPLANE LIFT COEFFICIENT , C L

CG posi t ion (include breakou t

including friction for irreversible

con t rol systems) .

dF /q(5) Measure the slopes, 
dCL 

,and

plot as a function of CG position

dF% ~4. I for various CL values.
• TEST CO POSITIONS

dC s. 

‘
~~~~~~~~~i~~~~~~~~~~~~~~~~~~~~~~~~~

LINE3 OF CONSTA NT C~ 
(6) The CG posi t ions where dF5/q

NEUTRAL POINTS IS zero for each CL is the control
CS POSITION • % MAC AFT 

~ force neutral point for that CL.
Determine neutral points for several

CL values.

(7) Plot control force neutral points

versus CL.

(8) Also plot F~ versus Ve for each CG

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

position (include breakout including
friction for irreversible control systems).

This plot will aid the reader’s understanding

of the data.

AIRPLANE LIFT COE FFIC IENT . C ,.

FIGURE 57
GRAPHICAL DETERMINATION OF LONGITUDINAL CONTROL FORCE

NEUTRAL POINT
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The elevator position neutral Doint is exactly the same as the stick- or
-
~~ elevator-fix ed neut rpl Point if these neutral points are defined by a neutral gradient

P.’ 

of airplane pitching moment coefficient versu s airplane lift coefficient. The
longitudinal co ntrol force neutral ooint is almost alway s never exactly the same as

the stick- or elevator-free neutral point because of gadgetry in the longitudinal
control system. Adding various gadgetry results in an additional term being added to
the longitudinal control force equation and an addit ional value being added to the

- relationship dF 5/q
dCL

L 
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SPECIFICATION REQUIREMENTS

Requirements for static and dynamic longitudinal flying qualities during

nonmaneuvering 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 Longitudinal Flying Qualities (except 3.2.1.1.1)

3.2.3.1 Longitudinal control in unaccelerated flight

3.5.2 Mechanical Characteristics (control system) (as 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, and structural

dynamics.
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The requirements of the Specification may be modified by the applicable
airplane Detail Specification. Comments concerning individual requirements of the
Specification are presented below.

3.2.1.1.1 Exceotign in Transonic Flight. This paragraph is self-explanatory. It

will be discussed more thoroughly in a subsequent section on Transonic and

Supersonic Flying Qual ities.

3.2.1.3 Flight-Path Stability. The intent of this paragraph is to prohibit

rapidly increasing descent rates at airspeeds below normal approach speed that might

result in dangerous flight conditions or require excessive pilot workload to maintain
-
• 

glide path. From previous investigations, it has been determined that if the slope

requirements of this paragraph are met, the pilot will be able to effectively use the

elevator control alone to make small glide path adjustments.
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LONGITUDINAL FLYING QUALITIES - NONMANEUVERING TASKS
G LOSSARY OF DEFINITI ONS

MODE OF MOTI ON • Manner of doing, method. In this case, a method of changing
flight conditions in the airplane’s plane of symmetry.

FREQUENCY - Number of cycles per unit time. A measure of the “quickness” of

the motion.

PERIOD - Time required per cycle. Inversely proportional to frequency.

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

NONMANEUVERING TASKS - Those tasks during which the transition from one
equilibrium flight condition to another is accomplished smoothly and gradually;
results in essentially unaccelerated flight conditions.

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

TAIL VOLUME COEFFICIENT - A measure of the size and location of the
horizontal tail in relation to the size of the wing and the airplane center of gravity,

respectively.

TAIL EFFICIENCY FACTOR - A measu re of the modification in energy level of
the airflow between the point where the airflow first encounters the air~Iane until it
reaches the horizontal tail.
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NEUTRAL POINT - The location of the center of gravity of an aircraft for which

static longitudinal stability would be neutral. The neutral point may be described as

“stick-fixed,” “stick -free,” “elevator-fixed ,” “elevator-free ,” “elevator position,” or

“longitudinal control force” depending on the manner in which it was determined.

STATIC MARGIN - 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.

LONGITUDINAL CONTROL POWER - A measu re of the pitching moment

coefficient change per degree deflection of the longitudinal control surface.

- FLOAT - As applied to the control surface of a reversible control system: to ride in

the airstream.

AERODYNAMIC BALANCING - Methods of controlling the magnitude of the

hinge moment parameters.

UNDAMPED NATURAL FREQUENCY - The frequency of a dynamic system if

• - zero damping is exhibited.

DAMPING RATIO - Ratio of the damping exhibited to the critical damping.

- SPRING CONSTANT - As applied to a dynamic system, a measure of the static

restoring tendency.

APERIODIC; DEADBEAT - A motion which does not exhibit periodic oscillations.

• OSCILLATORY - Characterized by periodic motion.
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LONGITUDINAL FLYING QUALITIES - NONMANEUVERING TASKS
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M A N E U V E R I N G  TASKS

STATIC LONGITUDINAL STABILITY AND CONTROL IN ACCELERATED FLIGHT

The previous discussion on static longitudinal stability and control considered
the airplane flying on eouilibrium. unaccelerated flight paths. It is now necessary to
study static longitudinal stability and control along curved flight oaths. Obviously,
every airplane must be capable of turning, at least to some degree. The subject of
turning nerformance will not be considered here, although it is a subject of major
interest in the performance testing of many airplanes. The assumption is made that
the turning performance of the airplane is not limited by stabitit~ and control
characteristics, but by engine or airframe characteristics. The areas of interest in this

• discussion are the static longitudinal stability and control characteristics exhibited
by the airplane when it is subjected to acceler~~~~flight conditions with the lift
greater than or less than the weight; i.e., in maneuvering flight. It is essential that

airplanes exhibit stability and controllability in maneuvering flight along curved
flight paths. Obviously, if the mission of the airplane involves a great deal of
maneuvering, the investigation of longitudinal maneuvering stability and control will
consume a considerable amount of flight test time. Since all airplanes are required to
perform some maneuvering, it is necessary to investigate these characteristics to

some extent in every airplane.

The flight path of the airplane may be curved by the pilot by performing wings
level pull-ups or push-overs or by banking the airplane or by performing a

combination of these maneuvers. For this study of static longitudinal stability and

control in accelerated flight, consideration will be given to steady pull-ups and
steady turns at a constant airspeed. Several relationships will be developed first for

the steady pull-up maneuver: these relationships will then be expanded to the steady

turn maneuver. The relationshi ps for steady pull-ups are applicable also to steady

nush-overs.
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___________________________~ : ,. Steady PuII-Uos

Consider that the airplane is initially trimmed in straight and level flight. If a

climb, then a dive with a wings level pull-out at the bottom are performed such that

(at least for an instant) the original trimmed values of altitude and airspeed are

regained, the airplane’s original equilibrium conditions will have been modified in

-• 
two ways ( Figure 59).

1. The angle of attack and lift coefficient will be greater since extra lift is

required to sustain the curved flight path.

2. The airplane will exhibit a steady nose-up rate of rotation (pitch rate)

about its center of gravity. This pitch rate will be equal in magnitude to the

rate of rotation of the airplane about the center of the pull-out.
S

L: nW NOSE UP ROTATION

~
o) LEVEL FLIGHT (b) MANEUVERING FLIGHT

L :W

n : l  a2 >s 1
L > W
n > 1

~~: NORMAL ACCELERATION

FIGURE 59
RELATIONSHIPS 

- 

OF UNACCELERATED AND ACCELERATED FLIGHT
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- - Both these modifications generate changes in pitching moments about the

airplane center of gravity which hopefully act so as to tend to restore the original

unaccelerated flight condition. Of course, in order to stabilize the airplane in the
accelerated maneuver, the pilot applies and holds the necessary amount of elevator

- -s. deflection and longitudinal control force. Thus, the amount of elevator deflection
and longitudinal control force required are indications of static longitudinal stability

of the airplane in maneuvering flight The increase in lift coefficient, generates
changes in pitching moments according to the familiar airplane static stability
criterion in unaccelerated flight, (dCm/dC L). The fact that the airplane is rotating
generates an additional contribution to the total pitching moment. This
contribution, usually quite powerful, is a result of the increase in effective angle of

- 
- attack at the horizontal tail , due to the horizonta l tail moving downward relative to
• the air (Figu re 60). (The air may be considered to be moving upward relative to the

ta il.) The change in effective angle of attack at the horizonta l tail during

maneuvering generally contributes greatly to the stability of the airplane in

accelerated ~~~~ It can readily be seen that this contribution is directly dependent
on the airplane pitch rate, O, if airspeed is held constant. For the pull-up maneuver
just described, a constant angle of attack pull-up, the magnitude of the pitch rate is a

function only of normal acceleration if airspeed is held constant:

g ( n -1)
0pull-up V

where: O = pitch rate, radians per second.

g = acceleration due to gravity, ~~~
sec2

n = normal acceleration, g.

V = True airspeed, f.t_~
sec

Similarly, for the steady level turn, the magnitude of the pitch rate is expressed

as follows:

è steady level turn = 

~
( n- -1-

V n
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) PITCH RATE

AIRPLANE UPWARD RELATIVECG (RESULTANT RELATIVE AIRFLOW DUE TO PITCH
AIRFLOW AT TAIL RATE

As~ = EFFECTIVE INCREASE IN ANGLE OF ATTACK OF HORIZONTAL TAIL

FIGURE 60
THE HORIZONTAL TAIL ANGLE OF ATTACK CHANGES WITH PITCH RATE

Because it is the pitch rate which causes the pilot to use more or less elevator

deflection and longitudinal control forc,~ dur ing maneuvering flight than was

required during nonmaneuverina flight, - the airplane normal acceleration, n, is

generally used as the independent variable in maneuvering flight. This is a direct

result of the last two equations, which show the fundamental relationships between
pitch rate and normal acceleration in maneuvering flight. Thus, in flight test work ,

the parameters “elevator position per g” and longitudinal control force ner a” are
- . measu red at a constant airspeed as classical indexes of the longitudinal maneuvering

stability of the airplane. -

Elevator Position Maneuvering Longitudinal Stability

The elevator positions required to stabilize the airplane at various values of lift

coefficient in accelerated flight at a constant airspeed are generally not the same as

the elevator positions required at various values of lift coefficient in unaccelerated

flight. As stated previously, the angular rotation of the airplane in pitch during

curv ilinear flight creates an additional increment in effective tail angle of attack ,

which in turn generates an additional pitching moment about the center of gravity.

This pitching moment may be expressed as:
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where: at = lift curve slope of horizontal tail
= “tail arm” length, in feet

qt = dynamic pressure at horizontal tail , in pounds per square feet

St = area of horizontal tail, in square feet

(Note that tail arm length has a powerful influence on the magnitude of the

pitching moment).

In nondimensional coefficient form, “pitch rate damping,” damping in pitch,”

- : or “viscous damping in pitch” may be defined as:

mCGC = -2a n V .—.-
mc 

- 

t t  c

where: -
~~~~ 

= the “nondimensional pitch rate.
= tail efficiency factor , nond imensional .

= tail volume coefficient, nondimensional.

C = average chord length of wing in feet.

Without derivation, the elevator position required in steady, wings level null-ups

at a constant airspeed may be expressed as:

C -

- 
1 w,s - I dC mopgc

- 6e 
- 

~~~~ 1 2 FIXED + 

4 W/S 
t T ~ - 1))

PULL-ups ~ 
~~SSL~”e 

L

where: = elevator angle required for zero lift coefficient and -

- zero pitch rate; a constant.

~‘o = elevator control power.

= stick-fixed static longitudinal stability.
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The derivative of the last equation with respect to normal acceleration yields a

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

~~dC - -e 
- I W/ S J m p c  C

- •

- ~ W~~PULL-UPS -

~~~ 

~~ V 
~ ~~~~L FIXL 

+ 

~~WS 
m~I.-’ ‘ 6 ~~SSL e

Similarly, the elevator position required in steady turns at constant airspeed
- : may be expressed as:

- - 1 l’~r/~ ~~~ 
______ 

1eSTEADY TURNS 
- 

~~C o 

- 
L 

5P SSL V {~~
.L FIXED ~~~ 

(n_i
))

- 
- 

Note that the only difference between the expressions for elevator angle

• required in pull-ups and steady turns arises from the difference in expressions for

pitch rate, ~~, presented earlier. Taking the derivative of the last eciuation with

respect to normal acceleration yields the classical index of longitudinal maneuvering

stabil ity for steady turns at a constant airspeed :
d6 1dC -

e 1 ~/s m m~p gc

~~~STEADY TURNS 
- 

6 e ~~~ 
4 ~~,S 

(1 + 2~ —

Several important observations may be derived from a study of the equations

for (dóe/ dn)PULL UPS and (d
~5e/dn)5TEADy TURNS:

1. For longitudinal stability in maneuvering flight , (d6e/dn) must carry a

negative sign; i.e., to stab ilize the airplane at a higher value of positive

normal acceleration, more tra iling edge up (TEU - negative direction)

elevator must be applied.

2. Both equations contain two parts (See Figure 61). The first part is a

“stability term” due to the stick-fixed static longitudinal stability; the

~ cond part is a “damping term” ar ising from the change in effective angle

of attack at the horizontal tail due to the pitch rate.
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NORMAL ACCELERATION
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FIGURE 61
CLASSICAL VARiATION OF ELEVATOR POSITION IN MANEUVERING FLIGHT

3. A little more elevator is required to pull the same normal acceleration
increment in steady turns than in pull-ups. The difference in the gradient
of elevator position versu s normal acceleration is directly proportional to

therefore the difference becomes very small at high levels of normal
- 1acceleration. (If n=5, 

~2 = .04). (See Figure 62) .

Center of gravity movement naturally has a profound effect on maneuvering
longitudinal stability through both the stability term and the damping t~Lmj Figure
63). As the CG is moved aft , (dCm/dCL)FIXED becomes sma ller in magnitude.
When the CG is at the stick-fixed neutral point, the gradient (d e/dn ) is only a
function of the damping term. (The damping term decreases slightly in mangitude as
the CG is moved aft because the tail arm lenath is decrepsedi If the CG is moved far
enough aft , the gradient (d~ e/ dn) becomes zero; this CG position is called th~
stick-fixed maneuvering neutral poj!~~ NM. Thus, the stick-fixed maneuvering

neutral Doint NM, shoud always be aft of the stick-fixed neutral point, No. if

in level flight is the same in maneuvering f light. 1.
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TEU - 

CONSTANT V1
e CONSTANT ALTITUDE

DIFFERENCE IN GRADIENTS
— 

7 IS PROPORTIONAL TO -
~~

6 - DIFFERENCE IN ELEVATOR
REQUIRED IS PkOPOR-

~~~ : 

TIONAL

STEADY TURNS

I 2 3 4 5 6

NORMAL ACCELERATION —

n
FIGURE 62

RELATIONSHIP OF MANEUVERiNG STABILITY CHARACTERISTICS IN STEADY
TURNS AND PULL-UPS

TEU
DIRECTION CONSTANT V~4 CONSTANT ALTITUDE

— 
‘

-, ~ 
CONSTANT WEIGHT

I

H I _ _ _

NORMAL ACCELERATION
A

FIGURE 63
CG MOVEV~NT EFFECTS ON (d8~/dn )
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- - The effects of altitude on the elevator position gradient in maneuvering flight

may be studied by considering a constant CG position and constant eciuivalent

airsoeed while varying altitude. Altitude variation, for these conditions, has no effect

on the stability term. However , as altitude is increased, the damning term decreases

because of the reduction in density: therefore the elevator position gradient in

maneuver ing flight decreases with altitude increase at a constant equivalent airspeed

(Figure 64).

/ /\ ~7
• //z

’

~ LING
ALTITUDE

+

NORMAL ACCELERATION
A

FIGURE 64
ALTITUDE EFFECTS ON (d~~/dn) AT CONSTANT Ve

(NOTE: The reader should not receive an erroneous impression from this

discussion. Pilots do not normally fly at the same equivalent airspeeds at 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 with normal

acceleration at high altitudes may be that it is greater than at low altitudes, This is

due to the fac t that more elevator deflection is required to produce a unit change in

normal acceleration at the lower dynamic pressure (lower eauivalent airsoeed)

existing at the higher altitude.) If altitude is varied at a constant Mach number. the

elevator position gradient in maneuvering flight increases with increase in altitude as

shown in Figure 65.
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F I G U R E  65
ALTITUDE EFFECTS ON (d~6/dn) AT CONSTANT MACH

This is due to a slight increase in the dam ping term and a considerable increase in the
stability term with increase in altitude at a constant Mach number.

Airspeed variation has a very large influence on the e’evator position grad~ent in
maneuvering flight since Ve2 appears in the equations for dSe /dn. An increase in 

—

equivalent airspeed decreases the gradient of elevator position with normal
TE’J -

DI TION~~~~~~~
T
~~~

7

%4I

/

~ J V,2

IF V12=2V11
I SLOPE 2: l~4 (LOPE I)

NORMAL ACCELERATION
n

FIGURE 66
EFFECT OF VARYING EQUIVALENT AIRSPEED ON (d8e/dn)
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Because of the large effect of airspeed variation on the elevator position gradient, it

is extremely important that the pilot maintain close control over airspeed during the
fl ight test measurement of maneuvering stability characteristics. Small errors in

airspeed can generate erroneous data as shown in Figure 67.

T CONSTANT CG
CONSTANT ALTITUOE ITS

H - ~~~I TRLE RELATIONSHIP~ /

F RELATIONSHIP

NORMAL ACCELERATION +
A -

Assume the test pilot desired to measure tne elevator

position gradient in maneuvering flight at 180 KEAS . If

he measured points 5 KEAS slow , on speed , ~nd 5 KEAS fast

(in turn), the erroneous relationshi p snown above is a

possible result.

FIGURE 67 -

EFFECT OF POOR AIRSPEED CONTROL ON MANEUVERING
STABILITY DATA

L~p2itudinal Control Force Maneuvering Stability

The second criterion for longitudinal stability in maneuvering flight is the

longitudinal control force variation with normal acceleration at a constant airspeed.

This parameter, commonly called “stick force per g” has a tremendous effect on the

overall flying qualities of all airplanes. If the mission of the airplane requires

extensive maneuvering, the stick force gradient in maneuvering flight is perhaps the

most important single characteristic of the airplane.
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Longitudinal control forces in maneuvering flight are generated by the

requirement for the pilot to move the elevator control to the position required for

maintenance of the accelerated condition. If the control system is reversible.

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 ,

although artificial elevator float may be introduced by extendable link devices,

mechanical advantage changers, etc . Of course , longitudinal control forces in

maneuvering flight may also be modified by various other cor trol system “gadgetry”

in reversible or irreversible control systems . In this manual , maneuvering control

forces will be discussed for the reversible control system , then the irreversible

control system. The effects of various devices and “gadgetry ” on longitudinal

maneuver ing forces will then be presented.

St ick Forces in Maneuvering Flight - Reversible Control System

For the reversible control system, the longitudinal control forces required in

steady wings-leve l pull-ups and in steady turns may be expressed as follows:

Ch C
- 6 dC (V i- 

~ 
j . h

F — W e m l e  I 1 1~hSpULL.~~
.
~

_ K 

~ ‘6 ~c FREE 
‘. ~

1e TRIM J 
+ K .

~PL t~ (n_ lj 
~~~~

---

~~

--
~~~

w 
Chóe ~~m 

(v~
2 - 

i i (chFsSTE~~y TUR!-( K _

~~

_ (
~~r
)FREE 

j,
~~

__ r  
nJ 

+ K ~Pi t~ (n_i~.)~ ~~m6 e TRIM
e

- 
- where:

K = a constant dependent on gearing ratio between the elevator and cockpit control

stick , size of the elevator, and horizonta l tail efficiency factor.

I

elevator hinge moment coefficient variation with elevator deflection.

c elevator control power.
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dCm = stick-free static longitudinal stability(~~-)L FREE

Ch =  elevator hinge moment variation with change in angle of attack of the
horizontal tail.

-
~ 

= rate of change of effective angle of attack with change 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 level pull-ups and in steady
turns. The derivative of these equations with respect to normal acceleration (at a
constant airspeed ) yields the following classical indices of longitudinal maneuvering

- 
- stability for the reversible control system:

c Ch116 dC ~‘ 6dFs W e m 1 ic e
~~i~~PLJLL-UP 

= -K s C
m ~~L FREE 

+ K -
~~

- P 9.~ g~~ h~~ - ~

Ch C
dFs iv 6

e dC 
i JC~ 

ho

- 

_ 

~~i~~STEADY TURN K 

~ 

dCL F ~~E 
+ K 

~ P2 -m g (1 + 

~2~1 ~t
_ 

~~~

Several important observations may be drawn from a study of the last two
equations:

1. For longitudinal stability in maneuvering flight, increases in longitudinal
control ~~jj  force must be used to stabilize the airplane at higher values of
positive normal acceleration.

2. Both equations contain two parts (see Figure 68). The first part is a
“stability term” due to the stick -free static longitudinal stability. 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.

IV- 107

1

~

L1

~

:-

~ 

i-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~ ---— —~~~~-~~~~~~
--- -

~~
—-- —- - 

~~~~
=— — —-

~~
- - - — - ------ ---—

~~~

3. A little more longitudinal control force is required to pull the same normal

acceleration increment in steady turns than in pull-ups. The difference in
- the gradient (

~~s) is directly proportional to!~ therefore, the difference
dn

becomes very small at high levels of normal acceleration. (See Figure 69.)
30. CONSTANT V1

- 
CONSTANT ALTiTUDE SLOPE: (

~~
)

~o . AF,

I 

1~~~~~

_ _ _ _ _ _

NORMAL ACCELERAT ION
A

FIGURE 68
CLASSICAL VARIATION OF LONGITUDINAL CONTROL FORCE IN
MANEUVERING FLIGHT

L 3°.
STEADY TURNS

d 20 DIFFERENCE IN FORCE
REQUIRED IS PROPOR-

~~ ~~~~~~ IS TIONAL TO 1-1 DIFFERENCE IN GRADIENTS

10 

I 

N 
~5 PROPORTIONAL TO -‘~

NORMAL ACCEL.ERATION
A

FIGURE 69
RELATIONSHIP OF MANEUVERING STABILITY CHARACTERISTICS IN STEADY
TURNS AND PULL -UPS
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Center of gravity movement naturally has a profound effect on longitudinal
• control force requirements in accelerated flight (Figure 70).

.~. 
CONSTANT V1

~~~

I/ v

NORMAL ACCELERATIQN
- A

FIGURE 70
CG MOVEMENT EFFECTS ON ( d F 5 /dn )

As the CG is moved aft, (DCm/dCL)FREE becomes smaller in magnitude. When the
CG is at the stick-free neutral point, tha gradient dFs/dn is only a function of the

damping term. (The damping term decreases slightly in magnitude as the CG is

moved aft because the tail arm length is decreased.) If the CG is moved far enough
aft, the gradient (dFs/dn) becomes zero; this CG position is called the stick-free
maneuvering neutral ~pint, Nm’. The stick-free maneuvering neutral point generally
is aft of the stick-free neutral point, No ’. In certain instances power or Mach effects
may cause this relationship to be reversed.

The effects of altitude variation on the longitudinal control force gradient in

maneuvering flight at a constant CG and constant equivalent airspeed is shown in
Fi gure 71. For these conditions, altitude variation has no effect on the stability term

- 
,. of the equations; however, the damping term decreases because of the reduction in

density. Therefore, for the reversible control system, the longitudinal control force
gradient in maneuvering flight decreases with increase in altitude at a constant
equivalent airspeed.
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CONSTANT V1
CONSTANT CG

NORMAL ACCELERATION
A

FIGURE 71
ALTITUDE EFFECTS ON (dF~/dn) AT CONSTANT V~ FOR THE
REVERSIBLE CONTROL SYSTEM

If altitude is varied at a constant Mach number. the longitudinal control force
gradient in maneuvering flight again decreases with increase in altitude for the
reversible control system This is due to the decrease in the damping term because of
the density decrease (Figure 72).

CONSTANT CG

ALTITUDE

I 

INCREASE

NORMAL ACCELERATION
n

FIGURE 72
ALTITUDE EFFECTS ON (dF /dn) AT CONSTANT MACH FOR THE
REVERSIBLE CONTROL SY~TEM
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The effects of airspeed variation on longitudinal control forces in maneuvering
flight for the reversible control system are interesting 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 speed, VeTRIM. As long as
Ve V eTRIM, the longitudinal control forces required in maneuvering flight do not
vary as trim airspeed is varied if other factors remain constant (Figure 73) . However
if Ve is allowed to vary from VeTR IM, the control forces vary considerably (Figure
74) (Ve 2 appears in the equations for longitudinal control force.)

It should be noted that (dF5/dn) does not vary even if airspeed varies from trim
airspeed. Because of the situation shown in Figure 74, it is extremely important that

• the test pilot maintain precise control over airspeed during the flight test

• measurement of “stick force per g.” If airspeed is allowed to vary from trim
airspeed, erroneous impressions of maneuvering stability characteristics can be the
result (F igure 75).

- 

- 

CONSTANT ALTITUDE + CONSTANT ALTITUDE

NORMAL ~~CELENATION TRIM AIRSPEED, KEAS

A

FIGURE 73
FOR THE REVERSIBLE CONTROL SYSTEM “ STICK FORCE PER G” IS NOT
AFFECTED BY CHANGES IN TRIM AIRSPEED
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~~~~~~~~~~~~~

:;!! !. _ dç /dfl~ C0NSTANT

NORMAL ACCELERAT ION +
n

FIGURE 74
AFFECT OF SPEED VARIATION FROM TRIM AIRSPEED
ON STICK FORCE PER G”

CONSTANT CG
CONSTANT ALTITUDE
VeT~ ,:I8OKEAS 

~~~I8O

- .

TRUE RELA1 1ONS14IP FOR

~7 ,\~~ — MEASURED RELATIONSHIP

NORMAL ACCELERATION +

A

Assul:le the test pilot desired to meas~n-e tho longitudinal
control force variation with normal acceleration at a force
trim speed of 180 KEAS. If he measured points slow , on
speed, and fast ( i n  t u r n ),  the erroneous relationship showli
above is a possible result.

FIGURE 75
EFFECT OF POOR AIRSPEED CONTROL ON MANEUVERING STABILITY
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- Stick Forces in Maneuvering Flight-Irreversible Control System

Some of the characteristics of longitudinal control force variation in
maneuvering flight fo r the reversible control system are the same for the irreversible
control system. These are :

1. More longitudinal control force is required to pull the same normal

acceleration increment in steady turns than in pull-ups. However, the
difference in (dFs/dn) between the two cases is very small at high normal
acceleration.

2. Aft CG movement decreases “stick force per g,” if other factors remain

constant.

3. Poor airspeed control during the measurement of “stick force per g” can

result in erroneous impressions of longitudinal maneuvering stability.

Equations for longitudinal control force variation in maneuvering flight will
now be presented for two types of irreversible control systems. For simplicity, the
equations for steady turns only will be presented. 

-

Assume the irreversible control system is designed such that longituuiuual
control force is directly proportional to elevator deflection; i.e:

-I

where K p = 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 us4~d

longitudinal control systems, generally containing a linear feel spring.)
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For this type of irreversible longitudinal control system, longitudinal control

force variation with normal acceleration in steady turns at a constant trim airspeed

may be written as follows:

- 
-

— dFs 
_________ 

( 
dC~ m~Pgc 1

~~~~~STEADY TURNS - C 1 2 
+

1 
~~SSL V TR1M~ 

L FIXE D 4 n

The effects of trim airspeed variation on “stick force per g” for this type

control system are shown in Figure 76, for no comoressibilitv effects. Note the

-
~ I difference between Figures 76 and 73. Also note that for the irreversible control

system, longitudinal forces are dependent on stick-fixed stability vice stick-free

stability.
~ I

+ CONSTANT ALTITUDE CONSTANT ALTITUDE
CONSTANT CG CONSTANT CG$

H- 

_-
- T~~M MNSPEED~~~~~~~~ 

_

NORMAL AC~~.ERAT1ON TRIM AIRSPEED, KEAS
‘I

- — NO COMPRESSI8ILITY EFFECTS

• FIGURE 76
EFFECT OF VARYING TRIM AIRSPEED ON “STICK FORCE PER GM FOR
THE IRREVERSIBLE CONTROL SYSTEM WHERE F~ ‘K ,~~B~

IV- 114



r ~~~~~~~~~~~~~~~~~~~~~~

- - Consider now a different irreversible control system which incorporates a

dynamic pressure (q) sensor such that:
Fs

where K2 = a constant describing the characteristics of the system, such as strength

of the fee ~rring, gearing ratio, etc. (This type longitudinal control system is

commonly called a “ti--feel” system.)

• For this type of irreversible longitudinal control system , longitudinal control

force variation with normal acceleration in steady turns at a constant trim airspeed

may be written as follows:
C -

1dFs ~‘2 ~ I dC,~ m~øgc
• 

- ~~~~
)STEADY TURNS = - 

C ~~ 
+ 

~~~~~~~~~ 

(1 - ! 
~1~~~

e 
L 

L FIXhE) 4 n2J

The influence of trim airspeed variat ion on “stick force per g” for this type of

control system is the same as for the reversible control system (see Figure 73) if no

compressibility effects are present.

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, compressibility generates the following

phenomenon which influence the maneuvering force gradient:

1. The wing aerodynamic center shifts aft in the transonic flight regime,

which increases (dCm/dC L). (This is analagous to a forward shift in airplane

center of gravity.)
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• 2. Shock wave formation and change in pressure distribution reduce the
effectiveness of the longitudinal control surface, particularly if the surface

is an elevator vice a stabilator.

Both the effects listed above tend to increase “stick force per g” and “elevator

position per g” for both the reversible and irreversible control system. Tynical

influence on maneuvering stability is shown in Figure 77.

CONSTANT ALTITUDE
~~ C CONSTANT CC

-

H

MACH NUMBER , M

FIGURE 77
COMPRESSIBILITY INFLUENCE ON MANEUVERING STABILITY

Effects of Longitudinal Control System “Gadgetry” on

Control Forces in Maneuvering Flight

Longitudinal control system “gadgetry” has been introduced earlier in this

section and its effect on longitudinal flying qualities during nonmaneuvering tasks

discussed. 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 as to oonose. movement of the longitudinal

control during accelerated flight - increases the “stick force per g” in maneuvering

flight (Figure 78). Conversely, the negative bobweight decreases “stick force per g.”

‘ F~ (PULL + CONSTANT V~
i CONSTANT ALTITUDE

POSITIVE CONSTANT CG
BOBWEIGHT~~~~~~~~~~~~~~~ 

ELEVATOR

NORMAL ACCELERATION
A

FIGURE 78
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 unaccelerated flight, usually increase “stick

force per g” in accelerated flight:

1. simple spring1

2. downspring1

1The constant load downspring has no effect on “stick force per g” if it merely adds
a preload force to the longitudinal control system. This is generally not the case
since simple springs and downsprings normally add forces also as a function of stick
displacement. Of course, this arrangement does increase “stick force per g.”
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3. Leading tab

Laaciinci tabs and Servo tabs. generally used to reduce longitudinal control

forces in unaccelerated flight, also reduce longitudinal control forces in accelerated

flight.

The blow-down tab does not affect “stick force per g” as long as the nilot

maintains trim airspeed precisely during the in-flight measurement.

The nreloaded spring tab has an interesting influence on maneuvering control

forces in that it introduces artificial nonlinearity into the “stick force per g” plots

(Figure 79).

H
~ f 

SPRING CONSTANT = C~ (SAME AS HAVING NO SPRING 1A8)

- 

-

I 
_

NORMAL ACCELERATION +

FIGURE 79
INFLUENCE OF PRE-LOADED SPRING TAB ON MANEUVERING
CONTROL FORCES
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Effec ts of “Rapid Maneuvers” on Maneuvering Stability

The discussion of maneuvering stability has, to this point, considered only
steady-state conditions where dynamic equilibrium has been achieved. During

transient maneuvers with rapid inPuts of stick force and elevator position

(sometimes called sudden pull-ups) , the simple relationships previously presented no
longer apply, It is extremely important , of course, that the maneuvering stability
characteristics (particularly “stick force per g”) during sudden maneuvers be such
that the airplane is not easily overstressed. In addition, the dynamic characteristics

• of the airplane (short period damping, in particular) and the phasing between the

• pilot’s force inputs to the control stick and the resulting stick motion and normal
accelerat ion response must be such that the airplane is not prone to
pilot - indu ced-osci l lat ions in rapid maneuvering. Several factors affecting
maneuver ing stability during abrupt maneuvering will now be oresented.

Consider an airplane equipped with a reversible longitudinal 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 acceleration will

generally be less for the sudden force input than for the equivalent steady force

input. This is due to the fact that the elevator does not have sufficient time to reach
its “float” position in the rapid maneuver. Therefore, the longitudinal control forces
are higher per unit change in normal acceleration in the sudden maneuver as

compared to the steady maneuver if the elevator is not over-balanced (see Figure
80). (This is the same as saying the response in normal acceleration per unit input of

longitudinal control force is less in the sudden maneuver.) The difference in control
force variation with normal acceleration between steady maneuvering flight and

sudden maneuvering is dependent on the raoiditv of the sudden input. This
difference is largest at low va lues of normal acceleration and smallest at high values.

(At high levels of normal acceleration , the steady pull-up or steady turn maneuver
must be fair Iy~~pj~ to attain the high normal acceleration at a constant airspeed.)
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For the irreversible control system which exhibits no classic elevator float,

viscous dampers or other devices may be used to discourage rapid longitudinal

control inputs. These devices tend to effectively increase maneuvering control forces

during rapid, abrupt maneuvering exactly the same as shown in Figure 80. If the

rapidity or the suddenness of the input is increased, the difference between sudden

and steady control forces in maneuvering flight is increased.

FINAL ELEVATOR POSITION
FOR STEW~ INPUT

— SUDDEN INPUT
~~~~~~~~~~

- W~TIAL (TRIMMED) POSITION

HORIZONTAL TAIL. FLOAT ANGLE

• ~uddeu Longitudinal Furce luput l-~ t o- - . ::o’~- -  ao the  ~1toa ~iy
! ugi tudlu-il For~ -~ Iu j  U

For the Steady Maneuver , i- ’~ utt l Elevator  oeflecticu l~ - - -~~t -~r
Because of Float Angle , wh~cu Develoç~ ~~t-:r a Floite Lime

In t . er v i l .

• 

~~~~~~~ 

~~~~~~~~~~~~~~~~

NORMAL ACCELERATION
A

FIGURE 80
RELATIONSHIP BETWEEN MANEUVERING CONTROL FORCES FOR
STEADY AND SUDDEN MANEUVERS FOR THE REVERSIBLE
CONTROL SYSTEM
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However, consider the reversible control system again where the elevator is very
closely balanced ~~1S e ) is very small). Satisfactory control forces in maneuvering
flight can be achieved for this situation by making Ch~ t sliahtlv oositive. This causes
the elevator to “float ” opposite to the direction shown in Figure 80. However, in
rapid maneuvers, large elevator deflections may be obtained before the airnlane’s
response builds up the longitudinal control force through the floating tendency. This

will generate large normal acceleration changes for undesirably small control forces

in sudden maneuvers, while in the steady state maneuver , longitudinal control force

variation with normal acceleration may be satisfactory (see Figure 81).
U

I’

~ t I 
STEADY MANEUVERS

L / ~~~~~~~

— ,z:::~~~~

—
-

~ 

SUDDEN MANEUVERS

• 

I L~~~~~~~~~J 

NORMAL ACCELERATION

FIGURE 81
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 a serious degrading influence on

longitudinal flying qualities during rapid or sudden maneuvers. In any type of
control system the bobweight tends to alter the phasing between the pilot’s force

inputs and the resulting stick motion and normal acceleration resoonse. Consider the

case of an airplane which obtains all or nearly all its maneuvering force gradient
(stick force per g) in steady maneuvering flight from a positive bobweight. In raoid
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maneuvering of this airplane, the cockpit control stick can be moved with very small

force inouts to initiate the sudden maneuver. As normal acceleration develops, the

bobweight, responding to the normal acceleration , attempts to pull the control stick

back to neutral. This requires the pilot to add increasing longitudinal pull forces to

maintain the control input. The same relationship between sudden and steady

maneuvers shown in Figure 81 again apply for this situation. In addition, the pilot

may induce objectionable high-frequency oscillations in normal acceleration in

attempting to perform rapid maneuvering—tasks under these conditions. In extreme

cases, if the damping of the longitudinal control system is poor, the pilot feels the

control st ick constantly slapping against his hand during rapid maneuvering.

• In an attempt to alleviate poor control characteristics in sudden maneuvering

for control systems utilizing bobweights, the arrangement shown in Figure 82 is

sometimes used. The bobweight is not only sensitive to normal acceleration, it is

sensitive to rate of change of normal acceleration, or pitch accelerat ion,’O.

J

~~~~~AFI K

FIGURE 82
BOBWEIGHT ARRANGEMENT UTILIZ ING BOBWEIGHTS FORE
AND AFT OF THE AIRPLANE CENTER OF GRAVITY

From a study of Figure 82, the rationalization may be made that during rapid

maneuvering (during which normal acceleration and pitch rate are changing), the

fore and aft bobweight arrangement applies additive forces to the control system

which oooose the pilot’s control input. This tends to increase maneuvering control

forces in sudden pull-ups, etc. During steady maneuvering flight (during which

normal acceleration and pitch rate are constant), the fore and aft bobweights apply
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• individual forces to the control system which tend to cancel each other. (Bobweight
W 1 would increase “stick force per g” and bobweight W2 would decrease “stick
force per g”.) The overall effect depends, of course, upon the relative size of the
bobweights, as well as their placement with respect to the airplane CG and the
cockpit control stick. However, the overall effect would generally be that shown in
Figure 80.

DYNAMIC LONGITUDINAL STABILITY AND CONTROL AS RELATED TO

MANEUVERING TASKS

The p~-evious discussion of longitudinal maneuvering stability has been
- 

- 
concerned mainly with equilibrium flight conditions. The discussion will now be

• expanded to study the means by which one equilibrium flight condition is changed
to another equilibrium flight condition.

The means by which the airplane may be brought into a condition of

equilibrium during maneuvering tasks has been previously developed. Further, the
• typical response of the airplane to a longitudinal contro l in put through the 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

83). Note that the control input generates pitching moments which initially cause
only changes in angle of attack (and normal acceleration) at a constant airspeed.
This is the response of the airplane through its short oeriod mode of motion. The
characteristics of this mode of motion greatly influence the pilot’s abi lity to perform

both maneuvering and nonmaneuvering tasks. It’s characteristics are particularly
critical for maneuverino tasks. Characteristics of the phugoid or long period mode

have little influence during maneuvering tasks because:
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1. The pilot generally has close control over pitch attitude during
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 changes in the
•~~~1

-~~ airplane’s flight path does not allow the phugoid motion to develop.

~ 5

_  _  —— _  _  _  _  _

0 FINAL EQUILIBRIUM CONDI flONS

~~~~~~~~~~~~~
— -

~~~~~~~~~~~~~~ ~
=

~~~
±—

~~~~~z PHUGOID OR LONG PERIOD RESPONSE
-
~~~~~ w I _ _  — I _ _  _ _  _ _  _ _  -

SHORT PERIOD RESPONSE

~ C
o 

1 
8 TIME 2 16 1 0

_____ _____ 
(SECONDS) 

___________ _____

L—f--
~~ tj0 TIM E 12 16

- (SECONDS)

- 
:~ FIGURE 83

- TYPICAL AIRPLANE RESPONSE TO LONGITUDINAL CONTROL INPUT

It should be apparent from a study of Figure 83 that the short period mode of

- motion is a second order response composed of angle of attack (and normal
acceleratiqn) variations at an essentially constant airsneed. Thus the pilot utilizes the
short period mode to make angle of attack and normal acceleration changes;

- therefore, during maneuvering tasks, the pilot will devote much of his attention to

controlling the short period mode of motion.

The remainder of this discussion will be directed toward describing the origin,
characteristics, and parameters affecting the short period mode of motion.
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Origin of the Short Period Mode of Longitudinal Motion

Without derivation, the determinant of the transformed longitudinal equation

of motion for “small” disturbances may be written as shown in Figure 84.

— 
Drag 

• ~ • 133
• Characteristics ii

Lif t —-~~~ L / u  ‘ ‘ l u -~~~
-- —

Characteristics U

Pitching Moment-. 
-
~~~~ 

- - -l -

Characteristic s

- . Terms Generated liv lerms Generated By
Changes In Uorizontal Velocity Changes In Pitch Attitude

Tcnr-. l - - fl~ c i t e d Uy
Change-. in \n~~le uf ~ittack

S • Laplace Operator.

g • acceleration due to grav it ).

u • horizontal velocity (U - ni ti ~~l lu ri.ontal velocity ;.

• change in drag ~i t h  h~ nge in horizontal veloc ity

divided b~ t he-~~~,- ’ - ~t the ~,ir;,l ane .

change in drag w i t h change in ang le of attack

divided by the mass of the airp lane .

L = ~~~~ change in lift ‘~~th change in horizontal velocity
U a divided by the mass of th~ airp lane.

L • ~_!~2_~ change in lift with change in ang le of att ack
~ a divided by the mass of ~hc airp lane .

M 
a M/l u 

• Change lii pitching moment with horizontal velocity
U yy divided by the moment of inertia in pitch , a

speed stability term .

• • change in pitching moment with ang le of attack
yy divided by the- moment of inert ia in p i t ch , an

angle of attack stab ility term.

M • 
1M~~1 change in pi tching moment with rate of change of

yy angle of attack divided by the moment of inertia
in p it ch , a ’Uownwash lag” term .

• change in pitching moment with rate of change of pitea
>7 di~~d.4 by thz moment of inertia in pitch , a pitc h

rate damping term .

FIGURE 84
THE LONGITUDINAL DETERMINANT
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The solutions of the longitudinal determinant will provide useful information
about the longitudinal modes of motion. The classic short period ap~roximation is
now of concern. In order to make this approximation, several assumptions must be

-~ - made. These assumptions, based on flight experience and logical reasoning, are as
* 

follows:

1. Airspeed remains constant during the motion.

2. Short period motion is not affected by 
~~~ attitude: however, the short

period mode is sensitive to pitch rate,

3. Drag characteristics have no influence on the short period mode.

4. Low Mach number (no compressibility effects).

If the above assumptions are valid, the lift and moment portions of the
longitudinal determinant (with airspeed terms set equal to zero) are the controlling
factors for the short period motion. The “classic” short period approximation may
then be written as follows: 

-

L
s + _ . a

h o
= 0

- M . S - M  S - M .
a e

Solving the determinant yields the following second order characteristic
equation:

s 2 
+ (_9. - Me - M.) S - (M~ + ~~ Me ) = 0

The undamoed natural frequency of the short period mode of motion may be
developed 1 as follows:

1Several mathematical manipulations have been omitted.
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= undamped short period freauenc y
sp I

I/~~
}
~a M 2 x .

Jf ~ 
Sc CL ~~~ - Np,-

where : YY a c -

the ratio of the snecific heat of a gas at constant

volume to that at constant pressure ty is a constant,

general ly taken as 1.4).

p = absolute pressure , pounds ner square foot.
a

M = Mach number.

CL change in lift coefficient per unit change in angle of

attack (lift curve slope).

x
- = nondimensional distance between the airplane CG

and stick - f ixed maneuverin g neutral point.

(Sometimes called maneuver margin or maneuvering
- 

- - 
margin.)

A simple expression for short per iod damped natura l frequency is derived if the

following assumptions are made:
M ~~0-a

~~

The undamped natural frequency of the short period mode of motion may then

be developed as follows 1:

Several important relationships can be gathered from a study of the equation

for

1Several mathematical manipulations have been omitted.
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1. The undamped natural frequen~
’y of the short period motion increases as

Mach number increases: thus the oeriod decreases with increase in Mach

number. (The “quickness” of the motion increases.) —

a-

2. The undamoed natural frequency of the short period motion decreases

with increase in pressure altitude at a constant Mach number.

3. The undamped natural frequency of the short period motion decreases as
the airplane CG is moved aft toward the stick-fixed maneuvering neutral
point. This is analogous to weakening the snring in the spring-mass-damper
system. When the CG is at the stick-fixed maneuvering neutral point, the
undamped natural frequency is zero; i.e., the motion is nonoscillatory.

4. The undamped natura l frequency of the short period motion decreases
with an increase in moment of inertia in pitch. This is analogous to
increasing the mass in the spring-mass-damper system-

5. The damped natural frequency of the short period motion is only
dependent on angle of attack stability, M~, if certain simplifying
assumptions are valid.

F The damping ratio of the short period mode of motion may be developed1 as

follows:

= __________________________ CL 
C C .

2 V C C L (
X

CG 
- 

fl~ 
- 

21~~ }
1Several mathematical manipulations have been omitted.
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- , where:

CL = lift curve slope coefficient
a-

Cm(Z~ = pitch rate damping coefficient

Cm~ “downwash lag” term coefficient

Certain important effects are visible from this relationship:

1. Increasing lift curve slope, increasing pitch rate damping, and increasing the

“downwash lag” term increases damping of the short period mode of

- 

‘
. motion.

2. Increasing angle of attack stability decreases short period damping.

3. Moving the CG forward decreases short neriod damping.

4. Damping of the short period mode of motion is not a direct function of

airspeed or Mach number.

Characteristics of the Short Period Mode

Additional insight into the short neriod mode of longitudinal motion may be

gained by studying the flight path of an airplane during a short period oscillation.

- Figure 85 shows a typical short period motion. It is so rapidly damped out that the

transient has virtually disappeared in a very short horizontal distance. The deviation,

- 
- of the flight path from the original flight path is generally small, the principal

feature of the motion being the rapid rotation of the airplane in pitch. (Compare the

short period flight path with the phugoid flight path presented earlier.)
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- -:- 
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FIGUR E 85
TYPICAL SHORT PERIOD FLIGHT PATH

- ‘
. Effects of Various Parameters on Short Period Mode of Motion

The influence of varying several parameters on the short period motion will

now be shown using the convenient root locus plots. The “classic” short period
roots, as well as the “classic” phugoid roots are shown in Figure 86.

IMAGINARY
AXIS

SHORT PERIOO 

~~~~~~~~~~~~~~~~~~~~~~~~~ X 

-

• ROOTS
• 

REAL AXIS

- x

-. FIGURE 86
COMPLEX PLANE REPRESENTATION OF CLASSIC SHORT PERIOD
AND PHUGOID MODES OF MOTION
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- 
- - The short period mode shown in Figure 86 is typically stable, oscillatory , and

well damped. It is assumed that the CG is somewhere forward of the stick-fixed

neutral point.

I-

The effect of varying angle of attack stability, M~, can be studied by first

- 

-

- assuming the M~ is zero, then allowing M~ to increase negatively from zero. (This is

the normal sign for M~, since, for stability, positive (nose up) increases in angle of

attack must generate negative (nose down) pitching moments.) The effect of

increasing angle of attack stability is shown in Figure 87. (This is exactly the same

effect as moving the CG forward.)

IMAGINARY
AXIS

w4cREASES

DECREA~~S

~~ ~~~ ~ 
— REAL AXIS

[M~~=Mà= O}

FIGURE 87
EFFECT OF INCREASNG ANGLE OF ATTACK STABILITY, N a

A typical effect of airspeed variation in the subsonic flight regime on the short

period motion is shown in Figure 88. As stated previously, short period damping is

independent of airspeed, although undamped natural frequency increases with

increasing airspeed.
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FIGURE 88

NIIFLUENCE OF INCREASING AIRSPEED ON LONGITUDINAL
SHORT PERIOD AND PHUGOID CHARACTERISTICS

The influence of changing speed stability, M~1, on short period characteristics is

shown in F igure 89. The most apparent ohenomenon to the pilot will be the

divergent, nonoscillatory phugoid tendency if M~ is less than zero. Only in the

transonic flight regime is speed instability (negative M~~) generally encountered. This

situation might be characterized by a well-damped, high frequency short period

motion; yet a pure divergence in airspeed if speed is altered from trim, at least for

small disturbances.
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FIGURE 89

INFLUENCE OF REDUCING SPEED STABILITY,
M U 

-

One of the means of artificially augmenting short period damping is through the

use of a pitch rate damoer. This device senses pitch rate and applies proportional

longitudinal control inputs which artificially increases M~~. The effect is shown in

Figure 90. 
-

• Another means of artificially adding short period damping is via utilization of a

pure pitch attitude sensor (Figure 90). This device is not generally very good because

it also increases the frequency of the short period motion considerably. This results

• in a very “rough ride” in turbulent air, particularly at high dynamic pressu re.
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FIGURE 90
EFFECT OF INCREASING M0
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- - TEST PROCEDURES AND TECHNIQUES

M A N E U V E R I N G  TASKS

PREFLIGHT PROCEDURES

A thorough investigation of longitudinal flying qualities during maneuvering
tasks must begin with thorough preflight planning. The nuroose and scone of the
investigation must be clearly defined, then a plan of attack or method of test can be
formulated.

Preflight planning must start w ith research. This includes a study of the airplane

and a thorough study of the lon~itudinaI control system - including stabiiity and

control augmentat ion if installed. The design of the longitudinal control system

should have a major influence on both the scope of the investigation and th~
- - emohasis during the investigation. The theory presented earlier for longitudinal

maneuver ing stability should provide excellent direction to the test pilot and

engineer in formulating a test program for the investigation of longitudinal flying

qual i t ies during maneuvering tasks. For example, malor emphasis during

maneuvering stability tests on airplar~s with reversible control systems should be on
- - the linearity of the longitudinal control force variation with normal acceleration at

several selected trim airspeeds. Conversely, for ai~~ anes with irreversible control

systems, major emphasis should be olaced on the variation of the longitudinal

control force - normal acceleration q~~dient (stick force per g) with altitude and

airspeed or Mach number. Theory, although not always complete and not always

classically applicab~e to the practical tests, generally leads to the emphasis presented

above because of the following:

1. Nonlinear hinge moment characteristics at large elevator deflections and

high Mach numbers can generate serious nonlinearities in maneuvering

control forces for the airplane equipped with a reversible longitudinal
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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 systems are usually utilized in airplanes with relatively
restr icted flight envelopes. This fact , in conjunction with knowledge of the

characteristics of the reversible control system, leads to the rationalization

- -~ that the gradient of longitudinal control force with normal acceleration

should not vary greatly throughout the Operational flight envelope for
these airplanes. This is generall y not so for the irreversible control system,

Because of the large flight envelopes usually associated with airolanes
possessing irreversible control systems and the characteristics of irreversible

— -
- control systems the qradient of longitudinal control force with normal

acceleration can vary drastically within the operational flight envelope.

Preflight research also involves reviewing all available information on
longitudinal stability and control characteristics. Much useful knowledge may be

gained from conferences with pilots and engineers familiar with the airplane.

- 

.- 
The particular maneuverin~ tasks to be investigated must be determined and

clearly understood by the flight test team. These tasks, of course, depend on the
miss ion of the airplane. Knowledge of the mission and the maneuvering tasks allows

: determination of appropriate test conditions - configurations, altitudes, centers of
gravity, trim airspeeds, ano gross weights. Test conditions should be commensurate
with the mission ~nvjronment of the airplane. Center of gravity position is, of

course, extre mely critical for these tests. If flight test time permits, tests at the most

aft and most forward operational CG positions should be perfo~med after an
adequate build-up program. If flight test time is limited, tests should be performed
(with care ) at the most aft operational CG position (aft critical loading). Note:

Maneuvering longitudinal control force gradients (stick force per g) may actually
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limit forward and/or aft CG positions for operational use. If the test program is
- 

- 
aimed at determining these limits, aPpropriate CG restrictions will be nromulgated
or recommended by the test activity or higher authority.

I

The amount and sophistication of instrumentation will depend on the purpose
and scope of the evaluation. A good, meaningful qualitative investigation can be
performed with only production cockpit instruments and portable instrumentation -

hand-held force gauge and stopwatch. Automatic recording devices, such as

oscillograpl-i, magnet ic tape, and telemetry, are very helpful in rapid data acouisitiori

and may be essential in a long test program of quantitative nature. Special sensitive
cockpit instruments are also very useful, not ily aiding in data acquisition but also
aiding in stabilization for equilibrium tests points.

The final steo 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 91. Many test pilots desire to modify data
cards to their own requirements or construct data cards for each test. At any rate,
the data cards should list all c’uantitative information desired and should be easy to
interpret in flight. Blank cards should be utilized for appropriate qualitative pilot
comments.
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LONGITUDINAL STABILITY AND CONTROL RECORD FOR

MANEUVERING TASKS
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FLI GHT TEST TECHNI QUES

The Qualitative Phase of the Evaluation

Longitudinal stability and control characteristics must be evaluated in relation

- 
- - to their influence on various maneuvering mission tasks. Therefore, the test pilot

- 
-

- must devote a portion of the evaluation ’ to performing or simulating the

maneuvering tasks which have been selected. While performing these tasks , the test

pilot gains the essential qualitative opinion of the longitudinal flying qualities and

ç should assign handling qualities ratings. Without recording a single item of data, the

test pilot should be able to form a good opinion of the mission effectiveness of the

airplane, at least for the particular task being evaluated. This opinion will be based

on the amount of attention and effort the pilot must devote to “just flying the

airplane.” Due consideration should be given during this phase of the test to the

following considerations:

1. Whether the mission task will be performed in VFR and IFR weather, or

strictly VFR conditions.

- 

- 

2. The amount of time and effort the pilot must devote to duties other than

“just flying the airplane” - duties such as setting up a weapons system,

coordinating multiplane tactics, communicating with other aircraft or a

controlling station, etc.

3. If stability or control augmentation systems are installed, the consequences

of their failure .

The test pilot ’s qualitative op~nion of the airplane ’s longitudinal flying qualities

in relation to the selected mission task is the most important information to be

obtained. Therefore, this phase of the test must not be overlooked . The test pilot
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probably will have some ideas as to the particular characteristics which make the
airplane easy or hard to fly even before proceeding to the quantitative phase of the
testing. Use of the quantitative test techniques described below hopefully allows the
test pilot to substantiate his qualitative opinion.

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 on Longitudinal Flying Qualities.
Therefore, test techniques for measuring mechanical characteristics will not be

• restated. This discussion is mainly concerned with the direct effects of mechanical
characteristics on longitudinal flying qualities during maneuvering tasks.

Breakout Forces. Including Friction. Friction in the longitudinal control
system, since it is usually, small , generally has little or no effect on maneuvering
handling qualities. However , if friction (withou t breakout) is very large, longitudinal
flying qualities during maneuvering tasks may be seriously degraded. A large amount
of friction would introduce poor control “feel” in maneuvering flight in that the
friction would necessitate significant longitudinal control force inPuts before an
airplane response would be apparent (Figure 92). This would be particularly true
while maneuvering at low values of normal acceleration since the friction would
effectively “mask” the airplane ’s true “stick force per g” gradient, particularly if the
gradient were rather shallow.
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FiGURE 92
LONGITUDINAL CONTROL FRICT~ N EFFECTS ON
MANEUVERING FORCE GRADIENT

-: A judicious amount of longitudinal control breakout force generally is
beneficial to longitudinal flying qualities during maneuvering tasks . It may reduce

- - 
- excessive sensitivity in longitudinal con~rol feel about trim for certain airplane flight

conditions (high natural frequency and low damping of the airplane short period
mode, low “stic k force per g” grad ient). Addition of some breakout force may

reduce otherwise severe pilot-induced-oscillation (PlO) tendencies for these flight
conditions. However, if too much breakout force is added, the pilot ~~~~ “lag” in
the control system which may cause him to overcontrol (attempt to drive the

airplane to the response he desires) and generate pilot-induced-oscillations .

Breakout forces must be suitably matched to the longitudinal maneuvering

stability characteristics of the airplane. A combination of large breakout and shallow
gradient of longitudinal control forces in maneuvering flight (Figure 93) results in
artif icial maneuvering force nonlinearity about trim. This generates very poor

longitudinal control feel when the pilot attempts to track precisely at low values of
normal acceleration.

N
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FIGURE 93
- 

- POOR MATCHING OF LONGITUDINAL MANEUVERING
FORCE GRADIENT AND BREAKOUT FORCES

In summary, some longitudinal breakout force is usually beneficial to

longitudinal flying qualities during maneuvering tasks, however, too much results in
- 

undesirable characteristics. Friction generally should be as small as possible in the

longitudinal control system.

Freeplay. Freenlay in the longitudinal control system should be as small as
- possible. Excessive freeplay results in difficulty in performing precise tracking tasks

- 
at low values of normal acceleration about trim. The oilot will generally resort to

- tracking slightly “out of trim” during precise maneuvering to avoid continually

moving the longitudinal control stick through a large “dead band ” of freeplay.

Centerina . Positive centering of the longitudinal cockpit control stick
- - contributes to good longitudinal flying qualities during maneuvering tasks; positive

centering allows the pilot to change normal acceleration, angle of attack , and pitch

attitude toward the trim (one g) condition merely by relaxing forward or aft force

on the control stick.
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Control System Oscillations. Oscillations in the elevator control surface and the
entire longitudinal control system, initiated by either external perturbations or pilot

- .
~~

• inouts, should be essentially deadbeat. Lightly damped or undamped motion can
result in annoying motion in the cockoit control stick during rapid maneuvering, as

- well as objectionable oscillations in normal acceleration.

Measurement of Longitudinal Maneuvering Stability. Longitudinal maneuvering

stabil ity characteristics have been shown to have a major influence on the pilot’s
- 

~
. opinion of the airplane during maneuvering tasks. In particular , the longitudinal

• control force variation with normal acceleration , or “stick force per g”, is a primary
- 

- “control feel” parameter. This parameter is of tremendous importance for airplanes
• which will be maneuve,. extens ively in operational use; however, it must be

investigated to some degree in all airplanes, irregard less of their missions .

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; therefore, it is
necessary to design the airplane very carefully to maintain this gradient within
acceptable limits. The acceptability of a particular airplane’s “stick force oer g”
gradient will generally deøend on at least the following considerations:

1. The amount of maneuvering and the nature of the maneuvering tasks

required for mission accomplishment. If the airplane is designed to be

maneuvered extensively, the “stic k force per g” gradient must be low

enough so that the pilot is not fatigued excecsively. However , the “stick
force per g” grad ient must not be too low or the control feel may be too

light and sensitive. Additionally, there may also be inadequate orotection

- 
against inadvertent overstress with a low force gradient.

lV-143

r



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - — -. _~~- -- ~~~~~~~-

Z The Iinit load factor, or “9- toleranoa” of the airplane. Ob,iously, the

-- 
- “stick force per g” gradient must be high enough to discourage inadvertent

overstress. “Stick force per g” gradients must be higher for airplanes with

low g - tolerances than for airplanes with high g - tolerances. The pilot

rightly expects untrimmed stick forces to be high when the airplane is

maneuvered 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 grin is

- C 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 comfortably use both hands with a
wheel controller leads to the rationalization that the maximum acceptable

“stick force per g” gradients can be higher with a wheel controller than

with a center-stick controller. Similarly, the minimum acceptable “stick

force per g” gradient must generally be higher with a wheel controller

because the pilot’s arm is usually unsupported. The pilot has very good

“vernier” control with a center-stick even with a low “stick force per g”

- - 
gradient because the forearm is usually supported on the thigh.

4. There is some evidence from flying qualities investigations to indicate that

“stick force per g” should be higher at low speeds than at high speeds. This

is probably due to the fact that the pilot maintains tight control over

normal acceleration at high speeds, then gradually switches to tight control

of ditch attitude at low speeds. Thus the pilot tends to use “stick force per

g” as a primary control feel parameter at high speeds, then switches to
longitudinal control force per unit change in angle of attack (Fs /rx ) as a
primary control feel narameter at low speeds. In order to utilize the same
criteria (

~~ /g) for both slow and fast sneeds, criteria for “stick force per g”
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at low speeds can be made inversely proportional to the parameter n /~1

(c hange in normal acceleration per unit change in angle of attack, a direct
measure of how much rotation of the airnlane is required to obtain the
normal acceleration response). Use of this type of requirement can be
justified by study of the following constant speed approximation:

Fs,~ = ( F5/n) (n/~) -

p 
- It is very desirable that the plots of longitudinal control force versus normal

acceleration be linear within the range of normal accelerations which would
normally be attained during maneuvering tasks in operationa~ use. Some nonlinearity

- • must be expected in all airplanes; however, the departure from linearity should not
cause excessive differences between the local “stick force per g” gradient and the
average “stick force per g” gradient. The local gradient is defined by the slope of a

• - tangent to the curve at any point. The average gradient is defined by the slope of a

line drawn from the Ig point where breakout including friction is overcome to the
point on the curve under consideration (see Figure 94) . In general , a departure from
linearity which resu lts in the local gradient differing from the average gradient by

more than 50 percent is considered excessive.

:~
• 25 LOCAL ~AOI~ NT 1’

I 
~~~~~~~~~~ t O ~~~~~~ P4DIEI’,T

~~

N(~~~Y A  .~CCE~ ERAT IC~’~

FIGURE 94
GRAPHICAL EXPLANATION OF LOCAL GRADIENT 3 AND
AVERAGE GRADIENTS OF STICK FORCE PER 6

1 n,~ is directly proportional to the slope of the airplane lift curve and the sauare of
the airplane velocity.
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Transient Control Forces. During abrupt maneuvers, the longitudinal control
forces must not be too light, or the pilot may inadvertently overstress the airplane
while attempting to maneuver rapidly. A satisfactory “stick force per g” gradient in
steady. smoothly controlled flight is not absolute assurance that transient control
forces will not be too low. Essentially, it should be more difficult to overstress the
airplane during abrupt, sudden maneuvers than during steady maneuvers. Thus, one

- 
-
* requirement on transient longitudinal control forces is that the control force

required to attain a certain normal acceleration in a sudden or abrupt maneuver
should not be objectionably light and the buildup of control force during the

maneuver entry shall lead the buildup of normal acceleration. Another criterion
which has been developed is a requirement on the ratio of longitudinal control force

- 
- 

to normal acceleration during maneuvers in which the pilot sinusoidally pumps the
• longitudinal control at various frequencies. This criterion states that these ratios

should always be greater than 3.0 pounds per g for a center-stick controller and 6.0
pounds per g for a wheel controller.

Elevator Dosition ner g. Of lesser influence on the pilot ’s opinion of the

airplane during maneuvering tasks is the variation of elevator position with normal
acceleration in maneuvering flight, or “elevator position per g”. However, a positive

elevator position gradient in maneuvering flight; i.e., increasing trailing edge up
elevator deflection for increasing positive normal acceleration is essential for
satisfactory unaugmented longitudinal flying qualities; it is also indicative of good
basic airplane design. No maximum or minimum limits are placed on the elevator
position variation in maneuvering flight. The only criteria is that increases in trailing

edge up elevator deflection shall be required to maintain increases in positive normal
acceleration throughout the range of attainable acceleration.
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Stick Position per g. The longitudinal cockpit control motion required in

-
~ maneuvering flight has some effect on the pilot’s opinion of the airplane during

- maneuvering tasks. Qualitative and quantitative criteria have been developed for the

- variation of cockpit control position with normal acceleration in maneuvering flight.
- “Stick position per g” should at least be positive-increasing aft cockpit control

- 
- position required to maintain increases in positive normal acceleration - and the

- cockpit control motions required should not be so large or small as to be
objectionable. A quantitative criterion that has been developed for Category A
Flight Phases is as follows: the average gradient of longitudinal control force per

- ç inch of cockpit control motion during maneuvering flight should not be less than 5.0

- • pounds per inch for Levels 1 and 2 (this is actually designed to discourage excessive
- . control motion). However, flying qualities investigations have shown fairly

conclusively that some finite “stick position per g” level is desirable during
- maneuvering tasks. The main benefit of the stick motion during maneuvering is the
- “filtering action” which the stick motion has on the pilot’s control inputs. For

instance, if an airplane exhibits a shallow longitudinal control force gradient in
- maneuvering flight and little or no “stick nosition per g” gradient, the pilot has little

longitudinal control “feel” in terms of either force or motion and he may tend to

- 
overcontrol during precise maneuvering tasks. The “stick force per g” gradient for

- this case may be optimum for the mission and characteristics of the airplane; if so,
increasing the stick motion during maneuvering flight may be the solution for the

overcontrolling tendency.

Steady Pull-ups. Test techniques which may be used to measure maneuvering

stability cha acteristics - “stick force per ~~“ “elevator position per g,” “stick

position per g,” and n/I t will now be introduced. The first technique to be presented

is the steady pull-up method.
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The steady pull-up method involves obtaining data at a constant power setting,

a constant longitudinal trim setting, and a constant airspeed (trim airspeed) while

varying normal acceleration by varying pitch rate during stabilized wings-level

pull-ups. It is performed as follows:

- ‘ 4

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. If using automatic recording devices, a “trim shot” should

be taken. Record appropriate data such as power, longitudinal trim setting,

trim elevator and/or stick position, and~uffiI quantity. Note any correction

to be applied to cockpit sensitive acceleromete r readings (“ tare” correction)

and set the floating pointers of the accelerometer to I g.

-: 2. Without changing power or trim settings, decelerate in a climbing attitude

(zoom climb) then push over to enter a shallow dive toward the original

trim altitude. As the airspeed increases toward the trim airspeed, steadily

apply a pull longitudinal control force to establish a nose-up pitch rate and

increase normal acceleration to approximately that selected for the test

point.

3. If using the hand-held force gauge on a center-stick controller , the force

• input must be made through the force gauge; i.e., with the force gauge

already applied to the control stick. The transient force inout necessary to

• initiate the pitch rate may be different from the steady force input

required to maintain the established normal acceleration. The test pilot

must keep in mind that the floating pointer of the force gauge will remain

at the maximum force applied, which may not be the steady force which

he desires to measure.

4. For a short period of time during the steady wings-level pull-up, airsoeed ,

longitudinal control force, and normal acceleration will be stabilized.

During this period of time, the pilot should activate the automatic
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recording devices and mentally note stick force, stick or elevator position,

and normal acceleration. If using the hand-held force gauge, jQ~k at it

quickly during this period; do not rely solely on the floating pointer. For

wheel-or yoke-control airplanes, it is possible to establish the normal

-‘ acceleration with one hand while holding the force gauge in readiness with

the other. Then when stabilization is attained, the force gauge can be

applied quickly and the steady control forces measured.

5. Airspeed control is critical for this test. Deviations in airspeed from trim

airspeed of more than ~±_ 
5 KIAS during data gathering is considered

unacceptable.

6. Altitude should be within .±.. 2000 feet of the base altitude during the

stabilized portion of the steady pull-up. Pitch attitude during the gathering

of data should be within j .j5 degrees of the original trim pitch attitude.

• 7. The technique of arriving at the desired airspeed, altitude, and attitude

with approximately the desired g is difficult, but can be mastered with

practice. (Do .not discard an otherwise perfect data point if the exact target

g is not attained. A reasonable ~~ ead of 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 information on the

pilot’s data card: counter number (if applicable), g attained, stick force,

stick and/or elevator position, and deviation from trim airspeed (if any)

during measu rement.
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9. Normal acceleration should be increased in steps from near lg toward the
maximum useable in operational use. The maximum useable may be
limited by structural considerations, severe buffeting, or stall. If any of
these limiting cases are reached, no further efforts should be made to
increase the applied normal acceleration. (Buffet onset normal acceleration
should be noted, if reached prior to maximum useable normal acceleration,
since it is indicated on the data plots. Nonlinearities in “stick force per g”
and n/~ usually occur at normal acceleration levels past buffet onset. )

10. As applied normal acceleration increases, the deceleration prior to entering
the dive, the steepness of the dive, and the rapidity of the control f~i~~

- 
.
. inout to initiate the oitch rate must be increased. As a matter of fact, for

some airplanes, the pull-up for high-g points may have to be initiated at
airspeeds faster than trim airspeed because it may be impossible to keep
the airplane from decelerating as the normal acceleration is applied .

Steady Pushovers. The steady pushover is probably the optimum method of
obtaining maneuvering stability characteristics at less than 1g. This method is simply
a “reverse steady pull-up.” It is performed exactly as the steady pull-up except:

1. A dive is entered initially to increase airspeed from trim, then a climb is
initiated toward the original trim altitude. As the airspeed decelerates
toward the trim airspeed, steadily apply a ~ jjongitudinal control force
to establish a nose-down nitch rate and decrease normal acceleration.

2. For a short oeriod of time during the steady, wings-level, pushover,
airspeed, longitudinal control force, and normal acceleration will be
stabilized. Record or note pertinent parameters at this time.
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3. Minimum normal acceleration attainable during these tests will probably be

limited by the trailing edge down elevator deflection stops or the airplane

structural units.

Steady Turns. This method involves obtaining data at a constant power setting,

constant longitudinal trim setting, and a constant airspeed (trim airspeed) while
varying normal acceleration by varying pitch rate during stabilized turns in both

directions. This method is somewhat easier than wings-level steady pull.ups because

the test pilot has a better opportunity to stabilize exactly on trim airspeed and
normal acceleration. Additionally, because of the nature of the technique, the

stabilized condition can be maintained for a longer time period, which facilitates
obtaining all the required data. Steady turns are performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired
flight condition. If using automatic recording devices, a “trim shot” should
be taken. Record appropriate cockpit data such as power, longitudinal trim
setting, trim elevator and/or stick position, and fuel nuantity. Note any
correction to be applied to cockpit sensitive accelerometer readings (“tare”
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 nose slightly to

maintain trim airsoeed. If using the hand-held force gauge on a center-stick

controller, the longitudinal force input will have to be made through the
force gauge.

3. When well stabilized on trim airspeed, bank angle, and normal acceleration,
mentally note longitudinal cofltrol force, stick or elevator position, and

normal acceleration, If using the hand-held force gauge, look at it if
possible during this period, If the airplane is equipped with a wheel
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controller, stabilize with one hand while holding the force gauge in
readiness with the other, then apply the force gauge and measure the force.

If automatic recording devices are utilized, “take a picture” of the
stabilized condition.

4. Afte r the run, roll wings level and climb in prenaration for the next test
point while recording appropriate cockpit data: counter number (if

applicable), g attained, stick force, stick and/or elevator position, and

deviation from trim airspeed (if any) during measurement.

5. Airspeed again is the critical parameter for this test. The test pilot must

note or record data only when stabilized precisely on trim airspeed.
Deviation from trim by more than -f 5 KIAS is considered unacceptable.

6. Stabilized data points should be obtained at 30, 45, and 60 degrees of bank

angle, then in approximately one-half g increments to the maximum
useable normal acceleration. Again, do not discard a perfrectly good data

point if the exact value 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 ~ in order to increase substantially the
g increment.

7. Little altitude is generally lost for the stabilized points at 60 degrees of

bank or less; therefore, a c’insiderable time interval can be spent attaining
good stabilization without exceeding the allowable altitude band (base

altitude ± 2000 feet). At greater bank angles (higher normal acceleration),

the test pilot should start above the test altitude prior to entering the

steady turn. Obviously, at these higher levels of normal acceleration ,
stabilization must be quicker because altitude is being lost rapidly.
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8. At the higher normal acceleration levels (60-90 degrees of bank), top or

• bottom rudder should be utilized as an aid in precise airspeed control. A
little bottom rudder can salvage a run if the airspeed starts to decrease.
Usually, if airspeed increases sharply, top rudder will not be effective in
stopping the increase, thus the run must be aborted.

9. Both left and right steady turns should be performed. For jet airplanes,
little variation in maneuvering stability characteristics is generally
attributable to the direction of turn. For propeller driven types, large

• differences may be noted due to direction of the turn; these differences are
usually caused largely by “gyroscopic effects,”

10. The time and effort required to obtain maneuvering stability characteristics
at less than 1 g in steady turns is excessive. Therefore, these characteristics

should be obtained during steady wings-level pushovers previously
described.

Wind-up Turns. The third method which may be used to obtain maneuvering
• • 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 maximum
useable in a wind-up turn (left or right) at constant airspeed. The wind-up turn is a

• convenient method to utilize for obtaining a large amount of data in a short period
of time if automatic recording devices are utilized; it is also a good “quick look”
qualitative technique even without automatic recording devices. The wind-up turn
should be performed as follows :

• 1. Stabilize and trim carefully in the desired configuration at the desired
flight condition. Record a “trim shot” with the automatic recording
devices. Record appropriate cockpit data such as power, longitudinal trim
setting, trim elevator and/or stick position, and fuel nuanti~y.
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2. Actuate the automatic recording devices and smoothly and slowly roll into
the wind-up turn, Increase normal acceleration smoothly and slowly by
gradually increasing bank angle and aft stick position while maintaining
airsoeed constant. At high levels of normal acceleration (bank angles

greater than 60 degrees), use rudder inputs to aid in airspeed control.

Actuate the event marker at predetermined g increments, at buffet onset,

• and at maximum useable normal acceleration. Deactivate the

instrumentation while recovering to 1 g flight conditions. Record counter
number and set up for the next run.

p

3. Some flight test activities have advocated the “wind-down turn” as a means

- 
of obtaining maneuvering stability data at less than i g normal

• acceleration. However, this method requires extreme pilot skill and is

- 
hardly worth the time and effort involved.

Sinusoidal Stick Pumping. Out-of-Trim Releases. and Sudden Pull-Uus. Three
methods will be introduced through which transient control force requirements in
abrupt maneuvers may be determined, The technique to be utilized in a particular

- 

test program will depend on the amount of instrumentation available and the
quantitative requirement being used as a criteria.

-: Sinusoidal stick pumping at various frequencies can be used to determine the
minimum transient stick force per g ratio. (When the control stick is pumped

sinusoidally at the stick-free airplane short period natural frequency, the mi~imum

• transient stick force per g ratio results.) This technique requires automatic recording

devices in the test airplane. The procedure is merely to trim the airplane in the
• desired configuration at the desired flight condition, then merely pump the cockpit

control stick fore and aft sinusoidally at various frequencies. The test pilot should

attempt to include the frequency at which maximum normal acceleration response is
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obtained for the lowest control force inputs. The amplitudes of fore and aft stick

- ~“ motion, push and pull stick forces, and positive and negative load factor excursions
should be as nearly equal as possible. The sinusoidal stick pumping is recorded on

the automatic recording traces. Typical results are shown in Figure 95. The

minimum ratio of stick force per g in the transient maneuver should be greater than
3.0 pounds per g for center-stick controllers and 6.0 pounds per g for wheel
controllers.
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FIGURE 95
TYPICAL DATA FROM SINUSOIDAL STICK PUMPING
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Out-of-trim stick releases is a method of “artificially ” introducing a rapid
pull-up. The airplane is trimmed in the desired configuration and flight condition. It
is then rolled into a steady turn and stabilized at a desired normal acceleration.
Maintaining the steady turn, the test pilot notes the stick force required, then
reduces it to zero by retrimming. The airplane is then rolled out of the turn, and

without retrimming. returned to the test altitude and trim airspeed. (The trim
airspeed is stabilized with wings level by maintaining a push force on the control
stick .) The pilot then merely releases the stick and notes the peak normal

- 
• acceleration response. The stick force required in the steady turn and the peak

normal acceleration response provide a point which may be compared to the “stick
force per g” gradient for steady oull-uos. Caution should be exercised in performing

this test; start with low g points and build up to higher values of normal
acceleration . This test is not rigorous although valuable qualitative information can
be obtained. The validity of this test is particularly questionable if the longitudinal
control system has appreciable friction or if control system centering is poor.

The sudden pull-up merely involves measuring the ratio of longitudinal control
force to normal acceleration change with various rates of cockpit control motion.
The airplane is trimmed in the desired configuration and flight condition. If a
hand-held force gauge is being used it is applied to the cockpit control stick so that
the abrupt force input can be made through the force gauge and recorded with the
floating pointer. The cockpit control stick is then smartly and rapidly deflected to
the rear a predetermined, safe amount, then returned to the trim position. The peak
longitudinal control force and peak normal acceleration during the abrupt maneuver
are noted. This ratio is then compared to “stick force per g” gradients in steady 

-

•

pull-ups. The sudden pull-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) should be varied from approximately one-half to 6
seconds. If the airplane is instrumented for automatic recording of stick force,
normal acceleration, and elevator position, a continuous record of the entire
maneuver will yield the necessary quantitative information. This test should be
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.
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Measurement of Longitudinal Short Period Characteristics

Damping and frequency (or period) of the airplane short period mode of

motion have been shown to have a profound effect on overall longitudinal flying

qualities. However, it is most aporopriate to investigate the characteristics of this

motion during maneuvering tasks because of the effect of these characteristics on

• the response of the airplane to external perturbations or longitudinal control inputs.

It is necessary to discuss the effect of varying short period characteristics by varying

only one paramete r at a time. For the discussion of the effect of varying short

period frequency it is assumed that the damping ratio of the short period motion is

fixed at an acceptable level.

Short Period Frequency. The parameter, 
~ 

is the damped frequency of the

second-order, short period mode of motion. If it is a real, positive number, it is

directly related to the physical frequency (or quickness) with which the airplane

• responds to an elevator input or an external disturbance. In visual flight , the pilot

notes this frequency of response by reference to the pitch attitude of the airplane,

the normal accelerometer , or angle of attack indicator. The pilot is also sensitive to
• - this frequency of response through the normal acceleration he feels. When flying by

reference to instruments, the normal accelerometer , angle of attack indicator, and

“normal acceleration feel” provide cues of the response frequency of the airplane.

Obviously, the damped frequency 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 , the damned frequency is dependent on damping ratio as well as

the undamned natural frequency. Therefore , airplane short period flying qualities

requirements and data are usually presented in terms of the undamned natural

frequency, and damping ration - Although the undamped natural

frequency might seem to be of academic interest only (at first glance) , it will now be

shown that it is actually a useful means of describing the longitudinal maneuvering

behavior of the airplane as the pilot sees it.
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With satisfacto ry damping of the short period mode, the following
rationalizations may be made concerning the effect of various short period natural
frequencies on longitudinal flying qualities.

1. For “low” values - the pilot find that the airplane tends to “dig-in”
during maneuvering. This characteristic is explained by the fact that the

airplane does not respond quickly enough initially to the pilot’s control
input. The pilot therefore tends to put in too lam e an input when
attempting to make a rapid flight path change, such as a sharp pull-up or
rapid turn entry. The large input yields the desired initial response;

however, the pilot soon finds that the jj~.~j response, once it develops, is
more than he wanted. Thus it is the initial response which the pilot finds
lacking when attempting vigorous maneuvering tasks at low short period

- • 
natural frequencies. If the airplane is always maneuvered slowly and
smoothly, the pilot probably does not object to the slow initial response.
(The large transport or passenger airplane, with large moments of inertia in
pitch, are characterized by low short period natural frequencies. Since
these airplanes do not have to be maneuvered extensively in their missions,
however, the pilot may feel the response characteristics are perfectly
satisfactory.) Trimmabi lity may be derogated somewhat if 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 pilot thinks he is in
trim initially, but finds later that a little further trim correction is
necessary. The pilot does not have a good, firm knowledge of when the
trim setting is exactly correct.

2. If the short period undamped natu ral frequency is “medium” to “high”,

• the response of the airplane to longitudinal control inputs is generally
satisfactory for maneuvering tasks. The airplane is quick responding
longitudinally and the pilot will generally feel very confident during
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gunsight tracking or bombing deliveries. During vigorous maneuvering, the

- 
pilot has a strong, positive feeling that the normal acceleration response

will be exactly what was desired when the elevator input was made. This

• “predictability factor ” is important to the pilot. Additionally, the medium
to high short period frequency enhances longitudinal trimmabi lity. With

the medium to high frequency, every correction made during the task of
trimming takes less time and comes to a completion quicker . This gives the

• pilot the feeling that he knows exactly what trim correction is necessary.
In other words, the airpIa~e’s longitudinal trim point is well defined and

corrections to the trim point are made quickly.

• 3. For “very high” W nsp values - the pilot may complain that the initial

response 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 resnonsive

to very small longitudinal control inputs. During precise tracking

maneuvers, the pilot tends to “bobble” the nose position of the airplane .

This may derogate precise placement of ordnance during certain

maneuvering tasks required in mission accomplishment. If the airplane is

flown in turbulence, it may respond so abruptly through angle of attack

and normal acceleration changes that the pilot is subjected to an

uncomfortable, teeth-rattling ride. Flying qualities investigations have

shown that increasing “stick force per g” gradients tend to attenuate the

sensitivity and “bobbling” tendencies associated with high short neriod

natural frequencies. The higher Fs,~ gradients merely require the pilot to

use larger force inputs during any maneuver , which tends to decrease the

initial abruptness and sensitivity exoerienced with lighter Fs In gradients.

However , this type of compromise is never completely satisfactory since

steady longitudinal control forces in pull-ups and turns may become

excessive. If the short period natural frequency is very high, even th~ best

compromise value of Fs In cannot make the maneuvering characteristics

acceptable.
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Short Period Damning. The parameter , 
~sp , is the damping ratio of the short

period mode of motion. Its value strongly affects the time or dynamic response of
the airplane to a longitudinal control input or an external distrubance. Pilots are
very sensitive to this Parameter. It may be detected in visual flight by observing the
pitch attitude of the airolane as the airplane responds to an elevator input. The nilot
notes the peak value and oscillatory nature of the response. The damping ratio can

be detected in instrument flight by reference to the normai accelerometer or angle

of attack indicator.

Short period damping ratio has a direct effect on oiloting technique and the
pilot’s opinion of the longitudinal flying qualities of the airplane, particularly during

maneuvering tasks. At a constant short period undamped natural frequency 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
satisfactory W~~ , the following rationalizations may be made concerning the

- • 

effect of various short period damping ratios on longitudinal flying qualities.

i, For very low damping ratios - the airplane short period motion is very

easily excited by pilot inputs or external disturbances. Once excited, the
mot ion (pitch attitude, normal acceleration , and angle cf attack

oscillations) tends to persist for a relatively long period of time. When the
pilot attempts to maneuver the airplane v igorousIy, he finds the

longitudinal resnonse is oscillatory and the resulting oscillations in angle of
attack and normal acceleration disconcerning and uncomfortable. Thus,
the pilot will probably switch to cautious longitudinal control inputs in an
attempt to keep from exciting the short period motion. Longitudinal
control forces required in maneuvering will probably j~

gL lighter to the
pilot than the actual force gradient. This is because the initial response of

the airplane is quicker than the pilot thinks it should be, therefore , the
pilot thinks he applied more force than he should have applied.

IV - 160

-~~~~~~~~~~ - - ----~~--- - ••
- -~~~~~



2. For JQ~. short period damping ratios - the airplane short period motion is
still quite anparent to the pilot, however, it is very noticeably damped. The
pilot may still use somewhat cautious control inputs because a noticeable
overshoot in desired angle of attack and normal acceleration occurs when
large, abrupt inputs are made. However, the pilot will feel more
comfortable in maneuvering vigorously than he would with the very low
short period damping. Longitudinal control forces in maneuvering flight
may still seem a bit light.

3. For moderate short period damping ratios - the airnlane short oeriod
motion is natural and predictable. The response of the airplane to a
longitudinal control input is such that the pilot feels that he can change
angle of attack , pitch attitude, and normal acceleration to whatever values

• he desires. In addition, the pilot feels that he can make these changes
precisely without any overshoot or undershoot in amplitude. Longitudinal
control forces during 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
effo rt.

-
• 4. The fairly heavy and heavy short period damping, the airplane short neriod

motion is not evident to the pilot. The response of the airplane to
longitudinal control input approaches a ~teady state value with a minute
overshoot or it approaches the steady state purely asymptotically. As the
short period damping ratio increases, the airplane response becomes slower
and slower; the pilot resorts to “forcing” the initial response by applying
large elevator inputs to get the response started. For this situation, the

• • pilot describes the airplane as “sluggish” during maneuvering, and because 
-

• he resorted to using large initial elevator inputs, longitudinal maneuvering
contro l forces feel higher than normal.
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The Short Period “Thumburint.” The results of a pilot opinion study have

indicated that there are combinations of short period undamped natural frequencies

and damping ratios which provide satisfactory longitudinal fiying qualities for

• 
tracking maneuvering tasks. This combination, or “thumbprint” as it is commcily

called, is presented in Figure 96 with various pilot comments describing the

airplane’s longitudinal characteristics at appropriate points outside the thumborint.
(The “thumbprint” discussion (Figure 96) is valid for only one particular airplane;

• however, the trends are the same for all airplanes.)
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S$ORT PERIOO DAMPING RATIO C
-

• IAFPIICA8LE FOR A TRAcK ING MN~ tN~R*G TASK)

A . Moves in sti- p~~. R~- s1on se i n it i a l I~ a bit abrupt.

B . Response erra ti ~ or s t e p- l ike .  Forces too heavy. Not
• maneu verah I .~. Stick motion too great .

C. Not ver y maneuverable. Stiff and slugg ish. Force too heavy .
Good fl y i n g  hu t no t ,i fig h ter.

0. Bomber or Iieasy fig ot er . Not ma neuv erable. Forces heavy and

- 
sti ck motion too great . Trims well.

E. Lzg h t bomber. Not fig h ter ty t ~e. Fotces heavy . Too much
sti ck mo tion . Not issneuve rable . Slugg i sh . -

F. Response fas t . l)s i l l a tory . D iff ic u l t to track . Force
• tns t i a ll y l ig h t then stiffens.

I G. O ,cill ato ry, too closely coup led. [00 reSpoflS~ Ve .

II. Dangerous - could exceed load factor. h ighly oscxlla tory .
Pi lot reluc tant to maneuv er. NeT) d ifficul t to track.

FIGURE 96 -

• THE SHORT PERIOO ~~~~~~~~~~~~~~~~~~~~~ -
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Residual Oscillations. Any sustained residual oscillations in pitch should not
interfere with the pilot’s ability to perform the tasks required in the mission of the
airplane. For levels 1 and 2, oscillations in cockpit normal acceleration of greater
than j .05g or pitch attitude oscillations greater than ±3 mils (Category A Flight
Phases ) are considered excessive.

Additional Short Period Criteria. It is generally agreed that ‘hort period

frequency and damping alone are not adenuate to completely describe the

acceptability or unacceptability of the short period response . An additional

parameter has been utilized in an attempt to resolve discrepancies existing between

• the results of various pilot opinion studies in which only ~n and were

- - considered. This parameter , ~!o1 , has been previously introduced in the discussion

of maneuvering stability characteristics. The ratio of maximum pitching acceleration
to steady state normal acceleration during maneuvering is approximately 1 equal to

• 
~-n s~) 

2/ n/ ~ This pitching acceleration is the airplane longitudinal response
which develops earl iest during maneuvering. Many of the objections to both very

• high and very low short neriod natural frequencies are due to deficiencies in initial

• response. Therefore , requirements for short period natural frequency have been
• expressed as a function of n~0 these requirements are designed to maintain

(w nsp 
2/n/a essentially constant (see Figure 97 a, b, and c). Of course, short

period damping is always extremely important and must also be maintained within

acceptable limits.

1 Assumptions of constant airspeed dnd a “high-frequency” control systems are
made.
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The Doublet. Pulse, and 2 o 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
requirements against which tested, and the preference of the individual test nilot.

The “doublet input” excites the short period motion nicely, while suppressing
the phugoid. It is generally considered to be the optimum means of exciting the
short period motion of any airplane. The doublet input manufactures a deviation in
pitch attitude in one direction (nose-down) , then cancels it with a deviation in the
other direction (nose-up). The total deviation in pitch attitude from trim at the end
of a doublet is zero. Thus, the phugoid mode is suppressed. However , the short
period motion will be evident since the doublet generates deviations in pitch rate,
normal acceleration, and angle of attack at a constant airspeed. Short period
characteristics may be determined from the manner in which these parameters
return to the original trimmed conditions.

The doublet is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. If using automatic recording devices, activate them before

initiating any deviation from trim. (The first part of the trace then serves as

a “trim shot.”)

2. With a smooth, but fairly rapid motion, apply airplane nose-down
longitudinal control to decrease pitch attitude a few degrees, then reverse
the input to nose-up longitudinal control to bring the pitch attitude back

to trim. As pitch attitude reaches trim, return the longitudinal cockpit

control to trim and release it (controls-free short period) or restrain it in
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the trim position (controls-fixed short period). (Both methods should be

utilized.) At the end of the doublet input, pitch attitude should be at the

trim position (or oscillating about the trim position) and airspeed should

• be exactly trim airspeed. The doublet input and various other significant
parameters are shown in Figure 98.

AFT 
.S OOIJBLET INPiiT~~~

Ii:  ~JThs s

~ ETROI1 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~z~~~~
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~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I AIRPLANE SHORT PERIOD MOTION

AIRPLANE SHORT PERIOD MOTION

~ + I PERIOD —~1

TRI 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TIME - SEODNOS

- FIGURE 98
DOUBLET INPUT AND AIRPLANE SHORT PERIOD RESPONSE
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• • 3. Obtaining quantitative information on short period characteristics from
cockpit instruments is difficult and will be almost impossible if the motion

is heavily damped. However, if a sensitive accelerometer and/or sensitive

angle of attack indicator are available in the cockpit, and if the motion is

not too heavily damped, the test p ilot may be able to see enough of the
free oscillation to obtain a half-cycle amplitude ratio. From this parameter,

- an approximate damping ratio can be quickly obtained 1 . The time required

for a half-cycle may be measured with a one - or three - second sweep

stopwatch. Doubling this time yields the approximate damped period of

the short period motion. From this parameter, approximate values for

damped frequency and undamped natural frequency may be computed, if
desired 1, If the pilot cannot see enough of the motion to measure and time

• a half-cycle amplitude ratio, the short period motion should be

quali tatively described as essentially deadbeat.

4. If automatic recording devices (oscillograph or magnetic tape, etc.,) are
avaiiable, the entire doublet input and short period response may be

recorded and analyzed 1 later for accurate quantitative information,

5. The frequency with which the doublet input is applied depends on the

frequency and response characteristics of the airplane. The test pilot must

• adjust the doublet input to the particular airplane. The maximum short

period response will be generated when the time interval for the complete
doublet input is the same as the period of the short per iod oscillation (see
Figure 98).

1 See “Analysis of Second Order Responses” in the introduction of this manual.
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• 5 6. The amplitude of the doublet input must be large enough to generate a
large enough short period response to analyze. Ease and accuracy of

analysis increases with size of the short period response. It is judicious to

S 

make small amplitude inputs until familiarity is gained with the response

characteristics. This is particularly important for a low altitude, high speed

flight condition or any high dynamic pressure flight condition.

- 
7. The doublet input may be made by first applying aft stick, then reversing

to forward stick. However, this results in less than ig normal acceleration

at the completion of the doublet and is more uncomfortable for the pilot.

• The oulse inout also excites the short period nicely; however, it also tends to

• excite the phugoid mode. This confuses data analysis, since the response of the

airplane through the phugoid may be taken as a part of the short period response.

This is particularly true for low-frequency, slow responding airplanes. Therefore, the

pulse can usually only be utilized for high-frequency, quick responding airplanes in
• which the short period motion subsides before the phugoid response can develop.

The pulse can always be used for a quick, qualitative look at the form of the short

period motion. It is performed as follows:

1. Stabilize and trim in the desired configuration at the 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 nose-up longitudinal
control to generate pitch rate, normal acceleration, and angle of attack
changes, then return the longitudinal control stick to the trim position.
The short period motion may then be observed while restraining the

• control stick at the trim position (controls-fixed short period) or with the
control stick free (controls.free short period).
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- - 3. The pulse is actually the last half of a doublet input. The parameters shown

in Figure 98 at the completion of a doublet input will be the same at the

• completion of the pulse input exceot airolane oitch attitude will be

different from trim and will return to trim only through the phucioid

motion.

4. Pulses may also be performed by first applying airplane nose-down

longitudinal control.

The 2~ pull-up excites the short period motion nicely and suporesses the

phugoid if performed correct ly. It requires more time and effort than either the

doublet or pulse inputs. However, it is useful for investigating short period

characteristics in low frequency, slow responding airplanes. It may also be used in

any airplane which exhibits heavy short period damping and a large amplitude

motion is desired for analysis. The 2g pull-up is performed as follows:

• 1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. If using automatic recording devices, take a trim shot,

then turn the devices off.

2. Decrease airspeed by increasing pitch attitude, then apply airplane

nose-down longitudina l control to enter a dive.

3. Trim altitude should be approached in a fairly steep nose-down attitude.

As airspeed increases toward the trim airspeed, actuate the automatic

recording devices and apply airplane nose-up longitudinal control to

establish pitch rate, normal acceleration, and angle of attack changes.
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4. As the airplane pitch attitude approaches the initial trim pitch attitude,

-~ 

S airspeed should be trim airspeed, and normal acceleration should be

approximately 2g. As the pitch attitude reaches trim, smartly return the

cockpit 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.

PILOT-INDUCED OSCILLATIONS

The pilot-induced oscillation (PlO) can be defined as sustained oscillations or

instabilities resulting from the pilot being in the control loop. These oscillations

would not occur if the pilot had not closed the loop, since with few exceptions the

- • 
airplane alone is dynamically stable. It follows that control system dynamics as well

as airframe and pilot dynamics enter into this phenomenon. In other words, it is the

total system that must be considered when evaluating P l O.

Several open loop type flight tests have been developed to identify

characteristics that tend to contribute to PlO, One test is the sinusoidal 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 elevator servo.

For this same type of pumping at all input frequencies, the ratio of peak stick forces

to peak load factors is used as an indicator of how bobweights, augmentation

systems, and basic control systems interact. If this ratio decays significantly below

steady state stick force per g, the airplane tends to become either very sensitive in

maneuvering or PlO may be encountered. Tests on the artificial feel system

including centering, breakout, friction, freeplay, and damping may also yield

• information about control system characteristics that contribute to the problem.

tV- 172



- -  -

-d
5.

• All of these open loop tests may be used to point out areas of the flig ht

envelope where PlO tendencies exist; however, the PlO is a closed lpq~ phenomenon

and tasks involving close pilot control of the airplane must be included . One such
-“ •4

test is high-speed formation flying where tl- ilot attempts to hold a precise wing

position. Others involve precise pitch tracking of either another aircraft or small

ground and cloud targets. If PlO is encountered, the pilot should get out of the

control loop since the natural stability of the airplane will normally damp out the

• oscillations. This can be done by simply teleasing the cockpit controls or by

“clamping” the stick in the neutral position with both hands. Obviously, if the PlO

is encountered at very low a titude, the best recovery technique is to smoothly but

positively apply a pull force and commence a climb before releasing or restraining

the stick.

Since the PlO involves a closed loop system where the short oeriod mode is

driven divergent, it is obvious that a lightly damped free oscillation short period may

contribute to PlO. Also, since the dynamics of the pilot are involved , the higher
• frequency airplanes are usually more prone to PlO. However, it does not necessarily

follow that the lightly damped, relatively high frequency airplane will exhibit PlO
• - tendencies. Thorough testing of both open and closed loop response characteristics

in all flight phases is necessary to fully define PlO tendencies.

There are no rigorous test techniques with which to investigate PlO tendencies.

The straight-forward approach is probably the best - fly the airplane in the flight

conditions where PlO tendencies are predicted and see if any are encountered. 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

pilot-induced-oscillation tendencies:
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1. The airplane should be maneuvered as it would be while making precise

corrections in pitch attitude and normal acceleration. Close formation

• 
-
~ flying and precise gunsight tracking tasks are “tight spots” where PlO

tendencies may be readily apparent.

2. A properly planned test program using various frequencies of “sinusoidal

stick pumping ” would practically force the test pilot to experience a PlO if

the tendency were present. Sinusoidal stick Dumping was previously

introduced in the discussion of transient maneuvering control forces.

• 

- 
3. Extreme caution should be exercised in attempting a test program of this

nature in the LAHS flight regime. The amplitude of normal acceleration

variation during a PlO in this regime could precipitate dramatic and sudden

structural failure of the airframe and possibly incapacitate the pilot so that

escape would be impossible.

4. If longitudinal stability augmentation is installed , the effect of its failure

on PlO tendencies must be investigated with a careful build-up program.

POSTFLIGHT PROCEDURES

As soon as possible after returning from the flight , the pilot should write a

brief, rough qualitative report of the longitudinal flying qualities exhibited during

the mission tasks under evaluation. This report should be written while the events of

the flight are fresh in the test pilot ’s mind. Qualitative pilot opinion, appropriately

related to the mission tasks under evaluation, will be the most important part of the

final report.

Appropriate data should be selected to substantiate the pilot ’s opinion. Several
suggested means of presenting data will be introduced. No matter what method is

used, it should be clear, concise, and complete.
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Mechanical Characteristics of the Longitudinal Control System

Mechanical characteristics may be presented as shown previously in the

discussion of “Test Procedures and Techniques - Nonmaneuvering Tasks.”

Longitudinal Maneuvering Stability Characteristics

Longitudinal maneuvering stability characteristics may be presented as plots 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 relationships. If n/cr is linear
• applicable specification limits for the local Fs In gradient can be plotted on the

iongitudinal control force curves as an aid in determining specification compliance

- • 
(i.e., when loca l Fs In gradient is steeper than minimum or shallower than maximum

spec ification requirement). Longitudinal control system breakout forces, including

friction should be considered when fa iring curves through the data points and when

drawing spec ification limits. The Fs In curves and the specif ication limit lines should

originate at the longitudinal contro l force value corresponding to breakout,

including friction in either the push or pull direction. Typical plots are shown in

Figure 100.

( NOTE: For the example shown, no difference in the characteristics and be

detected between left and right steady turns. For single engine, single rotat ion

propeller airplanes, the difference may be significant enough to fair curves for both

left and right turns.)
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0 STEADY PULL—UPS 0 STEADY LEFT TURNS

• SUDDEN PULL-UPS A STEADY RIGHT TURNS
STEADY PUSHOVERS -

BREAKOUT INCLUDING FRICTION a ± I.~ LBS
-“ ,..i FRICTION NEGLIGIBLE

~ ~ii ii (i II~~~~!~•~ 0-’
C 

~~~~~~ ~~~~~~~~~~~~
— — - - -— — — -— -—

-~~~~~~~— — — — — — - — —  -~~~

TRIM BUFFET ONSET

i~~IC

• - 
. . . . -

- - _ __ _

TRIM

20 30 4 0 50

• NORMAL ACCELERATION

FIGURE 100 -

LONGITUDINAL MANEUVERING STABILITY CHARACTERISTICS

MODEL ________ AIRPLANE
Bu N. —

CONFIGURATION: POWER TRIM: 400 K IAS , IO ,000 FT.

LOADING : LONG RANGE ATTACK GROSS WEIGH T : 18 , 240 LB

CO 20.7 % MAC LONGITUDINAL TRIM : 0.63° AND
STAB AUG ON
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If enough data points are obtained during the maneuvering stability tests,

and/or if no significant differences can be detected for steady turns 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 are shown in Figure 101.

An additional plot helpful in determining and presenting specification compliance is

shown in figure 102.

0 ST EADY PULL -UPS SUDDEN PULL - UPS

0 S T E A D Y  T U R NS  0 STEADY PUSHOVERS

-‘ 20 
SRE A SC0UT , NCL’UDING FRICTION t i L l s  1 ’ ” T  

~1~S ~~

‘•‘

~~~

~ FRICTION NESLIS ISLE . • . -

~E ~III i~T~I!_• 
~ ~~~

_... ONSET BUF FET— 
ii. ]

TRIM

IC —

— TRIM

LIMITS T E U  — ISDEG 
— — — — .- — — —

~ z 
‘ T E D — I O DEG

S —

44- 0

5 :1.0 0 10 20 30 40 50

-

5- NOR MAL A C C E L E R A T I O N — 9

- • - FIGURE 101

LONGITUDINAL MANEUVERING STABILITY CHARACTERISTICS

MODEL AIRPLANE

• O N .

CONFIGURATION CRUISE TRIM 350 K I A S , 5~O O O F T

LOADING C GROSS WEIGHT 17 130 LI

CO 24 .6% MAC LONGITUDINAL TRIM 0 .55° AND

STAB AUG OFF
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H FIGURE 102
LONGITUDINAL MANEUVERING STABILITY CHARACTERISTICS

MODEL ________  AIRPLANE
BuNo ___________

CONFIGURATION : POWER TRIM : 450 KIAS , 5000 FT.
LOADING : C GROSS WEIGHT : lB ,340 LB.
CG : 2l.6 % MAC STA B AVG : ON
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Wind-up turns at constant airspeed yield as many data points as the engineer
desires to obtain from the automatic recording traces. If automatic data reduction

facilities are available, enough data points can be obtained to “shot gun” the data. A

typical example of this method of data presentation is shown in Figure 103 for the

“stick force per g” characteristic only.

- BREAKOUT INCLUDING FRICTION : ± 2.5 LBS

25 
FRICTION 05

i 

~~~T 

~~~~~~~~~~~~~ 

: •

~~~~6~
NORMAL ACCEIIRATION

g

FIGURE 103
POSSIBLE MEANS OF PRESENTING “ STICK FORCE PER g 

SI DATA
FROM A WIND-UP TURN

If maneuvering stability tests are performed at various CG positions for the

same configuration and essentially the same flight conditions, the data may be

presented as shown in Figure 104.
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ALTITUDE— 5 ,000 FT.

o LEFT STEADY TURNS
O RIGHT STEADY TURNS
A STEADY PULL—UPS

TRIM AIRSPEED — I9OKEAS TRIM A IRSP EED— I94 K EAS TRIM A IRSPEED— I93 K EAS
S GROSS WEIGHT —20,000LB GROSS WEIGHT —5 I ,200LB GROSS WEIGHT — 53,IOOLB

CG POSITION —2 1.6%MAC CG POSITION —24.8%MAC CO POSITION — 31.4%MAC
eC- - — — — — — - — — —  — — — — — —— —  — —— —— — — —

— — — — — -i- F- —

6 C — - - — — — ~~~~~fr-- — — — - - — - — — ~~~~~- - —
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— —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~~~~~~~ E -

~4~~~EE E E E ~4~E
L O 1.5 2.0 2.5 3-0 1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0

NORMAL ACCELERAT ION-g

80 i~5J 1
60 I N~ -, -I — — —

~~~~~~ I- 5-2.6a~~~~~..~. 
I.Og

— 4 —

2C
_ _

10 20 30 40 50 ~~~0 20 30 40 50
CENTER OF GRAVITY P O S IT I O N — % M A C

FIGURE 104

LONGITUDINAL MANEUVERING STABILITY CHARACTERISTICS IN
CONFIGURATION CRUISE

MODEL _________ AIRPLANE
Bu N.

LOADING: NORMAL TRANSPORT STAB AUG . ON
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— Longitudinal maneuvering control force data is sometimes presented in tabular
form when many loadings, configurations, altitudes, trim airspeeds, and CG

-
~ positions have been utilized. An example is presented in Figure 105.
4’ ______ _______ ________ ____________

C on t ro l  Force
—‘ a , . . ,, f , I - J t I o~ c—n (‘ 00 4 . , .  ‘ r oc ’  ‘ I r - .. - . ‘ r , ‘ ( j rt . t  (14

- 4 . 44.91 ) I I  u - f .  ( I C

-• A - 11 .1 4 , , ’ t . s 5 . .‘ 1 3. 6

. 7 1 . 1 14 , I ’ , ’~ I I , C(0I — . 5 11 .1
- 5 ) A .i t . . V. 440 s I . .0l~~ - 4 . C~ ‘4. 2

• s t .  .7 14 . .- 4. . )) jn~ Q ) 0  .115 . 4 9 2

C P 25 . 1 7 1 )  I ) ) . 300 4 (5 , 4 (00 . 4  . 4 4 )  6 .9

.3 P 10. 3 4 , 8 , 4  .7s ,000 ‘~2 t / . 9 .7 6.8

I . 4 . ‘ - - - . 4 -  “1’~/ . ’.I” 5 .0

5 CI) - .2 . ‘ . 0 3 0  1 ’) ,00 (4  4 4 4 4 .779  9 . 2

• •~ 1 8  .7 4 . 1  V. . 77
,~ 1(4 . 000 .u ’ ( - ’ . 5 2  5 . 6

- 
C CR 1 9 . 4 ) 2 )  ‘1 , 54 ’ ’. 13 .000 4 4 . 6 3  11.0

- 
C t’ , 44 (7.7 ) 8 .740 I’ , ,OO P 443/ . 79 4 .9

• 
•‘ PA 2 3 . 0 15 . 67) )  10 , 000 2 ’  6.6

C PA . 2 . ” (1 , 500 10 , 000 ‘ ‘ 4  19.0

(1) Average maneuvering control force gradient measured
from one g to max imum g attained in a wind-up turn.

(2) See CG - Gross Weight relationship shown in Appendix IV,
Figure 1.

FIGURE 105

LON~~TUDINAL MANEUVERING STABILITY TABLE

The flight test team may desire to present the variation of the “stick force per

g” gradient with altitude and airspeed (or Mach number.) If so, average gradients of

stick force per g can be determined for different trim airspeeds and altitudes and

presented on the same plot (Figure 106). In general, the average gradient should be

computed for the same normal acceleration increment at each trim point; i.e.,

“average gradient between 1.0 and 3.0 g” or “average gradient between 1.0 g and 
S

buffet onset.” At any rate, the normal acceleration increment used to compute the
S average gradient should be presented on the plots.
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0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3
INDICATED MACH NUMBER , INN

FIGURE 106
VARIATION OF STICK FORCES PER g WITH ALTITUDE AND

-

. MACH NUMBER
MODEL AIRPLANE

BuNs

CONFIGURATION CFUISE — POWER GROSS WE1GHT I6 ,000-20,000 LBS
LOADING : NORMAL FIGHTER CO : 20.0%— 25.0 % MAC

Airplane Short Per pd Characteristics

The presentation of airplane short period characteristics will be dictated by the

• amount of data available. If the scope of the evaluation is limited, short period

characteristics are effectively presented in tabular form. An example is shown in

Figure 107. If the short period motion was recorded on oscillograph, magnetic tape,

S 
or telemetry, the actual trace, appropriately annotated, may be presented in the

report. Angle of attack is the most desirable parameter to use in analyzing the test

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 also be utilized in obtaining approximate quantitative short period

characteristics.

S 
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— ____________________ ______________ ______________ _________ ___________ ________ ______ _______

TRIM ~S 7

. 1 ’
, CONFIGURATION A I. T I TUU L i AI RSP ELI )  L~ STAB AUG 

1
~sp ~ C

1 10(FT ) (K1 AS , J M N ) (°~IA C) ( CPS)  ~~ /

9. — —  _______ _____ ______

POWER (P) 40,000 1.~ 35.0 ON 0.62 0.34 1.0

POWER (P) 3 ,001.) 550 ,0.9 35. 5 ON 0.80 0.58 0.5

POWER APPROACh 5,000 130 26.0 OFF MOTION ESSENTIALL’Y

______________ __________ __________ _______ ________ 
DEAD_BEAT

FIGURE 107

AIRPLANE SHORT PERIOD CHARACT ERISTICS

S When the flight test team desires to show the variation of airplane short period

characteristics with airspee~. or Mach number, a plot similar to that shown in Figure

109 may be utilized.
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Pilot-Induced Oscillations

Any tendency of the pilot-airplane combination toward PlO during any of the

maneuvering tasks must, of course, be thoroughly discussed in the technical report.

This discussion may be a separate section within the report or integrated into other

sections of the report, such as mechanical characteristics, maneuvering stability, or

short period motion discussions. 
S

I
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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.

S 

The requirements of the Specification may be modified by the applicable

airplane Detail Specification. Comments concerning only those portions 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
earlier in this section should be utilized in the analysis of test results. Note that limit

local factor, NL, is defined as the symmetrical flight limit load factor for a given
Airplane Normal State, based on structural considerations. If this information is not
defined by the contractor, utilize the maximum allowable load factor for the

- 
particular configuration, store loading, etc., in computation of Specification limits
for maximum and minimum local force gradients. Interaretation of the F~ In limits
of table V. Because the limits on F s In are a function of both 

~L and n Ia, table V
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is rather complex. To illustrate its use, the limits are presented on Figure 110 for an

airplane having a center-stick controller and 
~L 

= 7.0.
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LONGITUDINAL FLYING QUALITIES - MANEUVERING TASKS
GLOSSARY OF DEFINITIONS

PITCH RATE DAMPING - Pitching moment created because of the angular
rotation of the airplane in pitch during curvilinear flight. Sometimes called

‘ damping in pitch” or “viscous damping in pitch.”

- STICK- FIXED MANEUVERING NEUTRAL POIN T - The location of the center
of gravity of an aircraft for which the gradient of elevator position versus normal

acceleration at a constant airspeed would be zero. Sometimes called the “elevator
posit ion maneuvering neutral point.

STICK-FREE MANEUVERING NEUTRAL POINT - The location of the center of

• gravity of an aircraft for which the gradient of longitudinal control force versus

iormal accelerat ion at a constant airspeed would be zero. Sometimes called the

“longitudinal control force maneuvering neutral point.

MANEUV ERING TASKS - Those tasks which result in accelerated flight

conditions; during these tasks, transitions for one equilibrium flight condition to

another are made quickly, and possibly, somewhat roughiy.

LOCAL STICK FORCE PER G GRADIENT - Slope of the tangent to the curve of
longitudinal control force versus normal acceleration at any point.

AVERAGE STICK FORCE PER G GRADIENT - Slope of a line drawn from the

ig point where breakout, including friction is overcome to the point under
cons ideration on the curve of longitudinal control force versus normal acceleration.

PI LOT-INDUCED-OSCILLATION (PlO) - A divergent oscillation of the pilot -

air i- lane combination where the airplane alone exhibits at east some degree o

dynamic stability.
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- .  LONGITUDINAL FLYING QUALITIES - M A N E U V E R I N G  TASKS
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F MISCELLANEOUS L O N G I T U D I N A L  TESTS
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INTRODUCTI ON
I-

S

-

. 

- There are numerous miscellaneous longitudinal tests which have not been

discussed previously and which are conveniently presented as a group. These tests

are the subject of this section.

LONGITUDINAL TRIM CHANGES

Since changing power , lowering the landing gear, ex tending the flaps, opening

the speed brakes, and movement of other external variable position devices cause

pitching moments, the magnitude of the forces involved in opposing these moments

must be determined. The specificat~~i contains a table of the most commomly

encountered “configuration changes” along with the trim speeds to be used and the
initial configurations to be set up prior to varying the configuration. Each of the
confi gurations represents conditions of flight under which the configuration change
would logically be made. Consider the following example:

Initial Trim Condition
Fli ght Al t i tude : Speed Landi ng~ igh-lifçhrust ~onfigura Para-
Phase Gear ~evices tion meter

~ Wing ~hange to be
S flaps held
- 

S Constan~
- -  - - - —

~~~
-H--—---— 

Approach; h Norma l 
- Up 4Jp TLF ~iear down Alti-0min ~atte m - tude

entr y . and

~peed 
- 

- air-

____________—____________ 

speecl* J

* Throttle setting may be changed during the maneuver.
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In this case, the airp lane is being prepared for an approach. The trim speed ~zero

stick force) is the normal gear extension speed. (Reference should be made to table I

of the specification which defines “0m m -  
) Power applied is sufficient to maintain

level flight at the trim speed. The configuration change is lowering the landing gear.

The peak forces involved in holding altitude and airspeed constant for a 5-second
S period after initiation of the configuration change are the data desired to determine

specification compliance. A greater period of time may be of interest for mission

suitability considerations.

The specification allows considerable latitude in this 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 under conditions of flight
- - representative of operational procedures. A majority of the objections to the table

result from the speed brake sect ion which is not too realistic in that the effect of

extension and retraction of brakes in dives is not included. Accordingly, a

recommended addition to the scope of the tests for Class IV a irp lanes is an

investigation of the effect of extending speed brakes in a dive with the parameter to

be held constant being attitude (or the aiming point of the dive prior to extension).

The trim changes resulting from speed brake extension and retraction at different

airspeeds as well as during jet instrument penetrations, GCA approaches, and landing

approaches should also be assessed. -

Another item to be considered when conducting this test is the airplane ’s

response to the changes in configuration. With modern control systems, the forces

are usu a lly low, even when the pitching moments are considerable. Therefore, the

response of the airplane is quite important in determining suitability from a pilot ’s

point of view. In particular , when putting wheels and flaps down under instrument

flight conditions, a rapid pitch-up or down is highly undesirable even though the

S forces required to maintain altitude Constant are of a low order. Another condition

which arises freouently is a roll or yawing moment which results from asymmetric

extension or retraction of flaps or wheels. This is annoying as pilot attention must

be directed to directional and/or lateral trim changes in addition to the longitudinal

change normally expected.
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For each trim change condition, an attempt should be made to trim out the
final forces resulting from the change in configuration. In some cases, when holding
altitude constant is the requirement, the additional drag caused by extension of
wheels or flaps may cause the speed to reduce to stall. In such a case, there is no
final value, only a peak force. Usually upon completion of a card, examination of
the data will reveal that several of the configuration changes which could logically be S

changed simultaneously will require application of longitudinal force in the same
direction. For example, if two configuration changes require a push force
individually, most likely their combined effects would be additive. The test pilot
should determine which combination of configuration changes would be

- 
- 

encountered in the airplane’s mission and investigate them thoroughly.

LONGITUDINAL TRIMMING DEVICE IRREVERSIBILITY

it is highly desirable that the longitudinal trimming device maintain a given
S setting indefinitely, unless changed intentionally; or to put it differently, it should

be irreversible. In order to test a longitudinal trimming device for irreversibility, it is

necessary that the tab or variable stabilizer be subjected to a high angle of attack at
as great a “q” (dynamic pressure) as is feasible. This is done by carefully trimming
the airplane at an airspeed, entering a dive, and increasing the airspeed to close to
the maximum permissible airspeed of the airplane without retrimming. A high g,

symmetrical pull-out is executed at a lower altitude (at least 10,000 feet) and

without retrimming, a check is made at the original trim airspeed, altitude, and

power setting. If the longitudinal trimming device is irreversible, the force required S

to maintain the trim speed will be zero. If, however, the tab is reversible, a push or

pull force will be required to maintain the trim speed.
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The tab indicator itself is not reliable in determining movement of the tab. If

control system friction is high, a change in tab setting may not be apparent through

the airplane’s stick-free stability. In such cases, it will be necessary to instrument for

tab position if the reversibility is actually annoying. Normally, if there is no 
S

-‘ apparent change in trim (as reflected by zero F~ ) at the original trim speed, the fact

that the tab has moved is not too objectionable , unless the tab movement under

some other condition of flight is bothersome.

GROUND EFFECT HOLD-OFF

• For airplane configurations with the horizontal tail behind the wing, “ground

effect” reduces the angle of downwash at the tail. Since the downwash behind a
wing not in ground effect reduces the tail angle-of-attack (at ), the change caused by
ground effect results in an increase in the tail angle-of-attack and a corresponding
increase in tail lift. This effect is illustrated in Figure 11 7,

• - - OUT OF GRCUNO EFFE CT

- -  

~~~~~~~ 

- 

~~~
-

- - ~.

- - 
_ S~~~ -

~~~ ~~~~~~~~~ ~~~~~~

- -N GROUND EFFECT

—C — --. -~ — RELATIVE WINO~~~~~~-~~~— - - S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~ ~~~~~~~~ AAS 1S~ 5 -. J. ,,

RUNWAY SURFACE —

FIGURE Il l

GROUND EFFECT
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Since tail lift is increased by ground effect , more up elevator is required to
maint~ n a given lift coefficien t (CL) in ground effect than out; it follows that
because the elevator deflect ion is physically limited, its capacity to produce nose-up
pitching moments is lessened by ground effect. In some airplanes, we f ind that the
elevator effectiveness is insufficient to obtain an aerodynamic stall. Now, if the
airp lane is flown in ground effect , the effectiveness of the elevator is further 

S

reduced, and very li kely 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 and more critir.al and should
not be limited by longitudinal control effectiveness . Because of this, we test for
what is called the “ground effect hold-off speed;” i.e., the minimum sneed attainable

• in ground effect in configuration L and the stick force required to maintain the
required elevator deflection at this speed. It is important to understand that this test 

S

is conducted to evaluate longitudinal control effectiveness in close proximity to the
ground and is not intended to be a test of landing characteristics with idle
power/thrust.

Method of Test

With a forward critical CG loading, the airplane is trimmed in configuration PA
at normal approach speed and at low altitude (1000 to 2000 feet). It is then flown

S to the field traffic pattern and, without changing trim, a fairly long, flat straight~in

approach is made at an airspeed 20-30 knots above normal approach speed. As the
end of the runway is crossed at roughly 20 feet altitude, power (thrust) is reduced to
“idle.” The airplane is leveled off 2-3 feet above the runway and, as thr speed

decreases , up elevator deflection is increased so as to maintain a constant height

above the runway. Care should be exercised to avoid changes in height during this
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- - phase; if a rate-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 height. If an aerodynamic stall does not orecede
appl ication of full-up elevator, the airplane will settle to the runway soon after the 

- -

elevator has reached full-up deflection. The speed at which the airplane touches

down and the elevator force required to maintain a stick position just short of the

“stop” is noted. If the airplane is not instrumented for automatic recording of S

longitudinal stick force , it is normally necessary to make two approaches, recording

the minimum hold-off speed during one approach and the longitudinal stick force

with a hand-held force indicator during the next.

Caution should be exercised during the later phase of the hold-off. There is a S

definite tendency to neglect some of the more important asnects of landing an

airplane when concentrating on the test being conducted. For one thing, the test
- - should ~~L be conducted in a strong cross-wind for obvious reasons. Further , a

touch-and-go type landing will be planned from the start of the approach, unless S

runway length is extensive, as a large portion rf  the runway is usually used during

the hold-off.

ALternate Method of Test (Geometry Limited)

The geometry of certain airplanes precludes attainment of a stall attitude during

a hold-off landing. For example, the tail of the F-8 will strike the runway before

either a stall or full aft stick is reached. In such cases, the specification requires that

longitudinal control effectiveness in ground effect be sufficient to maintain the

geometry-limited touchdown attitude in level flight.

IV- 199

IS

~

1

~

I

~

S

~ 

s±~~~~~~~~~~~~~~~~ - - _ _ _



~ 
~~~~~~ S-5- .~~~~~~ --__________________

4

The test is performed in the same manner as for the nongeometry limited

airplane except that the maneuver is terminated when the predetermined
geometry-limited attitude (or angle of attack) is reached in level flight. It is
especially important that the hold-off be performed in close proximity to the
runway (2-3 feet) for acceptable data and to prevent hard landings. After the test
pilot has reached the predetermined attitude and noted the appropriate data, he

should concentrate on making a normal 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 flight in ground effect are recorded.

NOSEWHEEL TOUCHDOWNS

The nosewheel touchdown speed is defined as the speed at which the nosewheel

touches the runway following a landing in which the elevators are held in the full up
position during the rollout. There is no specification 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 equipped with

-

- 

tricycle landing gears by holding the nose-up as long as possible during the landing

rollout. This creates more drag than would be present with the nosewheel on the
runway because of the higher angle of attack. By using such a techniciue, it is

possible to minimize the use of brakes in slowing the airolane to a safe speed before S

5 
5 turning off the runway.
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Method of Test

Using the trim settings normally used during the approach, a smooth landing is

made on the two main wheels. The nosewheel is held off the runway by apr,’ication
of up elevator. As the full elevator deflection is attained, the airplane will nose dyer
and the nosewheel will contact the runway. The speed at which this occurs is the
nosewbeel touchdown speed.

• NOSEWHEEL LIFT-OFF

As explained earlier in the “Ground Effect Hold-Off” section, 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 examole,

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 airp lane to this angle of attack. Therefore, the airplane lifts off at some

speed greater than 95 knots. This penalizes the airplane in that a longer take-off run

is required to attain the speed necessary to lift clear of the runway. This test is of
particular importance for carrier airplanes in that insufficient longitudinal control

effectiveness will probably result in serious pitch control problems during the
normal rotation required during catapult launches or bolters.

- Sin’-e the speed at which the nosewheel can be lifted from the runway is
essentia lly the speed at which take-off attitude can be obtained, we determ ine

nosewheel lift-off speed and use it as an indication of elevator effectiveness in

take-off. If the nosewheel lift-off speed is determined to be equal to or less than .9
V min (as defined in paragraph 3.1.8.2 of the specification), then elevator S

effectiveness does not 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 pitch between the minimum catapult end-speed (as published

in the Launch Bulletins) and 30 knots above this speed.
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If the airp lane is equipped with a trimmable stabilizer, or a unit horizontal tail
(stabilator) with deflection limits which vary with trim setting, the take-off trim

I-
used can have a profound effect on the minimum nosewheel lift-off soeed obtained.
Increased nose-up trim will oroduce increased nose-up pitching mOments attainable
with full aft longitudinal control deflection. The trim setting used when testing

- 
airp lanes equipped with tab trimmed elevators affects only the forces present during

the run. Caution should be exercised when checking the effect of applying
additional nose-up trim, because some airplanes “break ground” ranidly once the

- -~ nosewheel begins to lift. For this reason, a “build-up” should be employed, making a

series of runs at increasing nose-up stabilizer settings. The amount of nose-up

• stabilizer that can be tolerated will depend upon its effect on the forces encountered
during the take-off and transition to the “clean” condition. Fo, both land and

carrier-based operations, satisfactory takeoffs should not be dependent on the use of
- - the trimmer during takeoff or on complicated control manipulation by the pilot. All

forces encountered during takeoff and the ensuing acceleration phase should be low

enough to be handled easily with one hand. If raising the landing gear and flaps
causes a nose-up pitching moment, the force required to overcome this pitching
mome~it should be considered when deciding upon the trim setting to be used.

The landing gear will usually be retracted immediately after becoming airborne .
Consequently, if a push force is encountered during the initial acceleration afte r

take-off and a push force results from retraction of the gear, the combined forces
will be additive. While the longitudinal trim setting used is optional, it must be held
constant throughout the take-off run and subsequent acceleration to VmaxTO (as
defined in paragraph 3.1.8.1 of the specification). Normally it will be a setting which

will give zero stick forces just after becoming airborne and will result initially in a

pull force (if the airplane has positive stick - force stability), which will lessen

throughout the take-off run.
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S - This test should be conducted only on a smooth runway as nose-up pitching
moments applied through the nosewheel strut can cause the nosewheel to lift off
prior to attaining a speed at which the elevator effect~veness is sufficient to rotate

-
- ~ . the airplane. Rapid application of nose-up elevator control should also be avoided. A

careful check of inflation of the nosewheel strut should be made to insure that the
prescribed pressure is used. Usually this test is conducted as a matter of course
during each take-off; i.e., usually flights are not exclusively devoted to determining
the nosewheel lift-off speed. Although the forces encountered during the take-off

are of interest, unless the airplane is provided with a means of automatic recording
of longitudinal control forces and speed, the most that can be hoped for are the
forces at nosewheel lift-off , take-off , and VmaXT O plus, of course, qualitative

- 
- 

comments as to the acceptability of the forces.

Method of Test

The airplane, loaded at the forward critical CG loading, is aligned with the
S runway heading and take-oft power (or thrust ) is applied. With the stick held in the

ful l aft position, t! ~e brakes are released. I he speed at which t~-~ nosewheel leaves
the runway is noted and the run is aborted or a take-off is accomplished. If it is

decided to continue the take-off , a normal take-off att itude should be established

after the nosewheel lift-off speed is noted. Recent experience indicates that it is
possible 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 to prevent damage to the a~t fuselage or tail section by overrotation.

T H R U S T L IN E  L E V E L

This test is the nosewheel lift-off test’s opposite number for determining

elevator effectiveness during the take-off run of airplanes equipped with tail wheel

type landing gear. Because there is less drag present with the thrustline level than in
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a “three-point” att itude, acceleration will be greater during take-off if 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 minimum
-
‘ 

• distance take-off should be made with the thrustline level. And, in a majori~ of

cases, this is true. The normal technique used is to raise the tail wheel as soon as the
S - elevator effectiveness permits and then accelerate with the thrustline level until the

take-off speed is approached. At this point, the stick is eased to the rear in such a

manner as to reach a “three-point” att itude simultaneously with attaining take-off
- 

~
-. speed. Therefore, the ability of the elevator to raise the tail to a thrustline level

attitude and the speed at which this is possible is of interest since it affects take-off
- 

- 
performance.

In the nosewheel lift-off test , ground effect lessened elevator effectiveness. The
- 

converse is true in this test where the increase in at due to “ground effect” aids the

elevators in lifting the tail. As would be expected, the critical loading is the normal

service loading that provides the greatest tail heavy moment. It should be pointed

out that CG position alone does not define this condition. Loadings are possible

wherein the effect of increasing weight predominates over CG position. For

example, a lightweight, aft CG position loading will probably not cause as great a

weight on the tail wheel as a much heavier loading will , at a CG position slightly

- 
forward of the light loading CG position. The longitudinal trim setting is optional,

but should be a setting which does not result in excessive forces during the take-off
run or immediately after becoming airborne. As in the nosewheel lift-off test ,

trimmable stabilizers can be adjusted so as to provide a nose down pitching moment

so long as the elevator fo rces encountered during take-off are not excessive.
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Method of Test

The pilot aligns the airolane with the runway heading and locks the brakes. The

flaps are extended to the optimum take-off position and the power is increased until

the tail wheel is just lifting from and returning to the runway 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 increased, release the brakes immediately. As

you will find out from running this thrustline level test, it is impossible to nose an
S 

airplane over, even with full forward stick and full power applied unless the brakes

are used.) Next , the brakes are released, take-off power is applied, and the stick is

S ~~~~ 
to the full forward position. Remember the order in this sequence of events ;

- i- first, release the brakes; second, apply full power; third, ease the stick full forward.

Full forward stick position is maintained until the thrustline is level . The indicated

airsoeed is noted and the force required is determined. The test should be reoeated

until reliable data is obtained. The major problem is that of determining when the

tnrustline is-level. It is recommended that a given nose attitude be arbitrarily chosen

as the equivalent of thrustline level. This is the only way that repeatable data will be

obtained unless an outside observer transmitting a “mark” is utilized.

SPEED B R A K E  E F F E C T I V E N E S S  
-

Investigation of the effectiveness of the speed brakes is a qualitative task. Speed
brakes can be used for airplane deceleration, dive speed limitation, allowing higher
engine speed during penetrations and approaches, etc. The particular functions

S 

desired from the speed brakes will depend on the airplane ’s mission. A thorui.4i test
plan encompassing all possible uses of the speed brakes should be formulated. In

general, for the oarticular airplane mission, the speed brakes should b~ s ’ff icient t~
provide adequate control of airspeed, flight path, etc. at any flight condition within
the Operational Flight Envelope.
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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 maximum airspeeds and the ease with which

these forces can be maintained near zero by retrimming.

Method of Test

The airpl ane is trimmed for VMRT (level flight) at high altitude. Without
changing power, a dive is entered so as to reach maximum operational airspeed at a

low altitude. The maximum longitudinal control force required at maximum

S 
operational airspeed is noted. During a similar dive, the ability of the nilot to keep

longitudinal control forces near zero by retrimming is determined.

- ~
, LONGITUDINAL TRIM SYSTEM EFFEC TIVENESS AND F A I L U R E S

The purpose of this test is to determine the capability of the longitudinal trim

system to reduce control forces to zero at all operational airspeeds. Longitudinal

trim system failures should also be investigated.

Method of Test

The airplane is flown from minimum airspeeds to maximum operational

airspeeds in all configurations, and the ability to trim the longitudinal control forces

S 
to zero is evaluated.

S Trim system failures are simulated at representative operational airspeeds by
running the longitudinal trim in the nose-up and nose-down direction until full
control deflection is reached, excessive control forces are required, or the maximum
trim travel limits are reached. The controllability of the airplane is then evaluated.
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INTRODUCTION

The investigation of lateral-directional stability and control involves the study

‘5 - of characteristics exhibited in the airplane’s olanes of asymmetry. These planes of

S 
- asymmetry divide the airplane into unsymmetrical parts and contain components of

- motion only alona the Y axis and about the X and Z axes (see Figure 1).

• 
~~~~~~~~~~~~ I

- z
- FIGURE I

-

-

S 

AIRPLANE AXIS SYSTEM AND PLANES OF ASSYMMETRY

Airplane motion in the planes of asymmetry or lateral-directional motion

• generally results in some motion in the plane of symmetry or longitudinal motion.

For part of the study of lateral-directional flying qualities, this longitudinal motion

will be considered fairly insignificant. However, in some flight conditions,

lateral -directional motion can generate significant longitudinal motion and vice

versa. These conditions wil l be discussed thoroughly in a subsequent section.
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Lateral-directional flying qualities must be investigated from enuilibrium and
nonepuilibrium flight conditions. From equilibrium conditions, the static

lateral-directional characteristics may be determined. These char~’~~ristics are :

• 1. Variation of directional control forces and rudder positions with sideslin

angle in steady heading flight at a constant trim airspeed (static directional

stability characteristics).

2. Variation of lateral control forces and aileron positions 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 in steady heading flight at a

constant trim airspeed (sideforce characteristics).

Dynamic lateral-directional f lying qualities are investigated from

nonequilibrium flight conditions. This requires study of the characteristics of the
three lateral-directional modes of motion - the Dutch roll mode, the spiral mode,

S 
and the roll mode - which are suppressed in equilibrium flight. Two of the

lateral-directional modes differ from the longitudinal modes in that the pilot does

not usually deliberately excite the Dutch roll or spiral modes. Excitation of these

modes is not required to maneuver the airplane under normal flight conditions.
S However, the Dutch roll and sprial modes are continually inadvertently excited by

the pilot or by external perturbations. Therefore, the characteristics of these modes
greatly affect 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 may deliberately utilize the

Dutch roll mode to generate sideslip changes in order to maintain steady heading

flight. Since the Dutch roll mode is a second orde, response generally involving both

lateral and directional motion, the characteristics of this mode to be investigated

are :

V.2
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1. Frequency or period of the motion.

2. Damping of the motion or lack of it.

3. The relative magnitude of the lateral part of the motion to the directional

part of the motion, or simply, the “roll to yaw ratio.”

4. The degree of excitation of the Dutch roll mode during uncoordinated,

aileron only turns.

Since the spiral mode is a first order motion which may be convergent,

divergent, or neutral, the characteristics of this motion to be investigated are :

1. The nature of the motion; i.e., whether it is divergent, neutral, or

convergent.

2. The time required for the amplitude of the first order motion to double or

half.

Obviously, the pilot will deliberately excite the roll mode in order to make

bank angle changes required in all phases of mission accomplishment. Characteristics

of the roll mode have a significant influence on the pilot’s opinion of the airplane.

S The roll mode is an essentially first order response and is usually heavily damped.

Therefore, the characteristics of the roll mode to be investigated are :

1. The roll mode time constant.

- , 2. Steady state roll rates obtainable with various lateral control inputs.

3. The nature and amount of yawing motion generated during rolling

maneuvers.
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The pilot’s opinion of lateral-directional flying qualities depends on ~Ij the

- - 
static and dynamic characteristics mentioned above DIus the characteristics of the
lateral -directional control system. In addition, other parameters influence S

lateral-directional flying qualities because of inseparable interaction phenomenon,
such as roll response to a directional control input, and yaw response to a lateral
control input and roll rate. Therefore, it is not possible to state which of the
aforementioned chiracteristics are dominant in a particular flight condition. They
are all important to varying degrees 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 in four sections:

1. “Normal” lateral-directional flying qualities.

2. Rolling nerformance and roll coupling.

3. A~~~-imetric power.

4. Miscellaneous lateral-directional tests.

Lateral-directional stability and control characteristics profoundly affect the
S 

pilot’s ability to perform both maneuvering and nonmaneuvering tasks required in
mission fulfillment. Satisfactory lateral-directional characteristics allow the pilot to
trim the airplane easily and simply, maneuver the airplane safely and precisely
without excessive effort, and maintain adequate control of the airplane under all •1

S possible operational flight conditions. Thus, mission tasks can be performed safely,

simply, and precisely, and overall mission effectiveness is correspondingly enhanced.
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THEORY

NORMAL LATERAL-DIRECTIONAL STABILITY AND CONTROL

STATIC LATEflAL-D IRECTIONAL STABILITY AND CONTROL

It is now necessary to study the stability characteristics of the airplane when its

flight path deviate~ from the plane of symmetry. This means that the relative wind

will be making some angle to the airplane’s plane of svmmet~y; this angle is referred

to as the sideslin angle, ç
~ 

(see Figure 2). The angle of sideslip differs from the angle

of attack in that it lies in a different plane and its action is quite different. Angle of
attack determines the airplane’s lift coefficient and, therefore, its airspeed (for

unaccelerated flight conditions) or normal acceleration (at a constant airspeed).
However, sideslip is generally quite useless to the pilot. It can be used to increase

drag and increase rate of descent during landing, or it can be used to make airolane

heading the same as runway heading during crosswind landings, or it can be used to

ease the pilot’s workload during flight with asymmetric power, etc. Nevertheless, it

can be stated that, in general, it is advantageous to maintain zero sideslip in almost
S 

- 
all flight conditions. Therefore, the problem of directional stability and control is to
insure that the airplane tends to maintain zero sideslip and to insure that the pilot is

provided a suitable means of controlling sideslip during maneuvers that tend to
- 

S 

produce sideslip, or during maneuvers in which he wishes to deliberately induce
sideslip.

V-5

- S-S S ~~~~~~~~~~~~~~~~~~~~~ ~~~~~-~~~~~~~~~~~ .-- ~~---SS - - -



- ~ - 
~~~~~~~~~~~~~~~~~~~~~~~~ _ - -  —- - ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S x
S ~~RELATIVt WIND

s — SIDESLIP ANGU, $

~~~~~~~~~ANE CG

FIGURE 2

THE SIDESLIP ANGLE

S 
Obviously, the pilot must also be provided with satisfactory control of the

airplane’s anale of bank. c~; this control is necessary to provide a force to accelerate
the flight path in the horizontal plane; i.e., to turn the airplane. A subsequent
section on Rolling Performance will discuss thoroughly the subject of lateral control.
However, since sideslip generally induces a rolling moment, it is necessary to
introduce here the concept of dihedral effect or lateral stability. This is really not a

static stability in the true sense of the term since the rolling moments created are
S not a result of bank angle but are a result of sideslip. However, dihedral effect has a

significant influence on the pilot’s opinion of the airplane’s lateral-directional flying
S qualities.
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‘ - In order to discuss the theory of lateral-directional flying qualities, it is

necessary first to develop some terminology which will permit a complete

description of the forces and moments acting on the airplane during any maneuver

that involves sideslip.

Lateral- Directional Terminology

S The angle of sideslip, ~ , is equal of the arcsin ~‘/V ) or for small angles

encountered in normal flight, ~ = “/V (Figure 3). The sideslip angle is arbitrarily

given a positive sign when the relative wind is to the right of the geometric

longitudinal axis of the airplane. The angle of yaw, 4t , is defined as the angular

displacement of the airplane’s geometric longitudinal axis in the horizontal plane

from some arbitrary direction taken as zero at some instant of time. Note that for a

curved flight path, yaw angle does not equal sideslip angle. In a 360 degree turn, the

airplane yaws through 360 degrees but may develop no sideslip during the
maneuver if the turn is perfectly coordinated. If the airplane is sideslipped to

maintain a straight path, the angle of yaw is equal in magnitude but opposite in sign

to the angle of sideslip. V

FLIGHT PATH X
V c— FLIGHT PATH

ARBITRARY DIRECTION X V 
* 

S

AT SOME INSTANT
OF TIME -

*

V VELOCITY OF THE A~ PLANE TANGENTIAL
TO THE FLIGHT PATH AT ANY TIME

S v:COMPONENT OFVALONG THE Y AXIS OF
THE AIRPLANE

CURVED FLIGHT PATH STRAIGHT FLIGHT PATH

FIGURE 3
SIDESLIP ANGLE AND ANGLE OF YAW
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Considerable confusion can arise if the terms sideslip and yaw are

misunderstood. In this manual, sideslip will always be used to describe the angle

generated by the relative wind not being perfectly aligned with the airplane’s

geometric longitudinal axis in the XY plane.1 However, the term yaw will also be

used in describing E~I~ and moments in many cases. This is necessary since, for

instance, the airplane can exhibit a yaw rate with zero sideslip or can have yawing

moments generated at zero sideslip. With the meanings of sideslip and yaw in mind,

other lateral-directional stability derivatives may now be developed.

Lateral- Directional Stability Derivatives-Sideforces and Sideforce Derivatives

Whenever a sideslip angle is imposed on the airplane, sideforces are developed

by the fuselage, wings, and the vertical tail. The main contributions come from the

fu selage 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

S 
alone very difficult. The portion of the sideforce that is due to the vertical tail is 

S

more predictable (Figure 4).
x

~~~~~ / RELATIVE WIND

7 $~=SIDESLlP ACTING OI~i
/ VERTICAL TAIL

o : SIDEWASH ANGLE CAUSED

~~~~~~~~~~~~~~~~~~~~~~~~~ 

BY WING TIP VORTICES AND
I FUSEL~~E-TAIL INTERFERENCE.

CG 
~ 

j 
_ _ _ _ _ _ _  

SIMILAR TO DOWNWASH ANGLE

~
.y FOR LONGTUOINAL CASE.

$ - ~
P$: SIDEFORCE GENERATED BY

V VERTICAL TAIL AT AN ANGLE
S OF SIDESLIP, $~

FIGURE 4
GENERATION OF SIDEFORCE DUE TO SIDESLIP BY THE
VERTICAL TAIL -

S 
1Sideslip is invariably used to describe this angle in flight test work However, yaw is

almost invariably used in wind tunnel work and in many theoretical works to

describe the same angle. 
S
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Vertical Tail Contribution. ~~~ or 
Cy(3,~ When the airplane is subjected to a

sideslip angle, (3 , the vertical tail is subjected to a sideslip angle, ~ which is

:~ 
generally less than (3 because of the sidewise inflow of air which occurs prior to the

airflow impinging on the vertical tail. Thus, the vertical tail develops a force which is

directed sideways with respect to the airplane. The magnitude of this sideforce may

be expressed as:

~~S I --a (~~~
- a)  q S

V V V V

S 

where: a~ = lift curve slope of the vertical tail, a vertical tail
- design parameter.

• (3 = airplane sideslip angle.

a = sidewash angle, a measu re of the change in direction

of the relative wind in the XV plane due to

inter ference from airplane components, best

determined from wind tunnel studies.

qv = dynamic pressure at vertical tail in pounds per snuare

foot.

= area of the vertical tail in square feet.
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14 The sign of the sideforce created by the vertical tail is neoative since the sign

convention utilized in this manual is that forces acting out the right wing of the

S 
airplane are positive. Thus, since positive sideslip generates vertical tail sideforces

act ing to the left, V (3~, carries a negative sign. Similarly, the nondimensional

derivative form, CY I3v, also carries a negative sign and may be expressed as follows:

S
C v

= -a~ (1 — 
~~~~

-) r1
~ ~ w -

where: fly = vertical tail efficiency factor,~~— , where q is free
stream dynamic pressure. 

q

SW = area of the wing in sauare feet.

Sideforce Due to Roll Rate. “ p or 
Cy0 A sideforce is developed at the vertical

tail whenever the 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

creates a sideslip at the vertical tail, even though the airplane may have zero sideslio
( Figu re 5). This contribution, called sideforce due to roll rate, ‘~

‘p, is generally small

unless the airplane has a very high vertical tail. It carries a negative sign, since a

positive (right) roll rate, p, creates sideforce acting to the left) Similarly, the

nondimensional derivative form,Cyp, also carries a negative sign.

1This is the “right hand rule” convention. If the right hand is placed along the

airplane axis under consideration such that the thumb points in the positive

direction, the fingers of the hand will curl in the positive rotational direction.

Positive axis directions are defined as (from the airplane CG) toward the right wing,

forward, and down.
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FREE STREAM
RELATIVE WIND 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

WIND AT

FIGURE 5

GENERATION OF SIDEFORCE BY THE VERTICAL TAIL DUE
a TO ROLL RATE

Sideforce Due to Yaw Rate. “~
‘r or ~r. Whenever the airplane exhibits a yaw

rate, r, another sideforce is developed. This sideforce, ~
‘r , is developed as a result of

side velocity due to the yaw rate (Figure 6). The sideforce due to yaw rate is
- :- generally fairly small. The vertical tail and other surfaces aft of the CG develop a

positive Y r or Cy~; areas forward of the CG develop a negative “r or Cy~. The
vertical tail contribution is generally dominant, therefore, Y r and Cy~ usually carry a
positive sign.

- 
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SIDE VELOCITY ~~~~]J~~~~~1V/E VVIND

- 
S GENERATED BY I \ 1 RELATIVE WIND AT

S YAW RATE , r AIRPLANE ~~~ \~.4”~~V(RTICAL TAIL
ING~~~~~~~ E

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Y,
I’ SIDEF CE

FIGURE 6
GENERATION OF SIDEFORCE DUE TO YAW RATE

y Cy
Sideforce Due to Rudder Deflection. ~r or ~r, A deflection of the rudder

control su rface makes the vertical tail-rudder combination a cambered airfoil. This

generates a sideforce from the vertical tail (Figure 7). The magnitude of this

sideforce, “
~~r’ may be expressed as follows:

Y
- - 

= a 
~ 

6~ q~~S~

where: = rate of change of effective tail sideslip angle with

rudder deflection, sometimes written d~~/d~Sr. It is a

function of the ratio of the area of the rudder to the

area of the entire vertical tail; for the all-moveable

vertical tail, Tv = 1.0.

= rudder surface deflection.
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4 RELATIVE WIND

b

VI’
S M

FIGURE 7
GENERATION OF SIDEFOR~E DUE TO RUDDER DEFLECTION

The sideforce due to rudder deflection carries a positive sign, since trailing edge
- 

left rudder deflection, considered positive rudder deflection, generates a sideforce

- 
acting toward the right. Similarly, the nondimensional derivative form, 

Cy~ also

- 
~
- carries a positive sign and may be expressed as follows:

- 

- 

- S S
S 4 n ‘,= v  v v s.—

r w

Sideforce Due to Gravity.W ~n q or CL q. Whenever the airplane is banked, there

is a gravitational component of sideforce. The magnitude of this sideforce is

dependent on the magnitudes of the bank angle and the weight vector of the
- airplane. It is the projection of the weight vector on the V axis of the airolane

(Figure 8) and may be expressed as W sin ~ or mg sin 4 . l In nondimensional form

- for “small” bank angles, it may also be expressed as CL 4. Since the gravitational
- 

component of sideforce acts through the airolane CG, it generates no rolling or

yawing moments.

1Where W is the weight of the airplane, m is the mass, and 4 is the bank angle.
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W O R mg

FIGURE 8

- 
- GRAVITATIONAL COMPONENT OF SIDEFORCE DUE TO BANK ANGLE

Sideforce Due to Lateral Control Deflection. ~a or ‘S~ a. If the lateral control

• devices are located close inboard on the wings, their deflection may disturb the F
airflow around the fuselage enough to generate a sideforce. In supersonic flight, 

S

shock w~~e formation due to lateral control deflection may cause a similar effect.
This sideforce is generally very small and, therefore, is usually neglected.

Lateral- Directional Stability Derivatives - Rolling

Moments and Lateral Stability Derivatives. 
- 

S

Rolling Moment Due to Sideslip. Dihedral Effect L~ pr~~’B Whenever a sideslip
ang le is imposed on the airolane, rolling moments are generally developed as a direct
result of the sideslip. This rolling moment due to sideslip is called dihedral effec t.
Dihedral effect is generally referred to as being positive if the airplane tends to roll
in a direction opposiée to the imposed sideslip. However, the sign of the moment,

or nondimensional derivative, ~~~ is negative for “positive” dihedral effect since

a positive (right) sideslip angle would result in a negative (left) rolling moment.
Dihedral effect is mainly influenced by geometric wing dihedral, wing sweep, wing

V- i4
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placement on the fuselage, and vertical tail height, as well as power for

propeller-driven airplanes, and flap deflection if the flap hinge line is swept If the
airplane exhibits a positive wing dihedral angle, r (tip chord above the root chord),

the airplane tends to roll away from any sideslip which is developed because the
forward wing is subjected to a higher effective angle of attack than the trailing wing

~~5 5 (Figure 9). Thus, positive geometric wing dihedral contributes to positive dihedral
- 

effect.

- 
ROLLING MOMENT LL

4
LR

~~~~~~~~~~~~~~ ~~~~~
LEFT SIDESLIP ANGLE

V(W LOOKING DIRECTLY A LONG
S RELATIVE WIND VECTORS

S 
/ RELATIVE WIND

HIGHER EFFECTIVE ANGLE OF ATTACK BON LEFT WING

- TOP VIEW

~~~ 5.
. FIGUR E 9

ROLLING MOMENT GENERATED BY SIDESUP AND GEOMETRIC
DIHE(~RAL

- Wing sweepback tends to contribute to positive dihedral effect since the
forward wing’s effective sweep angle is reduced and the trailing wing’s effective
sweep angle is increased (Figure 10). Neglecting compressibility effec ts and assuming

S that the airplane is not operating close to its stall angle of attack, the lift coefficient
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on the forward wing is thus increased and the lift coefficient on the trailing wing is

decreased.’ Therefore, wing sweepback contributes to positive dihedral effect.

Additionally, dihedral effect of the airplane with swept wings is directly related to

lift coefficient (Figure 11). Airplanes with sweepback will exhibit increasing positive

- . dihedral effect with increasing lift coefficient; these airplanes may tend to have

excessive positive dihedral at low airspeeds.

R-. -
~: 

RELATIVE WIND

- 
~
, EFFECTIVE SWEEP ANGLE

EFFECTIVE SWEEP ~~~ c /Vi\~~. IS 
H~CREA&D

IS INCREASED
• CLIS REDUCED

ROLUNG MOM~~~ -

NO COMPRESSIeILJTY EFFECTS
° ~ °STALL

FIGURE 10
ROLLING MOMENT GENERATED BY SIDESLIP AND WING SWEEP

1See Figure 3, Page of the “STALLS” section.
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05 1.0 1.5

-~ LIFT COEFFICIENT
CL

FIGURE II
TYPICAL VARIATION OF DIHEDRAL EFFECT WITH LIFT

COEFFICIENT
- 

- Interference effects between the wing, fuselage, and vertical tail influence the S

airplane dihedral effect; however, the influence is bothersome and difficult to

analyze. In general, a high wing placement on the fuselage tends to increase dihedral 
S

effect, a mid wing design has negligible influence, and a low wing design tends to

decrease dihedral effect (Figure 12).

S 

_- 7’~~~~ ~~ EOU~~LENT TO ~~

__I~JI___ ~ EQUI~~LENT TO .~~J~j i

_________________ —
~ EQUIV~~~NT TO

FIGUR E 12
GENERAL RELATIONSHIPS BETWEEN WING PLACEMENT

AND EFFECTIVE DIHEDRAL
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The vertical tail can contribute to the dihedral effect if it is located above the
- ~~ airplane’s center of gravity. This contribution is quite easily computed from the
l sideforce created by the vertical tail when sideslip is imposed on the airplane (Figure
t5 13). Since positive sideslip generates a rolling moment from the vertical tail which

- tends to roll the airplane in the direction opposite to the sideslip, the vertical tail

-. 
contributes to positive dihedral effect. The magnitude of this rolling moment

contribution may L~ presented as follows in nondimensional derivative form:

C do S

c = -a (1 - 

~~
) rl

~ ~~
— 

~~
—

where: = Vertical distance between center of pressure of the

vertical tail and airplane center of gravity in feet.

S b = airplane wing span in feet. (b appears in moment

relationships in order to nondimensionalize the

moment derivatives).

ROLLING MOMENT, Lv - Vy Z~

S 
Yv ~* CENTER OF PRESSURE OF

~~~~~~~~~~~~

= DISTANCE OF VERTICAL TAIL CP A8~I/E
AIRPLANE CG 

-

SIDESLIP FROM RIGHT (POSITIVE)

S 

FIGURE 13
INFLUENCE OF VERTICAL TAIL ON DIHEDRAL EFFECT
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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 extent than the other (Figure 14).
- - This tends to cause the airplane to roll in a direction toward the sideslip; thus power

tends to cause negative dihedral effect in propeller driven airplanes. This power

influence is largest in full-power, low-airspeed flight conditions where the ratio of

slipstream velocity to free stream velocity is the greatest. The “destabilizing”
influence of power on dihedral effect may be extremely oronounced with inboard

S flaps ex tended, since the flap on one wing will be immersed in the slipstream more
than the flap on the other wing. If the flao hinge line is swept forward, the

- : contribution toward negative dihedral effect is increased (Figure 14).

S 

~15 RELATIVE WINO

ROLLING MOMENT DUE TO
POWER EFFECT AND FLAP
DEFLECTION

FIGURE 14
- - POSSiBLE INFLUENCE OF POWER AND FLAP DEFLECTION ON

DIHEDRAL EFFECT
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Rolling Moment Due to Yaw Rate. Lr or~~’r. A rolling moment is generated if

the airplane is yawing; this is the “roll due to yaw rate,” Lr,or in nondimensional

derivative form, 
CS~r. This rolling moment is composed of contributions from the

vertical tail and the wing. When the airplane is yawing, a sideforce is developed by

the vertical tail (see Figure 6). A positive (right) yaw rate, r, generates a positive

(right) rolling moment contribution from the vertical tail. The left wing of an

airplane yawing to ~he right advances into the air slightly more rapidly than the right

wing. As a result, the left wing develops slightly more lift, which generates a rolling

moment to the right. This rolling moment is proportional to lift coefficient, CL, and

the magnitude of this contniubtion increases with decreasing speed. A positive yaw

rate generates a positive rolling moment contribution from the wing. Thus, both the S

S 
- vertical tail and wing contribute positively to the rolling moment due to yaw rate.

S Therefore, Lr and Cp~ carry positive signs.

L C
Rolling Moment Due to Rudder Deflection. ~r or 

9
~r. A deflection of the

rudder produces a sideforce as shown earlier in Figure 7. This sideforce generates a

rolling moment which may be expressed as follows:

L6 =~~~ z
r r v 

-

or in nondimensional derivative form:

C C v=
r r

t

~~1-
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As shown in Figure 15, a positive rudder deflection generates a positive rolling
moment, therefore, L~Sr and 

Ci~Sr carry positive signs. If the airplane has a very

high vertical tail, this derivative can be substantial.

TRAILING EDGE LEFT
- -

~~ RUDDER DEFLECTION

ROLLING MOMENT, L~~: ‘%Z~

FIGUR E $5
ROLLING MOMENT GENERATED BY RUDDER DEFLECTION

L -  C~Rolling Moment Due to Lateral Control Deftection~ ~a or 5a. From the

previous discussion, it can be argued that the pilot can maintain control over bank
angle by use of simple rudder control. However, this method is not practical because
of the lack of precision of control and, in many instances, lack of any bank angle
control at all by use of the rudder. Therefore, the major means of controlling rolling
moments and bank angle is through the use of lateral control devices - ailerons or

spoilers or a combination of the two. The ailerons on each wing deflect

asymmetrically, thereby so altering the spanwise load distribution that a rolling
moment is created (Figure 16). Wing spoilers act in a similar manner.
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______________ NO LATERAL CONTROL INPUT

S RIGHT LATERAL CONTROL INPUT
LEFT AILERON - TRAILING EDGE DOWN
RIGHT AILERON - TRAILING EDGE UP

:~~ 

- TOP VIEW

FIGURE 16
GENERATION OF ROLLING MOMENT FROM AILERON DEFLECTION

- 
- The magnitude of the rolling moment due to aileron deflection, L6a , or the lateral
• control power coefficient, 

~Sa, may be evaluated by the strip integration method
(Figure 17) and expressed as follows:

-2a t cy dy

-2a fl ,Y 2
C - ~ a a 

~ cvdv
~ ~~~~ s b J -

a 
-

where: Ta = rate of change of effective wing angle of attack with

aileron deflection.

= aileron deflection, right wing trailing edge down

considered positive.

c = wing local chord.

= aileron efficiency factor, ~~~~~. where q is freestreama q
dynamic pressure.
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FIGURE 17
- 

- STRIP INTEGRATION FOR L8 AND CL0

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) direction, L~5a and C2
~~normally carry negative signs.

Rolling Moment Due to Roll Rate. Roll Damøing. or 
C2~ As the airplane

rolls, a modified wing lift d’stribution will be created that is a function of the rolling
velocity, p. On the downgoind wing, the effective angle of attack is increased, on the
upgoing wing, the effective angle of attack is decreased. The resultant changes in lift
distribution generate a rolling moment, L,~, which opposes the rolling moment due

S - to aileron deflection, Lóa (Figure 18). In rolling maneuvers, it is this opposing
rolling moment, L~, which determines the final, steady state roll rate for a given
aileron deflection. Therefore, L,~ and the nondimensional derivative form C2,p are
commonly referred to as “roll damping” or “damping in roll.” It can readily be seen
that roll damping depends almost exclusively on wing design parameters such as lift
curve slope and wing span, however,a high vertical tail can have some contribution.
Since roll damping usually acts to oppose the rolling moment generated by lateral

control deflection, L~ andC 9~p generally carry negative signs. If the airplane is flying
at low airspeeds near stall, an increased angle of attack on the downgoing wing may

stall that wing. This causes C9~ to become positive and the wing will “autorotate”
unless corrective action is taken by the pilot.

1Uncontrolled rolling mo ’uon, as in a spin.
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~~ y j•~ Df~i j  OA TCHANGE IN LIr uU~ ~

p i

V : AIRSPEED
I PY:LOCAL VELOCITY VECTOR AT
P INDIVIDUAL SECTION IMROSED

~~~~~~ 
BY ROLL RAT E

Aa ¶ PY Aa : CHANGE IN ANGLE OF ATTACK
AT INDIVIDUAL SECTIONS

EFFECTIVE RELATIVE WIND Aa (FOR SMALL ANGLES)

FIGURE 18 
-

GENERATION OF ROLL DAMPING

Lateral-Directional Stability Derivatives - Yawing Moments and Directional
Stability Derivatives

Yawing Moment Due to Sideslip. Directional Stability. or 
Cnp Whenever a

sideslip angle is imposed on the airplane, yawing moments are generally developed as

a result of the sideslip. If the yawing moments tend to reduce the imposed sideslip
- - angle, the airplane exhibits directional stability or “weathercock stability.” The 

S

strength of this directional stability is one of the most important characteristics of

the airplane. The main contributions to this characteristic come from the fuselage,

nacelles, and the vertical tail. The wing contribution is usually negligible since a
sideslip angle creates on~

, very small sideforces on the wing. However, the

contributions of the fuselage and nacelles to the yawing moment due to sideslip are
usually significant and unstable. The-vertical tail must be designed to offset the

destabilizing fuselage-nacelle contribution and provide some level of directional
stability for the airplane. The contnibutio’n of the vertical tail to the yawing moment

- 

S due to sideslip is usually very powerful and is generated as a result of the sideforce
created by the vertical tail (Figure 19). This contribution N 13~, may be expressed as:
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N Y £ dv v(1 _
~~~. ) q~S~~L~

p~J:I
-
~ or in nondimensional derivative form:

:~ = a ( 1 -~~ .)n ~~

where: = horizontal distance between center of pressure of the

vertical tail and the airplane center of gravity in feet.

- c S  
RELATIVE WIND

CENTER OF PRESSIJ~E WU)
OF SIDEFORCE 

~~
:ELOPED 

____

FIGURE 9
CONTRIBUTION OF THE VERTICAL TAIL TO DIRECTIONAL

STABILITY

The airplane’s total yawing moment due to sideslip, or directional stability, is

the sum of the contributions from the wing, fuselage, nacelles, and vertical tail:

C C C
n~3

= n~ +

‘ w ,F,N v
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If ~~~ is positive, i.e., positive sideslip generates a positive yawing moment, the

airplane is directionally stable. Obviously, N~ and Cn~ normally carry positive signs.

The running propeller can have large effects on the airplane directional
stability. A sideforce is generated as a result of the airflow passing through the

propeller disc at a si’ieslip angle. This effect is sometimes called the “propeller fin

effect.” From a study of Figure 20, it may be rationalized that the effect of

propeller operation on directional stability depends on the location of the propeller
with respect to the airplane CG. If the propeller is positioned ahead of the CG,

propeller effects are destabilizing. The influence of jet engine operation on

directional stability is the same.

F 
~~~7

’
~~LAT%VE WN D

YAWING /
MOMENT

Ø
,V~~ 

I N: Yl 
-

L
~~2~~~cG 

P

FIGURE 20
PROPELLER POWER INFLUENCE ON DIRECTIONAL STABIUTY
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Yawing Moment Due to Yaw Rate. Yaw Rate Damoina.Nr or 
Cnr. The

sideforces created when the airplane is yawing about its CG with some yaw rate, r,

generate yawing moments which generally tend to oppose the motion. This “yaw

rate damping” or “damping in yaw” derives most of its magnitude from the vertical
S tail. The vertical tail is subjected to a sideslip angle, ~v, due to yaw rate even if the

airplane sideslin angle is zero 1 (see Figure 6). The resultant sidefo ce generates a

yawing moment, N, which opposes the yawing motion (Figure 21). The magnitude

of the yaw rate damping contribution from the vertical tail may be expressed as

follows:

£ 2
N =-a S q

V v v

- 

• or in nondimensional derivative form:

S ~C S £ 2  -
- n Vn = — = — 2a — —r rb v S  v 2v w h S

where: J~ is called the “nondimensional yaw rate.”
S 2V -

V = true airspeed.

(Note that vertical tail “arm length,” 2’v , 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 the “outer” wing is traveling

forward at a slightly higher airspeed than the wing to the inside of the turn. The

outer wing therefore develops more profile and induced drag, which generates an

additional yawing moment opposing the yaw rate.

1This situation is approached in a perfectly coordinated turn.
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FIGURE 21
GENERATION OF YAW RATE DAMPING FROM THE VERTICAL TAIL

Yaw rate damping, Nr, Or Ct1r, normally are negative quantities since their
action is in opposition to the established yaw rate.

N Cn
S Yawing Moment Due to Rudder Deflection. ~r or 5r. The sideforce

generated at the vertical tail due to rudder deflection produces a yawing moment
about the airptane CG (Figure 22). The magnitude of this yawing moment is a
measure of the rudder effectiveness or “rudder control power.” The yawing moment

S due to rudder deflection may be stated as: -

N 5 r 
= _a

~ 
I 

~~~~

S or in nondimensional coefficient form:
C S £
fl - a t ~ 

V V

r V V v s  b
U)

N 
~r and 

Cn or normally are negative quantities since a positive (trailing edge
left ) rudder deflection generates a negative yawing moment. 

S
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FIGURE 22
YAWING MOMENT DUE TO RUDDER DEFLECTION -RUDDER POWER

N CnYawing Moment Due to Lateral Control Deflection. 0a or 0a. The lateral
control surfaces - ailerons and/or spoilers - usually generate yawing moments

when deflected. If the yawing moments created act so as to rotate the nose of the
airplane opposite to the direction o~ roll, the yawing moment is termed “adverse.” If

the yawing moments act so as to rotate the nose in the same direction as the roll, the
S yawing moment is termed “proverse.” (These terms do not, in themselves, devote

unfavorable or favorable flying qualities. In some cases, adverse yaw contributes
more to good flying qualities than proverse yaw!) For airplanes equipped with

ailerons, the yawing moments created with aileron deflection are usually adverse.

This is due to an increase in drag due to the increase in lift on the wing with the

aileron trailing edge down and vice versa (Figure 23). The yawing moment due to

aileron deflection, NcSa or, in nondimensional derivative form, Cn0 will be positive

if the yawing moment is adverse. (Right aileron trailing edge down is Dositive: left
roll is generated; if yawing moment is adverse, a right (oosith~e) yawing moment

results. )
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- - LEFT AILERON RIGHT AILERON INCREASED—k!--... DRAG
S TRAILING EDGE DOWN TRALV’IG EDGE UP INDUCED ~INCREASED LIFT REDUCED LIFT DRAG• INCREASED INDUCED REDUCED INDUCED

S - DRAG DRAG

- FIGURE 23
• GENERATION OF ADVERSE AILERON YAWING MOMENT

For airplacies equipped with spoiler type lateral control devices, the yawing
C
- moment due to lateral control deflections may be proverse or adverse. This is

S because spoilers generate changes in profile drag as well as induced drag. If t~

• changes due to rofile~~~ g are predominant, the yawing moments due to spoiler

deflection are proverse; if changes due to induced drag predominate, the yawing
moments are adverse (Figure 24). Therefore, at high airspeeds, spoilers tend to

generate proverse (negative) yawing moments, while at low airspeeds, spoilers tend
- to generate adverse (positive) yawing moments.

-

- 

E~S~ IF,~~c
IS PREDOMINANT

- LEFT SPOLER RIGHT SPOILER 
~ / ADp

REDUCED LIFT
REDUCED INDUCED DRAG
INCREASED PROFILE DRAG

g

ADVERSE IF
INDUCED DRAG &,t ~i- IS PREDOMINANT

FIGURE 24
YAWING MOMENTS GENERATED BY SPOILER DEFLECTION
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Yawing Moment Due to Rolling Velocity. N~ or Cnp. Yawing moments are also

generated by rolling velocity. The main contributing factor to this yawing moment,

N~, or in nondimensional derivative form, ~~~ is the wing, although large span

horizontal and vertical tails can have appreciable effec ts. The wing contribution is

due to the changes in effective angles of attack on the downgoing and upgoing wing

during rolling (see Figure 18). These changes result in tilting of the lift and drag

vectors on the respective wings (along with changes in the magnitudes as well). As

shown in Figure 25, the modifications to the lift vectors generally are predominant,

resulting in a yawing moment which tends to yaw the airplane opposite to the

direction of roll. The influence of the horizontal tail would be the same. The

sideforces generated at the vertical tail due to roll rate (see Figure 5) would result in

a yawing moment which tends to yaw the airplane in the direction of roll, which is

exactly opposite to the wing effect. The total yawing moment due to roll rate is the

sum of the contributions of the wing, horizonta l tail, and vertical tail. Since the wing

contr ibution is normally predominant, N~ and Cn~ are normal ly negative quantities,

since a right (positive) roll rate would result in a left (negative) yawing moment due

to the roll rate.

The influence of the yawing moment due to roll rate is frequently incorrectly

included in the effects of aileron adverse or proverse yaw, Cn0 This is due to the 
S

fact that, in a rolling maneuver, the yawing moments generated are a result of both S

CnO and Cnn. It is never possible to completely separate the two during flight test

investigations. The test pilot and engineer should be careful to use correct technical

terminology when describing the phenomenon observed during flight tests.
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LEFT WING Np RIGHT WING
SECTION SECTION

EFFECTIVE ______ A AL. H 
ALH

RELATIVE WIND ALH

V
A~)�1

AIRPLANE ROLLING RIGHT 
~S 

EFFECTIVE 
-

RELATIVE WIND

FIGURE 25
c WING CONTRIBUTION TO YAWING MOMENT DUE TO ROLL RATE -

A tabular presentation of the lateral-directional stability derivatives is presented -

in Fi gure 26. -
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S 
- - Steady Heading Sidesilos

- The steady heading sideslip is a common maneuver to all pilots. It is sometimes

utilized to maintain airplane heading equal to runway heading during crosswind

landings, or to increase drag and steepen the glide path in light airplanes. However,

the primary reason for studying steady heading sideslips is not to determine the

feasibi l i ty of utili:Ing the maneuver in normal operations, &though this

determination is obviously a by-product of the study. The steady heading sideslip

requires the pilot to balance the forces and moments generated on the airplane by

the sideslip with appropriate lateral and directional control inputs and bank angle.

Since theso control forces and positions and bank angles are at least indicative of the
A sign ( if not the magnitude) of the generated forces and moments (and therefore of

the associated stability derivative), the steady heading sideslip is a convenient flight
S test technique.

The equilibrium equation for the steady heading sideslip will not be presented
in terms of the stability derivatives. Since the steady heading 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 sideforce due to aileron deflection,

will also be neglected, since it is usually very sma!l. Thus, the steady heading

sideslip equations for sideforce, yawing moment, and rolling moment may be

written as follows:

S~I)EFORCE C 
+ 

C
~ ~ + 

C
Y 6 r 

r + 
CL • = 0

YAWI N C MOMENT 
C 

+ 
C~ ~ + C

flO r 
6 r + 

Cn 6 a = 0

ROLLING MOMENT 
c~ C~ ~ 

C~ 6 r ~ 
C
~ó a 

6 a = 0
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where: C~,0 Cn0 and C~0 are sideforce, yawing moment, and rolling moment

derivatives when rudder deflection, aileron deflection, bank angle, and sideslip angle

are zero and are constants. These constants could result from asymmetric

configurations, loadings, etc.
-5

The variables in the steady sideslip equations can only be bank angle, rudder

position, aileron position, and sideslip angle. By differentiating the last equations

with respect to sideslip angle, the constants can be eliminated and usefu l

relationships for the variation of rudder position, aileron position, and bank angle

with sideslip angle in steady heading flight can be developed. Differentiation yields:

SIDEFORCE C 
+ 
C
Yór 

+ 
C1

YAWING MOMENT + 
Cn
~r 

r 
~ 
C

fl
~a 

~~~ =

S ROLL ING MOMENT 
~ 

C
~ó r ~~i + 

C L 6a ~~ 
= 0

Solving the last three equations for the variables r/d~ ,’-~
-
~ a/de~ and dq/d 13

yields the followrng important classica l relationships 1 which wi(~ be analyzed in turn:

f O a ~~s

d~ 
6 ‘1t3r _  r a

, c c
I fl~

a r

‘ c cS no
a r

1Several mathematical manipulations have been omitted.
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Rudder Position Required in Side~fl~~ The variation of rudder position with
• sideslip angle reduces to the following simple relationship if Cflóa is zero:

d 5  C__1 _ n~

n6 r

Thus, a positive variation of rudder position with sideslip angle indicates
Positive directional stability since Cfl (Sr is invariably a negative quantity. Obviously,

yields absolutely no information as to the magnitude of the directional stability
C,~~unJe~ the magnitude of the derivative, ‘~6r, is known.

Even is not zero, the gradient dS r still has a major influence on the
d~pilot’s opinion of lateral-directional flying qualities. The denominator:

( Cf6 
C
~6

can usually beconsiderecl to be one and can be neglected in analysis.
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However, the numerator:

Cn s C~‘ a ~
• 

C~ C

can have a significant influence on the rudder positions required in sideslips. For

example, a swept wing airplane in approach configuration can have a ratio of
C v L~dihedral effect to directional stability 

~t—~
-
~ 

as high as three. If these airplanes

exhibit significant aileron adverse yaw, 11

~a , in this flight condition, the gradient

dó r/d~ may be reduced drastically even though directional stability, C~ 3 may still

be strong. Thus, adverse aileron yaw and high dihedral effect can combine to reduce

significantly the pilot’s opinion of the directional “stiffness” of the airplane.

Obviously, some level of positive rudder position variation with sideslio angle

(Figure 27) is required in any airplane. This variation is sometimes referred to as

rudder opsition directional stabilIty or directionat stability, rudder-fixed.

LEFT, - RIGHT,.

SIDESUP ANGLE, $

FIGURE 27
RUDDER POSITION REQUIRED IN STEADY HEADING

SIDESLIPS
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Rudder F~~ç~ fieauired in Sideslins. Of great importance to the pilot is the
variation of rudder pedal forces required in steady heading sideslips. Rudder forces
are generated 

~y 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 function of rudder DoSi t~~fl, i. e.

F = (linear feel spring system )

or: = k ,9Ao (“q-feel” sys tem)

where: K1 and K2 are constants describing the characteristics of the system, such as
strength of the feel spring, gearing ratio, etc.

However, if the directional control system is seversible, the rudder is free to
float in response to hinge moments developed. This floating tendency can have a
large influence on the directional stability of the airplane. If the rudder floats so as
to align itself with the relative wind at the vertical tail, the restoring moment
generated at the vertical tail,

C11L3v (and therefore Cn~ ) will be decreased (Figure
• . C28). Conversely, if the rudder floats opposite to the relative wind, n~ will be

increased. The floating angle of the rudder can be expressed analytically as follows:

Ch
T FLOAT 

= - r~ ~

where: Ch~~ = rudder hinge moment coefficient variation with
sideslip angle at zero rudder deflection, normally
carries a positive sign.

Ch~Sr = rudder hinge moment coefficient variation with
rudder deflection at zero sideslip angle, and carries a
negative sign.

V -38



ry ~~~~~~~~ ‘~~~ ~~~~~~~~~~~~~~~~ ;;. ~~~~
_ •____ _

~ ‘~~~~~~ ‘ —~ 
— —_—

--_ — - - ~~~~~~ . - - -  -----_________

CG 

~~ri ~~FLO*T 8~IO FLOAT

RELATIVE
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~~~
— V

- V~~~ FLOAT

FLOAT

FIGURE 28
THE VERTICAL TAIL CONTRIBUTION TO Cn~ MAY BE
REDUCED BY RUDDER FLOAT

Since the pilot must apply rudder forces to move the rudder from its float

position to the position for equilibrium, the analytical expression for rudder forces
• in the reversible system is as follows:

F = - K C q S E (5 - 6r ho
r 

v r r r
EQUILIBRI~J~ 

rFLOAT

where: K = a constant describing the characteristics of the

system, radians per foot

= dynamic pressure at vertical tail, pounds per square

foot.
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Sr = area of the rudder, square feet.

= average rudder chord, feet

The variation of rudd~’r forces with sideslip angle is obtained by differentiating

the last equation with respect to sideslip:

- K C116 r 
~v S

~ 
a r 

(dó r 
- 

d6 rFt OA l.

}

Now s ince :

Cd6 n ,
= - ~~~~~~~ ( i f  the assumption C~ = 0 is val id)

a
r

Cand d6 h• 
~v do

_________ —

the gradient of rudder forces with sideslip angle for the reversible system may be

expressed as1:

Ch ~

= - K 
~~ 

Sr ~r {c
n 

+ 

no hi~ 

~ 
1 - 

•

1Several mathematical manipulations have been omitted.
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The expression enclosed in braces in the above equation is sometimes referred

to as “~jr~ctipnal stability, rudder-free.” The destabilizing or stabilizing (depending

on the sign of h~~) influence of rudder float is represented by the expression:

C Cn~ h8r V 
~~l 

do
“ d8

“6
r

Obviously, the pilot always desires some positive gradient 1 of rudder pedal

force with sideslip angle (Figure 29). If the gradient is shallow or zero through zero

sideslip, the pilot experiences difficulty in maintaining zero sideslip 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

LEFT — RIGHT ’s’
SIDESLIP ANGLE, $

FIGURE 29
RUDDER FORCES REQUIRED IN STEADY HEADING SIDESLIPS

1 Left rudder pedal force is considered positive. For a positive rudder force gradient,

left rudder pedal forces are required with right sideslip angles, and vice versa.
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Rudder Lock, If the directional control system is reversible, the pilot may be
confronted with nonlinearities in rudder pedal forces at high sideslip angles even
though the rudder position variation is linear. This situation, depicted in Figure 30,
is due to an increase in rudder float angle at large sideslip angles becduse of changes
in rudder hinge moment characteristics. If the float angle equals the rudder angle
required for equilibrium, the rudder forces required will be zero. Any increase in

sideslip beyond this point results in the rudder floating all the way to the stops
unless the pilot applies opposite rudder force. This situation, called “rudder lock,” is
obviously unsatisfactory if it is encountered in a flight condition representative of an

operational situation. Rudder lock may also be generated by nonlinearities in the
rudder positior gradient with sideslip angle, i.e., a directional stability problem. This
situation, depicted in Figure 31, results in the same rudder pedal force variation with
sideslip angle but can be differentiated from the “float-induced rudder lock”
because the rudder osition gradient is nonlinear.

RLO~~R i~ Qt.~~D
FOR EOLLIBRIJM

~~~~ ~~~~~~
FROM FLOAT TO

• EQUL~ RIUM 7

~LEFT RIGHT : J ‘

S1DESLP ANGLE , ~

~J4 
LEFT RIGHT

SIDESLiP ANGLE, B

FIGURE 30 
_____“RUDDER LOCK” GENERATED BY FLOAT CH*R~~TERIST1C$
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RUOOER REQURED

4LEFT RIGHTJ~, ~
çI

SIDESLIP ANGLE,B
a:I

Li

,LEFT RIGHT ,
SIDESLIP ANGLE, B

FIGURE 31
• “RUDDER LOCK” GENERATED BY DIRECTIONAL STABIL-

ITY PROBLEM

Aileron Position Required for Sideslins. The relationship for aileron position
for equilibrium in steady needing sideslips is rewritten for convenience:

(1 
C
~ Cnó

r}

If roll due to rudder deflection,
C2~6r, is zero, the above relationship reduces to the

• following simple form:

d6 C
~aar~~~~£ 6a
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• Thus, a variation of aileron position with sideslip angle such that~.~~ is
cnegative indicates Dositive dihedral effect since 

~~a is invaribly a negative

quantity. Obviously,,~~ , yields absolutely no information as to the magnitude of
Cthe dihedral effect, C9~ ~~~, unless the magnitude of the aileron control power,

is known.

Even if 
C
~ôr is not zero, the gradient ~~~~~~~ still has a major influence on the

pilot’s opinion of the lateral-directional flying qualities. Again, the denominator:

C

can usually be considered to be o~ie and can be neglected in analysis. However, the
numerator:

( C ,
n

.

4 i:- c:
~~

can have a significant influence on the aileron positions required in sideslips. For
example, a swept wing aircraft with a high vertical tail in supersonic flight can have a
ratio of directional stability to dihedral effect Cn~ as high as two. The ratio of

~~~~~roll due to rudder to rudder control power 6r is equal to the ratio of vertical
Cn

tail height (Z
~

) to vertical tail length ( 9..~,), which may be about one-half for a high
vertical tail. Therefore, in high speed flight, the rudder can provide a significant
amount of the rolling moment required for equilibrium in steady heeding sideslips.
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• The steady heeding sideslip test conducted under these conditions would yield little
useful information as to the ratio of dihedral effect to 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-directional trimmability and the
ease of controlling bank angle with rudder.

The desired magnitude of aileron position variation with sideslip angle has
never been clearly determined. Analysis of many flying qualities investigations
reveals that, in general, pilots prefer some positive gradient such that right lateral
control position is required in right sideslips~ , and vice verse (Figure 32). However,
if the gradient is j

~~ steep, lateral-directional flying qualities may be derogated also.
This variation is sometimes called control-fixed dihedral effect or dihedral effect

• (aileron position).

LEFT, — RIGHT , +
SIOESLP ANGLE, B

• FIGURE 32
AIL ERON POSITION REQUIRED IN SIDESLIPS

1This results in ~~ being a negative quantity since right (positive) sideslip would
df3

require right aileron trailing edge up (negative) deflection.
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Aileron Forces Reauired in Sidesli~s Aileron forces in the steady heading
sideslip are generated by the requirement for the pilot to move the aileron to the
position required for eqiulibrium. If the latera l control system is irreversible, aileron
control forces are merely a function of aileron position. If the lateral control system
is reversible, the aileron is free to float in response to hinge moments developed.

• • However, aileron fIr at is generally very small during steady heading sideslips. In
some cases, ailero’i float has been observed in airplanes with high geometric dih~~raI 1

such that a positive gradient of aileron position is exhibited with a flat , or zero,
gradient of aileron control forc e with sideslip. Some nositive gradient of aileron

control forc e with sideslip angle is desired Such that right lateral control forces are
required ~n right sideslips, and vice versa. This results in dF a/d~ being a negative
quantity (Figure 33). The variation of lateral control forces with sideslip angle is

sometimes referred to as control-free dihedral effect or dihedral effect (aileron
force). Lateral control forces will be discussed more thoroughly in the section on
Rolling Performance.

dFo
• 

-

LEFT, — RIGHT, +

SIDESLIP ANGLE, $

FIGURE 33
LATERAL CONTROL FORCES REQUiRED. IN STEADY

HEADING SIDESLIPS

,~Aileron float in steady sideslips appears to increase with geometric dihedral and

• sweepback, although reversible lateral control systems are seldom utilized on
airplanes with high sweepback. ~~
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Bank Angle Required in Sidesli.n.~ The classical relationship for bank angle
variation with sideslip angle, developed earlier , is as follows:

i Ic ~~C dO
dB CL~~~~ 8 Yo

r 
d~

If yawing moments due to aileron deflection, Cn~ , can be assumed negligible, the
rudder requirement with sideslip can be wr itten:

• ~‘ do C

no
r

Therefore, making the above substitution:

C
y .

• dp i 
Or C ~

d
~~~~~

CL lii Cfl O
r

However, ~~~ can be expressed as fcllows:

C C C• y •~~ y • + y
WING , FUSELAGE , NACELLES VERTICAL TAI L

and Cn can be written:
• Ce _ C C- 

EW ING , FUSELAGE , NACELLES 
+ 

B V~ RT ICA L TA IL
C _ C Cn - n - v —

~ b
, r ,,~ V C

(the b is required to nondimensionalize the vertical tail length.) and ~
‘
~r can be

written:

C C• y o
r _ r b

C ~-C 9. - i
~’no V V

r rTh’
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Therefore, making the above substitutions:

( S C C C
= — __! 

~~ + + ( Ii 
• — 

>‘~ —~-Jd~ C1 
W ,F ,N v W ,I ,N v b

(C 
+ 

b ~~~ j
• d.~ 

- - ‘t’ W F ,N 9.
I • V

The point of the last tedious derivation is to emphasize the fact that if Cn6 ~
zero, the bank angle requirement in steady heading sideslips is dependent strictly on

c “tail-off” parameters. Also, if 
CncSa is zero,~~ is not influenced by dihedral effect.

CEven if n
~a is not zero, the bank angle requirement in steady heading sideslips is

primarily dependent on the sideforces and yawing moments created by wing,
fuselage, and nacelles. The gradient,~1, is most often referred to as the sideforce
characteristic. It is a rather important fly ing quality, since it provides a cue to the
pilot if sideslip is developed. If ~~ is zero, the pilot will probably find that the

d~airspeed is easy to trim up in a wings level sideslip. Some positive gradient of
d
~/d~ - right bank angle required in right sideslips and vice verse - is desirable for

satisfactory lateral-directional flying qualities (Figu re 34).

LEFT, — RIGHT, +

SIDESLIP ANGLE , B

FIGUR E 34
SIDEFORCE CHARACTERISTICS
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Miscellaneous Characteristics Observed in Steady Heading Sidesli,~~ There are

several other characteristics of lesser importance which can be determined from the
• steady heading sideslip test. The first of these is the indicated airspeed error induced

• by sideslip. Subjecting the production airspeed source to a sideslip angle can result in

erroneous airspeed indications in the cockpit. Generally, boom-mounted airspeed

sources utilized for sensitive airspeed read outs are not as susceptible to airspeed

error with sideslip, particularly if the boom head swivels so as to align itself with the
relative wind. Large indicated airspeed errors with sideslip angles normally employed

in operational usage is obviously an undesirable, if not dangerous, characteristic.

• 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 attack at the wing and horizontal tail.

Propeller-driven airplanes commonly exhibit a nose-down pitching moment 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 and out of the high
energy propeller slipstream when sideslips are induced. These pitching moments or

longitudinal trim changes are manifested to the pilot through the elevator deflection

and longitudinal control force required to maintain airspeed constant in the steady

heading sideslips. Excessive longitudinal trim changes with sideslip angles normally

utilized in operational flight conditions would ‘place excessive demands on pilot

attention and coordination.

Sideslip angles almost invariably result in increases in airplane drag coefficient.

Thus, to maintain airspeed constant without changing power setting, the pilot notes

an increase in rate of descent during sideslipping flight. This characteristic has been
utilized to increase the landing approach flight path angle in light airplanes.

However, excessive rates of descent with sideslip angles normally utilized in
• operational flight conditions would be undesirable.

Steady Heading Sideslip Review. The forces and moments which must be

balanced in the steady heading sideslip are summarized in Figure 35.
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WIND

• ADVERSE
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Cyp CL#

~~~ 
PITCHING MOMENTS

FIGURE 35
FORCES AND MOMENTS BALANCED IN STEADY HEADING

SI DESLIPS
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DYNAMIC LATERAL-DIRECTIONA L STABILITY AND CONTROL

• 
• 

The previous discussion of latera l-directional stability has been concerned only

• with equilibrium flight conditions. The discussion will now be expanded to study

the means by which one equilibrium flight condition is changed to another

• equilibrium flight condition, either by pilot control inputs or by external
* perturbations. The study of dynamic lateral-directional stability and control

characteristics will require the investigation of nonequilibrium flight conditions.

The origin, characteristics, and parameters affecting the lateral-directional

modes of motion will now be introduced•

Origin of the Lateral-Directional Modes of Motion

Without derivation, which can be found in appropriate literature, the

determinant of the transformed lateral-directional equation of motion for “small ”
disturbances may be written as shown in Figure 36. (Note: The lateral-directional
determinant is presented with the assumption that the effect of lateral-directional
inertia cross-coupling is included in each of the terms of the equation. This
cross-coupling is a result of the product of inertia in roll and yaw, 1xz The

assumption that 1xz 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 product-of -inertia on each term, is recommended for

quantitative analysis. These equations may be found in appropriate technical

• literature.)

The solutions of the lateral-directional determinant will provide much useful

• information about the lateral-directional modes of motion. In order to easily obtain

the first solution, the assumption is made that dihedral effect and roll due to yaw

rate are zero:• L8 = O  L = O

(The effect of varying these parameters will be introduced later.)
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=

YZ IWI I Ig  loment 
- — 

~~ S — N
Charactertstics P r

Ienns ( eiieratetl ~ Terms Generated by
• Changes in Sideslip ug ic Changes in Yaw Rate

• • Form s ( .e,Ierat ed by
Changc~ i n  Rank Ang le

S = lap lai e Operator.
g = ac~ e1eration due to gravity

• • •  = ~or i :onta1 velocity ( i  = i n i t i a l  horizontal veloci’ .

= a i rp lane iiioi~icn t of inertia in roll.

= airp lane niomcnt of inertia in yaw .

- . Y~ = 
eY/~B 

= 
C>, ~~~~ = sideforce due to sideslip term.mu 0 L3 mu0

L ,~ = _/•~~ _ = 
C~ = rolling moment due to sidesli p

xx (dihedral effect) term .

= 
dL/ ~P = 

C 9 ~~~~ = rolling moment due to roll rate
• p P —

~~~~ xx• (roll damping) term.

L = ~L/~r = 
L~ gSb2 

= rolling moment due to yaw rate term.r 1~~ r 2
~o’XX

Cr, ~ = yawing moment due to sideslip
ZZ ZZ (directional stability) term .

= ~N / ap  
= 

Cn 2 ”r yawing moment due to roll rate term.

• 2N
~ = 

)N/ ~ r 
= 

L
~r 241 4’r = yaw i ng moment due to yaw rate

ZZ 0 ZZ (yaw rate da*ping) term.

FIGURE 36
THE LATERAL-DIRECTIONAL DETERMUiiANT
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The lateral-directional determinant thus reduces to:

1

• ~. S( S - I.) = 0
-N , S-N r

Solving the above yields:

s(S - 

P
1 { S  + (-Y 6 - N )  S + (N~ + ~~ Nr) } = o

The last equation describes the three lateral-directional modes of motion if L
• and Lr are both equal to zero. These modes of motion are the soiral

mode - indicates by {S + ( Y~ - Nr ) S + (N~ + Y~Nr ) }. These “classic”
lateral-directional roots are presented on the convenient root locus plot in Figure 37.

As previously developed, the spiral root lies at the origin, indicating neither a

divergence or convergence when excited. The roll mode is characterized by a large

negative real root, corresponding to a heavily damped, nonoscillatory rolling motion.

• The Dutch roll mode is characterized by a complex pair of roots, indicating an

* oscillatory second-order type of motion.

IMAGI NARY
• AXIS

ROLL ROOT 
~~~~~ R~~~~ 

•

ROOTS 
_ _ _ _ _ _ _ _  REAL

• AXIS

• L~~ L,:O

FIGURE 37
COMPLEX PLANE REPRESENTATION OF CLASSIC
LATERAL—DIRECTIONAL MODES OF MOTION
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Characteristics of the Lateral-Directional Modes of Motion

The Spiral Mode. The spiral mode is a first order nonoscillatory mode of

• motion. It can be described as a bank angle divergency or convergency after a bank

angle disturbance from wings level flight with controls restrained in the position for

wings level flight. Actually, the sprial mode can be convergent, divergent, or neutral.

The pilot does not normally excite the spiral mode intentionally; however, it is
• 

• 

excited any time the bank angle of the airplane is disturbed from a trimmed wings

level condition. Therefore, it has some influence on the airplane’s lateral-directional

flying qualities. The nature of the spiral mode, i.e., whether it is convergent,

• divergent, or neutral, depends on the sign of the following combination of stability

derivaties1:

—h— {l.. N - N . L }
II C r ~ r

If L~ Nr is larger than N~ Lr, the spiral mode will be converoent; if N~ Lr ~
larger than L8 Nr ,  the spiral mode will be divergent (Figure 38). In general, strong
directional stability (large N~) promotes a diveroent spira l mode; while high positive

* dihedral effect (large negative L~) promotes a converQent spiral mode. At any rate,
the maanjtude of the spiral root tends to vary inversely with airspeed (seethe last

. equation). Thus, the magnitude of the spira l, which corresponds to the rate of

• convergence or divergence of the motion, tends to be large at slow airspeeds and
small at high airspeeds.

L 

1Sometimes referred to as the “E coefficient” of the lateral-directional characteristic

equation.
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NATURE OF TH E SPIRAL MODE
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The Roll Mode. The classic roll mode is a heavily damped, first order ,

nonoscillatory mode of motion manifested in a build-up of roll rate to a steady state

value for a given lateral control input. This rolling motion (depicted in Figure 39) is

utilized by the pilot to vary and control bank angle. Thus, the characteristics of this

rolling motion have a major influence on the pilot’s opinion of the maneuvering

capabilities of the airplane. For now, the roll response will be considered to be a

* 
“single degree of freedom ” motion; i.e., the air plane is free only to roll (not yaw or

pitch) in responsc to a lateral control input. For this single degree of freedom roll,

the steady state roll rate for a given lateral control deflection can be expressed as:

C t o• ~a a 2V• 
~S S L  

6 a~~~~~~~~~~ b a
• p

where : ~l./~~S a CL6 = = £ 6 3-~— = rolling moment due to lateral
a I axx control deflection (lateral control

• power) term.

The rate at which the roll rate builds up to steady state, or decelera tes to zero ,

is governed by the “roll mode time constant,” tr. The roll mode time constant is

defined as the time required for the roll rate to reach 63.2 percent of the steady

state roll rate following a step input of lateral control (Figure 39). The roll mode

time constant is inversely proportional to the roll damping parameter:

1
1

? 
= -

Actual rolling motion is generally contaminated by yawing motion which

results in the roll rate being somewhat oscillatory. Actual rolling motion will be

discussed more completely in the section on Rolling Performance.
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FIGURE 39
SINGLE DEGREE OF FREEDOM ROLL RESPONSE
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The Dutch Roll Mode. The remaining -two roots of the lateral-directional
solution form a complex pair corresponding to a classic second-order, oscillatory
mode of motion. This is the “Dutch roll” or “lateral-directional oscillation.” The
Dutch roll mode is sometimes referred to as a “nuisance” or “annoyance” mode

since the motion is not normally deliberately excited in normal flying. However , it is
inadvertently excited almost continually by pilot control inputs or by external
disturbances. Therefe-e, the characteristics 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 may utilize the Dutch roll mode to generate
sideslip changes in order to maintain steady heading flight. In addition, bank angle

• control by use of the rudders is manifested through the Dutch roll mode of motion.)

There are no simple approximations for the frequency and damping ratio of the
Du tch roll motion. However, rough approximations may be made by assuming thai

L8 and L r are both zero. This reduces the Dutch roll motion to “two degrees
freedom ” - rotation about the Z axis of the airplane and lateral translation (the
Dutch roll for these conditions is a pure directional oscillation - a pure “snaking”
motion). The portion of the characteristic lateral-directional equation which

• describes this motion is:

(S + ( - - N )  S + (N
8 

+ “8 ~~~ 
= 0

From this relationship, a rough approximation for the undamped natural

frequency of the Dutch roll oscillation can be derived and written as follows : 1

W
fl - H yPa Sb

1Several mathematical manipulations have been omitted.
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7 * where:

M = Mach number

Cn = directional stability derivative
8

y = a constant, generally taken as 1.4

Pa = absolute pressure, pounds per square foot

S = Wing area, square feet

• b = Wiiig span, feet

~~ = Moment of inertia in yaw

Several important relationships can be gathered from a study of this equation

for ~~DR :

1. The undamped natural frequency of the Dutch roll motion increases as

Mach number increases; thus, the period decreases with increasing Mach

number. (The “quickness” of the motion increases).

2. The undamped natura l frequency of the Dutch roll motion increases with

an increase in directional stability, and decreases as Cn8 is decreased. This

is analogous to strengthening or weakening the spring in the

spring-mass-damper system.
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3. The undamped natural frequency of the Dutch roll motion decreases with
g~ increase in pressure altitude at a constant Mach number. (The
“quickness” of the motion decreases at high altitude if all other
parameters are constant.)

4. The undamped natural frequency of the Dutch roll motion decreases with
F an increase in moment of inertia in yaw. This is analogous to increasing

the mass in the spring-mass-damper system. (Large airplanes with large —

~~ 
parameters have low frequency Dutc h roll motions. They are

therefore slow in responding to gust disturbances or rudder inputs.)

In order to obtain an approximation for the damping ratio of the Dutch roll
motion, it is assumed that Y 8 and N r are approximately the same value. The
damping ratio may then be developed 1 as follows:

where :

3 ~~r 
= yaw rate danipin~ derivative.

~DR 
C
nr 

p~~b p = density, slugs per
fl~ ZZ cubic foot.

Certain important effects are visible from this relationship:

1. Damping of the Dutch roll motion is largely dependent on 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 with increasing altitude
because of the reduction in density.

3. Increasing directional stability decreases Dutch roll damping.

1Several mathematical manipulations have been omitted.
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4. Increasing the yawing moment of inertia decreases Dutch roll damping.

5. Damping of the Dutch roll mode of motion is not a direct function of
• airspeed or Mach number.

If the airplane exhibits some level of dihedral effect and/or roll due to yaw
• rate, there will c~ viously be rolling motion generated by the sideslip and yaw rate

excursions during the Dutch roll oscillation. The degree of rolling motion exhibited,
expressed in terms of “roll-to-yaw” ratio (~ /8) , has a significant influence on the
acceptability of a particular combination of Dutch roll damping and frequency. 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 rol ing and yawing depends on whether positive or
negative dih i 1 effect is present. The Dutch roll oscillation shown in Figure 40 is
presented assuming the airplane exhibits positive dihedral effect.
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FIGUR E 40
TYPICAL DUTCH ROLL MOTION
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Effects of Various Parameters on the Lateral-Directional Modes of Motion

The influence of varying several parameters on lateral -directional dynamics w~i’
now be presented using the convenient root locus plots.

The characteristic roots for zero dihedral effect and roll due to yaw rate are as
shown in Figure 41.

MAGINARY
AXIS

DUTCH ROLL

ROLL
_______________________________ __________ REAL

SPIRAL AXIS

Lp:L r O -

DUTCH ROLL

FIGUR E 4 1
OMPLEX PLANE REPRESENTATION OF CLASSIC LATERAL-DIREC-

TIONAL ROOTS

The following discussion and plots are introduced to show the influence of
certain derivatives on the characteristic roots.

Dihedral Effect. L ~~ . Fixing the values of roll due to yaw, N~. and yaw due to

roll , Nr ,  at zero, the influence of dihedral effect is as shown in Figure 42.
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REAL

Lp ~~~~~ 
STABILIZES SPIRAL AXIS

• r, DECREASES

• FIGURE 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.

Rolling Moment Due to Yaw Rate, Lr. Assuming L6 and N~ are fixed at zero,

the influence of Lr is as shown in Figure 43.
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FI GURE 43

C 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 spira l mode tends to destabilize.

• 3. Roll damping increases.

Yawing Moment Due to Roll Rate, N0. The general trend of the influence of
N~ on a typical airplane is discussed. For nominal negative values of N~ and typical
values of L8 and Lr ,  the Dutch roll damping is reduced and the total roll damping
may increase or decrease de~ id ing on how much dihedral effect is present. The
spiral mode is practically unchanged but tends to move toward the origin. Positive
values of N tend to have the reverse effect.

Directional Stability, N8. The frequency of the Dutch roll is influenced most
strongly by directional stability. There is a minor influence on the spiral mode and
roll mode. Figure 44 illustrates the effect of increasing directional stability.
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* The following is a summary of the effects of directional st~ u” ,

1. Increasing N8 will increase the Dutch roll frequency, w nd ,  and decrease

the damping ratio, d-

2. Increasing N8 will tend to drive the spiral mode divergent but has limited

influence on the magnitudes of the mode.

3. Increasing N8 tends to drive the roll mode toward the single degree of
freedom root location, L~ .

4. Decreasing N8 towards zero would finally drive the Dutch roll to a dead
beat mode and the lateral-directional characteristic equation would be

• made up of four real roots.

IMAGINA qY
A x ’ s

t
________________________________________ ______________________ 
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FI GUR E 44
INFLUENCE OF CHANGING DIRECTIONAL STABILITY ON TWO
DEGREE OF FREEDOM DUTCH ROLL
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Yaw Rate Damping, Nr. The influence of yaw rate damping, Nr, is primarily

on the Dutch roll damping. The influence on the spiral mode and roll mode is

limited to a very minor effect. Figure 46 illustrates the trends.

IMAG INARY
A Y I S

± AND.,.,~ REMAIN CONSTANT
DR

IN CREASES

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  REAL
SPIRAL MODE TENDS AXIS
TOWARD STABILITY

• FIGURE 46
• EFFECTS OF IN” REASING YAW RATE DAMPING, Nr

• The following is a summary of the typical influence of a nominal increase in

yaw rate damping:

1. The real part of the Dutch roll is increased.

2. The spiral mode tends toward a convergent mode if positive dihedral

effect is present.

3. The roll mode root is slightly increased if positive dihedral effect is

present.

Bank Ancile Control and Adverse Yaw. In the previous paragraphs, the

influence of various stability derivatives on the roots of the characteristic equation

was discussed. Yaw due to aileron deflection, “
~ a , was not among them simply

because it has no affect on root location. However, it is obvious that it has an effect

on handling qualities and the following discussion to show that effect.
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The bank angle transfer function can be expressed as:

LSa (S2 + 2 w n S + w n ZJ

(s +  
,
i.
..)(s

+ 

~~~~~~ ) 

~~~~~~~~~ 
~d 

wnd S +
w nd3!

where the roots of ti •e denominator are the roots of the characteristic equation that

• 
• have previously been discussed. Recall that the Dutch roll roots were the two degree

of freedom roots as modified by dihedral effect , roll due to yaw, etc. These roots

will now be referred to as the three degree of freedom Dutch roll. The numerator

roots are also the two degree of freedom Dutch roll roots but as modified by adverse

yaw and dihedral effect. Figure 47 shows the movement of the three degree of
• freedom Dutch roll roots as a result of increased dihedral effect and roll due to yaw

rate for nominal values of the remaining terms and the movement of the numerator
roots as either adverse yaw or dihedral effect is increased. How much these roots are

separated is indicative of the amount of Dutch roll response that will be present in

the total roll response or how much oscillatory roll is added to the average roll.
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FIGURE 47
DUTCH ROLL ROOT AND ZERO COMBINATIONS
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The zero locations become very important in the closed loop 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 49 and 50.

IMAGINARY
AXIS

~~~~~~~~~ 
• _ _ _ _ _  REAL

AXIS

A~~CRSE AL~~ON Y~~
- -
. .~OSITIVE DIHEDRAL EFFECT
• LIGHTLY DAMPED DUTCH ROLL (CONTROLS FREE)

PILOTING TASK REQUIRING CLOSE CONTROL OF BANK ANGLE

FIGU RE 49
PATH OF THE LATERAL-DIRECTIONAL ROOTS WITH INCREASE
IN TIGHTNESS OF BANK ANGLE CONTROL

b~AGINARY• AXIS

0• x .

_____________ ___________________ ___________ 
REAL
AXIS

PROVERSE ALERON YAW x ~~
SS

*
)

POSITIVE DIHEDRAL EFFECT o,~ ~LIGHTLY DAMPED DUTCH ROLL (CcNTROUr~EE)
PILOTING TASK REQUIRING CLOSE CONTROL OF BANK ANGLE

FIGURE 50
PATHS OF THE LATERAL-DIRECTIONAL ROOTS W1TH INCREASE
WI TIGHTNESS OF BANK ANGLE CONTROL
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Figure 49 is for a typical case where a nominal value of adverse yaw is present.

• Note that the roll/spiral mode is stabilized and the closed loop damping of the

Dutch roll is increased. Figure 50 is for a case of proverse yaw and, for the case

shown, the Dutch roll is driven unstable. The pilot will not perthit this 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 was zero location and not the

locations of the cha acteristic 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 angular positions of the Dutch roll root
• and the zeros of the roll transfer function.

The expression, ~~~~~~ is frequently used as an indication of the roll

• disturbance at the Dutch roll natural frequency due to aileron inputs. If W4/~AJDR = 1,

the yawing moment due to aileron deflection, Nóa, is zero and there is little or no

Dutch roll motion in the roll response to aileron inputs . If W
~/~~ R > 1, the yawing

moment due to aileron deflection is proverse (N6a < 0) and the damping of the

Dutch roll motion during precise bank angle tracking tasks may decrease. The Dutch

• - 
roll motion will be excited during the roll response of the airplane to a lateral

control input if Wq~/w D~ > 1. When Wq~/w0~~ <1 ,the yawing moment due to la teral

control def lection is adverse ( NGa > 0) and the damping of the Dutch roll motion

during precise bank angle tracking tasks generally is better than the damping

exhibited by the airplane with controls free. The Dutch roll motion will be excited

to some extent whenever the airplane rolls in response to a lateral control input

when W4~/w DR <1.

There are two parameters used to quantitatively evaluate the Dutch roll

• influence on roll performance in “tightly controlled” tracking tasks. These

parameters are:
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1. The ratio of the oscillato ry component of roll rate to the average

component of roll rate following a rudder-ped als-free step aileron contro l

command, Posc (see Definitions section of MIL SPEC 8785B for further
Pay

definition).

2. The phase angle in a cosine representation of the Dutc h roll component of
sideslip, ip8.

Effect of i~~8 
on Flying Qualities

Since is a rather abstract parameter, it is well to consider its physical

• implications and significance to the piloting of an airplane. Very simply, ~p8 can be

• considered as an indication of those closed-loop stability characteristics of an
airplane that are related to the lateral-directional coupling derivatives; and of the
difficulty a pilot will experience in coordinating a turn entry. Further clarification
can be obtained by discussing the variation of the specified values of Posc with ~p

for positive dihedral.

The parameters Posc and 
~~ 

have been used to specify cri teria as a func tion of
p

Flight Phase Category and Level as shown in F•igure 50a (Specification Paragraph
3.3.2.2.1, Figure 4).

POSITIVE 

:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DIHEDRAL ~~ -~o ~~ - ,~~~ -ie ~~ .~~o- -flo. -uo~ -s~~~ -J~~
1’ IEGATIV E 

• (~ t4) viui p t.t*OsI .v ~ ;• TO 22~~
D I H E D R A L  ~~ -i,O

_ -flOP -250 ~ OO .3i0 -20 ~~~ ~~~
(CEO) siHN ~ LEADS DY 22I~ TN*0I*W 300 TO ;s

FIGURE 50a
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It should be noted that this figure has two scales, one for positive dihedral

(p leads 8 by 45° to 225°) and the other for negative dihedral (p leads 8 by 225°
through 36~~ to 45~).

From this figure it can be seen that the ratio of roll rate oscillation to steady

state roll rate can be much greater for some values of than for others.

Specifically, the spec fied values of Posc for 0° >~p8 � -90° are far more stringent

than for 1800 2700. There are at least three reasons why this Is so:

1. Differences in Closed-Loop Stahi~j~y. From a root locus analysis, it can be

shown that when the zero of the P/óas transfer function list in the lower
-‘ lef t quadra nt with respect to the Dutch roll pole, (-180° > ~8 � -270°),

• the closed-loop damping increases when the pilot closes a bank angle error

to aileron loop. (See Figure 5Db.) The reason for this in physical terms is

that when the zero lies in the lower left quadrant, aileron inputs

proportional to bank angle errors generate yawing accelerations that tend

to damp the Dutch roll oscillations. Thus, the Dutch roll damps out more

quickly closed-loop than open-loop, so a pilo t will tend to tolera te

somewhat more Posc . Conversely it can be shown that when the zero lies

• • in the upper right quadrant with respect to the Dutch roll pole

(0°..�. ~~ ~ -90°), the closed-loop damping decreases when the pilot

applies aileron inputs proportional to bank angle error. The physical

explanation for this is that aileron inputs generate yawing accelerations

that tend to excite or sustain the Dutch roll oscillations. Thus, the Dutch

roll damps out less quickly closed loop than open loop, and can even go

unstable closed loop; that is, pilot-induced oscillations can result. In this

case a pilot ’s tolerance of f~ ç tends to reduce.
Pay
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FIGURE 50b

2. Differences in Difficulty of Rudder Coordination. Significant differences
in the Posc requirements also occur because of differences in difficulty
of rudder coordination while performing coordinated turn entries or exits.

For -180° > > -270 , normal coordination may be effected, that is,

right rudder pedal for right rolls. Thus, even if large roll rate oscilla tions

occur in rudder-pedal-free rolls (the conditions under which the Posc

tests are conducted), sideslip oscillations can be readily minimized by use

of rudder pedals so that roll rate oscillations do not occur. On the other
hand , for 00 > ip8.�-90 it is necessary to cross control to effect

coordination, that is, left rudder pedal with right aileron. Since pilots do

not normally cross control (and if they must, have great difficulty in

do ing  so) for 0° 
~ 

.~~ -90 , oscillations in sideslip, and hence

oscillations in roll rate, either go unchecked or are amplified by the pilot’s

efforts to coordinate.

3. Differences in Average Roll Rate. The third reason why the Posc

requirements vary so significantly with is that the average roIl rate,

P for a given aileron input, varies significantly with ij~~. For positive
av

dihedral, adverse ’- yaw-due-to aileron (ip 8 
.1800) tends to decrease
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average roll rate whereas proverse yaw- due-to aileron ( p
8 

00) tends to
increase average roll rate . As a matte r of fact , provers e yaw-due-to aileron
is sometimes ‘eferred to as “complementary yaw” because of this
augmentatio~i of roll effectiveness. Thus, for a given amplitude of Posc ,

w ill be greater at = -180° than it will be at = 0°.

In summ 4ry, the parameters that have been chosen in the specification to
describe and specify the coupling that exists between sideslip and roll for
moderate to high k/ 8  Id response ratios are Po~~ and q . ThesePay 8
parameters were chosen as being measurable parameters which most
simply, directly, and accurately reflect the important flying qualities
considerati ons. The measure ments are taken from the p and 8 traces
which are obtained from sensitive instrumentation.

LATERAL-DIRECTIONA L CHARACTERISTICS IN TURN I N~3 FLIGHTS

One of the most important considerations in the investigation of
lateral-directional flying qualities is the ease with which the pilot can enter and
maintain turning flight. The longitudinal flying qualities associated with turning
flight were discussed earlier. The lateral-directional characteristic of most concern to
the pilot in turning flight is the coordination required of lateral and directional
contro l during turn entr ies and stead y turns. The pilot desires to keep the ball of the

needle-ball instrument as close to the center of its race as possib’e during these
evolutions. If the ball remains centered, the pilot, passengers, and objects in the
airplane are not subjected to uncomfortable sideward accelerations. As shown in
Figure 51, a balance of the forces acting on the ball is attained or the airplane is in a
coordinated turn , when:

g sin~~~= V r
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r ~

where:

p’
1 g = acceleration due to gravity , ~~~~~~

bank angle , radians.

V • airplane true airspeed , ftisec

r = airp lane yaw rate , rad ian s

TÔLV

1 
a ~~~~~~~~~~~~~~~~~~~~~~~

COORDINATED TURN: Vr g Sin~~
(r  SZ cos 

~~~
, IF~~ IS SMALL , cos ~~~I.O; r~ fl)

FIGURE 51
- THE AIRPLAN E IN A COORDINATED TURN

This relationship is appropriate only for fairly small bank angle turns ( q,=30
• degrees or less) since the angular turn rate, ~~~, becomes largely pitching motion

instead o~ yawing motion as the bank angle approaches 90 degrees.

With the concept of the coordinated turn in mind, consider now the so-called
“two-control turns”; i.e., “ailero n only turns” and “rudder only turns. ’
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Aileron-Only Turns

In the steady (constant bank angle) aileron-only turn, an expression to the

aileron position required for equilibrium can be easily obtained as a function of the

nondimensional yaw rate. rb . For a symmetrical airplane ( Cn0 = 0, C~0 = 0,
= 0), no yawing moments due to lateral control deflection ( n~ = 0), and

• no influence of ir~.tia terms on yawing and rolling moments, the equilibrium
equations for an aleron-only turn may be written as follows:

C 8 C rb N . W V r
SIDEr3RCE y + ~ 

~‘2V~ 
+ ~~~~~~~ ~~~~ •~) =

1’ YAIJING MOMENT + 
Cnr ~ 

0

ROLLING IIO MENT C9 B + 
Cióa 69 * 

C , 
~~ = o

From the rollinq moment equation, the aileron requirement can be derived as
follows:

- 
I ~~ ( rb ) + 

C1 ~~• 
aEQUILII3RIUM - 

C
~~ a 

r 2V

In order to eliminate the sideslip variable, an expression for sideslip is obtained
• from the yawing m oment equation:

• C -

• 
~~ rb

nB

By substituting this expression for sideslip and by appropriate manipulation

and differentiation, the aileron required in a steady aileron-only turn may be

presented as follows:

d5 a I C  ( (:~ C
L Q U I L I U R I L J M  - 

~~ 

— r ~~~~ 
- 

‘

rh 6a n8 p,,,
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- - , Notice that the term in braces is the same combination of stability derivatives

which dictated whether the spiral mode was convergent, neutral, or divergent. If this

term is positive, the spiral mode is divergent, and the pilot will 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-aileron” or

- 

.1 “in-turn-aileron” in the aileron-only turn. Obviously, if it is zero, the aileron

requirement is zero. The balance of forces and moments in the stea-1y

aileron-only1urn is presented in Figure 52.

~~~~~~~ WIND

c,~ s c~~, 
(~~

)

( )  
~~~~~~~~~~~~~N T$

- • - 
_______ THE AILERON REQUIREMENT DEPENDS

ON THE SPIRAL CHARACTERISTICS

FIGURE 52
• :- THE AIRPLANE ESTABLISHED IN THE STEADY AILERON —

ONLY TURN
From this illustration, the following rationalization may be made. If directional

stability is strong, the sideslip developed in the aileron-only turn will be fairly small.

• Therefore, the rolling moment due to sideslip ( Cj8 ~ will be relatively small unless

the airplane exhibits a large value of 
~~~~~ 8’ Thus, stro~ig directional stability generally

results in an unstable, or divergent, spiral mode. Conversely, strong positive dihedral

effect (large negative C~, 6~ 
generally results in a convergent spiral mode.
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During the aileron-only turn, the airplane generally develops sideslip toward the

direction of turn (Figure 53). If the airplane exhibits normal positive sideforce

characteristics ~~, sideforces are generated which “slide” the airplane away from the

center of the turn. Thus, the airplane in the aileron-only turn will fly on a larger

radius of turn (Figure 53). If bank angle and airspeed are maintained constant, the

• • acceleration componrats acting on the ball in the needle-ball instrument such that it
larger radius of turn results in a lower yaw rate. This creates an unbalance in the

assumes a position toward the center of the turn (g sin ~ > Vr in the aileron-only

turn). If the sideslip were reduced, the aileron-only turn would approach the

coordinated turn in which the ball is centered.

-

, 

P*TH OF AIRPLN~14 COORDINATED RELATIVE WIND
TURN

CENTER OF
TURNS RADIUS OF _______

COORDINATED TURN

~f 
WIND~~~0. 

4lt7zg.~,ts 
~~~~.

Airspeed and Ban k ang le ~~~~~~~~~are the sam e in both cases. INSIDE OF• Thus, the sidesli pping airplane
- 

- with the larger radius of turn
has a lower yaw rate. The ball
of the needle-ball instrument

OF A P Lof the turn. IN Al(.ERON-O*.
therefore rides toward the inside 

•

TURNS

FIGURE 53
• COMPARISON OF TYPICAL COORDINATED AND AILERON-ONLY TURN

1 If the airplane exhibits weak sideforce characteristics, such that the derivative Cy 8
approaches zero, the ball position (and the “seat-of-the-pants”) loses its significance
as an indicator of the perfection of the turn. The pure all-wing tailless airplane
exhibits essentially zero sideforce characteristics. In these airplanes, the pilot would
have no indication that large sideslip angles had deyeloped 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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Rudder-Only Turns

Bank angle response to a rudder-only control input depends on the magnitudes
and signs of the following stability derivatives:

Dihedral effect , C 2 B

• - Rolling moment due to yaw rate, C %r

Rolling moment due to rudder deflection, C
~~r

• 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 C2~Sr may be detected as an initial hesitation of the roll response
or a roll response resulting in a bank angle change opposite to the rudder input (left

bank angle change with right rudder, and vice-versa).

Soon after the rudder-only input, the airplane responds through the Dutch roll

mode of motion 1 and a yaw rate is developed. Obyiously, if the rolling moment due

to yaw rate derivative carries its normal sign (positive), the airplane 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

airplane responds in roll due to its dihedral effect. If dihedral effect is positive ( CZ B
exhibits a negative sign), 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 due almost exclusively to the combined effects of the rolling
moments generated by yaw rate ,~~ r , and sideslip, C9•,8 (Figure 54). Obviously, the

influence of these deriyatives cannot be separated during the rudder-only turn unless

one of the derivatives is known to be zero.

1This can be proved mathematically, however, the derivation will not be presented
‘here. 
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RIGHT RUDDER INPUT

FIGURE 54
ç TYPICAL AIRPLANE RESPONSE TO A RUDDER-ONLY INPUT

In the steady (constant bank angle) rudder-only turn, an expression for the
rudder position required for equilibrium may be obtained as a function of the

- • nondimensional yaw rate, rb,2~ For a symmetrical airplane (C~0 = 0, C~ = 0,
Cy = 0), no roll due to rudder deflection ( C9~5r = 0), and no influence of inertia
terms on the yawing and rolling moments, the equilibrium equations for a
rudder-only turn may be written as follows :

SIDEFORCE C~ ~ + Cy 6r + 
Cyr~~ r+  s— sin • = ~~Vr

YAWING MOMENT C~ B 
~ 

C
flór ~~ 

+ 
Cnr = a

•u.’it; MOI’ILNT H ~
- - • 

1. rh

From the yawing moment equation, the rudder requirement can be derived as
follows:

1 C ri ; C{n  (~— ) .  n ~- ir I Q U I j , B f l , l J~, r ..~~

In order to eliminate the sideslip variable, an expression for sideslip is obtained

from the rolling moment equation:
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By substituting this expression for sideslip, and by appropriate manipulation
I -- and differentiation, the rudder required in a steady, rudder-only turn may he

expressed as:

- • do rEQUILIBRI I), I (C~ C~ - C~ C~
i-b C C r B  t~ r

d n6 ~

Notice that the term in braces is again the same combination of stability

derivatives which dictated the nature of the spiral mode. If this term is positive, the
spiral mode is divergent, and the pilot will be required to hold “top-rudder” or •

“out-of -turn” rudder in a rudder-only turn, and vice-versa. 1:

Coordinated Turns

In the steady (constant bank angle) coordinated turn, expressions for rudder
and aileron position and sideslip angle required for equilibrium can be derived as
functions of the nondimensional yaw rate, rb,2V. Assuming a symmetrical airplane
and no influence of inertia terms on the yawing and rolling moments, the
equilibrium equations for a coordinated turn may be written as follows:

SIDEFORCE C>, ~ + 
C

>, 
~r 

Cyr ~~~~ = 0 (Since sin • =

C C C C rb
YAWING MOMENT n8 ~ + 

~~r 
6 r + 

~~~ 
6a + n = 0

ROLLING MOMENT ~ + 
C~ 6 r + 

Ct&a 
6 a 

+ 
C1 ~~~ = 0

I
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The rudder requirement in the coordinated turn may be obtained by a
determinant solution which reduces to the following if we assume 

Cn6 = 0:

= :~ ‘:~ -rEQUILIBRH,~ y~ y~

~ C r

I ~8

Solving the determinant, rearranging terms and differentiation yields the

c following expression:

C
- .

. 

• 

C 
- _~~~~~ 

C~
dO C I

>’B C
i-EQUILIBRflJ4 

- 
“r J ~‘r

i-b 
- - C 1 Cd(.W) n O ~ C >‘O r Cr y~~-~~—-— n

~n o r

The part of the above expression contained in braces is generally very nearly
equal to unity. Therefore, the rudder requirement in a coordinated turn is needed

- - 
. mainly to overcome the yaw rate damping, Cnr , which acts in opposition to the

established yaw rate. Obviously, the rudder requirement varies inversely with rudder
control power, Cn6 . For a coordinated turn to the right (positive yaw rate), an

: analysis of the last expression reveals that the rudder requirement is negative
(trailing edge right), which is generated by right rudrI~r pedal c1efl~ctinn. Thus, the
pilot applies rudder pedal deflection toward the direction of turn in a coordinated

~~~ this analytical analysis is substantiated by actual flight experience.
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An approximation for the sideslip in the coordinated turn may be obtained

from the yawing moment equation by making the following substitution and

assumption:

_l• 
Cn

- 
r rb

r - - j ? 
~~~ -

EQUILIBRILI4 n , -

r

C
fl

0 
= 0

• a

From the yawing moment equation:

C~ B + { t ( i-b ) + n  (~~) = U
i~ “6

• C C i-I)
~ 

- ni-
)

3 =  C
“B

Thus, in the coordinated turn, the sideslip is approximately zero. In reality, the

sideslip in the coordinated turn is generally never quite equal to zero, however, it is
usually very small.

The aileron requirement in the coordinated turn may be obtained from the
rolling moment eqw’tion by making the following substitutions:

Cnr rh
i-EQUILIBP ‘I 

- 3EQUILIBRILR.1 = 0
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Thus:
C

li - C i-bC , r 1rb , 1 
+ 

11 0a + 
r ~~~ 

= 0
‘ 

~~~ o EQUIL IBR I I f t 4  
-

r n
~ 

a
r

c ( 
~~~~~~~caE Q U I L I B R I U M  - 

t r 
- 

°r ~r
rb 

- 
c 

1 C Cd (~~~) t r ~~ -a I.

The portion of the last expression contained in braces is generally very nearly
equal to unity, unless the airplane has a high vertical tail. Therefore, the aileron
requirement in the coordinated turn is generated by the necessity to counteract the
rolling moment due to yaw rate, C~r . For a coordinated turn to the right (positive

• yaw rate), an analysis of the last expression reveals that the aileron requirement is
• positive (right aileron trailing edge down), which is created by left cockpit control

deflection. Thus, the pilot applies lateral cockpit control deflection opposite from
the turn direction in the coordinated turn. In actuality, this aileron requirement is
generally very small.

INFLUENCE OF CENTER OF GRAVITY MOVEMENT

Movement of the airplane center of gravity (CG) has rather small effec t on
lateral-directional characteristics , particularly when compared with the profounr~
effects experienced in the longitudinal case. Of course, yawing moment
contributions are slightly modified by CG movements which change the magnitude
of the moment arm. However, the parameter measured in flight test work as an
indication of the yawing moments generated by the sideslip, dó r/d B, is not
noticeably affected by CG movement. This is due to the fact that a change in CG
position alters the rudder control power, Cfl 

~ , at approximately the same rate that
directional stability, C~8 is modified. Therefore, the center of gravity position
utilized for flight test investigations of lateral -directional characteristics is not
critical; however, if possible, the most aft operational CG positions are generally
utilized.
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TEST PROCEDURES AND TECHNIQUES
LATERAL -DIRECTIONAL FLYING QUALITIES

!R~flELQHT PROCEDURES

Any rigorous flying qualities investigation must begin with thorough preflight
planning. The latera l-directional area of investigation is no exception to this rule.

Only by clearly defining the purpose and scope of the investigation can a plan of
• attack or methpd of test be formulated.

Preflight planning must begin with research. All available information
concerning the air plane ’s lateral-directional characteristics should be reviewed. The

conformation of the airplane should be studied in relation to its influence on
lateral-directional flying qualities. Of course, preflight planning must include a

- • 
thorough study of the lateral -directional control system-encompassing stability and
control augmentation if installed. Much useful information may be gained from

conferences with pilots and engineers who are familiar with the airplane.

The particular tasks to be investigated must be determined and clearly

- - 
understood by the flight test team. These tasks, of course, depend on the mission of

the airplane. It is particularly important during the investigation of

lateral-directional flying qualities 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

missions, but are not acceptable for IFR missions. The availability of an automatic

flight control system or autopilot for pilot relief must also be considered. If stability

or contro l augmentation is installed, the consequences of augmentation failures must

be given due consideration.
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Knowledge of the mission tasks allows determin~uon of appropriate test

conditions - configurations, alt itudes, centers of gravity , tr im airspeeds, and gross

weights.

Test conditions must be commensurate with the mission environment of the

airplane. Center of gravity position is not particularly critical b r  lateral-directional
tests. rests at normal operational CG positions for a test loading are generally

adequate; however, if feasible, the most aft operational CG positions should be

utilized . Lateral-directional characteristics may be altered by various combinations

of ex ternal stores. Asymmetric store loadings may seriously derogate

lateral-directional flying qualities; these conditions should he investigated on any
• airplane which may carry asymmetric stores in operational use.

- • The amount and sophistication of instrumentation will depend on the purpose
and scope of the evaluation. A good, meaningful qualitative investigation can be

performed with only production cockpit instruments and portable
instrumentation-hand held force gauge and stopwatch. Automatic recording devices,

such as oscillagraph, magnetic tape, and telemetry, are very helpful in rapid data

- - acquisi tion 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 also aiding in stabilization for equilibrium test points. The
parameters to be recorded and the ranges and 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 control data card is shown in Figure 55.

Most test pilots desire to modify data cards to their own requirements or construct

data cards for each test. At any rate, the data cards should list all 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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• FLIGHT TEST TECHNIQUES -

The Qualitative Phase of the Evaluation -

The mere measurement of lateral-directional stability and control
- - characteristics, although important, will have little meaning unless the test pilot can

- relate the i~ifluence o’ these characteristics on mission accomplishment. Therefore, a

portion of the lateral -directional flying qualities e-ialuation must be devoted to

performing or simulating the mission tasks under investigation. While performing

these tasks, the test pilot forms the essential qualitative opinion of the

• lateral-directional flying qualities and should assign a “pilot rating.” This opinion
• 

- will be based on the amount of attention and effort the pilot must devote to “just
• flying the airplane.” Due regard should be given during this phase of the evaluation

to the following considerations:

1. Whether the mission task will be performed in VFR and IFR weather or

strictly VFR conditions.

2. The amount of time and effort the pilot must devote to duties other than
• “just flying the a i rplane ” - duties such as setting up a weapons system,

coordinating multiplane tactics, communicating with other aircraft or a

• controlling station, etc.

3. The availability of an autopilot or automatic flight control system for

pilot relief.

4. If stability or control augmentation are installed, the consequences of

their failure.

V -88

L::i ~~~~~~~~ ~~~~~~~:~~~~~~~~ f r :~~~~~~~ ~~~~~~~~~~~~~~•L  - -.5——--- —.5 .5- .5— ~~~ .5_s=~_ - .5 _
~~ f l — ___



-~~~~~~~

The test pilot’s qualitative opinion of the airplane’s lateral -directional flying

qualities in relation to selected mission tasks is the most important information to

be obtained.

Lateral-Directional Trimmability. Trimmability is conveniently evaluated

during the qualitative phase of the investigation. Lateral -directional trimmability is

indicated by the ease with which lateral and d i rectional con trol forces are reduced to

zero in wings-level , steady heading fli gh t and the ab i li ty of the air plane to mai ntain a

tr immed condition. It is directly influenced by the major static lateral- iirectional

stabi l i ty characteristics: directional stability, dihedral effect , and sideforce

- 
- 

characteristics. If the airplane is difficult to trim in wings-leve l, steady-heading flight

• and does not readily maintain the trimmed condition, the reason could very well be

w?ak or negative static directional stability and/o r dihedral effect. Weak sileforce

characteristics may result in the pilot inadvertently trimming the airplane into a

wings-level, steady-heading sideslip if the ball of the needle-hall instrument is the

only cue available for trimming. Of course, lateral-directional trimmability is also

influenced by the rate of operation and sensitivity of the lateral and directional trim

system as well as the physical location and ease of operation of the trim devices in

the cockpit.

The trimmability determination is qualitative . The test pilot should attempt to
• trim the airplane precisely in wings-level , steady-heading flight by using thek~iLof

the needle-ball instrument as a cue for trimming. The inherent sideslip in the

trimmed condition should then be noted if a sideslip indicator is available. The

controls of the airplane should then be released to evaluate the airplane’s abil ity to

maintain the trimmed condition.
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• After trimming the airplane , the test pilot may utilize two “qualitative test

- techniques” which should provide further information about the lateral-directional

- 
characteristics. (These techniques may also be utilized for a gj~j~!~ evaluation of a
particular configuration if insufficient flight time is available for quantitative

measurements.)

‘
‘4

-
• Rudder-Only Turns. The airplane should be trimmed for wings-level,

steady-heading flight. Maintaining trim constant, the pilot then enters and maintains

N turns by use of rudder-only inputs. The bank angles utilized during this evaluation
- should not be excessive since the directional control system alone cannot be

expected to generate and maintain turns at large bank angles where the turn is

- 
manifested more by pitching motion than by yawing motion. Turns with bank

angles up to 30 degrees are generally considered adequate. Airspeed should be

maintained at trim with longitudinal control or trim inputs (if necessary ) and
- • allowed to vary for a portion of the evaluation. The lateral control system floating

characteristics should be noted, if appropriate. If aileron float is observed,
-
, rudder-only turns should be performed with the ailerons restrained in the trim

position as well as with controls free.

The information available from the rudder-only turn test is considerable and is

presented below. The information generally considered to be most important is

- • indicated by an asterisk.

*1. Suitability of the directional control system as an alternate lateral control

system. The pilot may desire or may be required to use rudder-only turns

in certain circumstances, such as:

a. Cruising flight during which the pilot’s hands are occupied with other

tasks.
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• - b. Flight conditions during which lateral control , inputs generate

uncomfortable yawing moments.

c. Emergency situations involving lateral control system malfunctions.

*2. Strength of the dihedral effect , as indicated by the rolling motion when

sidesli p is induced by the rudder input. However, the test pilot must keep
in mind that the roll response to a rudder input depends not only on

dihedral effect, but also on the rolling moments generated by yaw rate
(C~ ), and rudder deflection ( C2~cSr ).

- 
• 3. Qualitative indication of Dutch roll frequency and damping. Since the roll

• response to a rudder input is manifested through the Dutch roll mode of

motion, the pilot must excite the Dutch roll during rudder-only turns.

4. Nature of the spiral mode of motion, as indicated by the rudder posi tion
• required in the steady (constant bank angle) rudder-only turn.

Aileron-Only Turns. The airplane should be trimmed for wings-level , steady

heading flight. Maintaining trim constant, the pilot then enters and maintains turns

with aileron-only inputs. Turns with bank angles up to 45 degrees are generally

considered adequate. The rate of control input and amount of control deflection

should be varied. Airspeed should be maintained at trim with longitudinal control or

trim inputs (if necessary). The directional control system floating characteristics

should be observed, if appropriate. If rudder float is observed, aileron-only turns

should be performed with rudders fixed and rudders free.
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The information available from the aileron-only turn is presented below, with

the information generally considered to be most important indicated by an asterisk.

*1. Ease of entering and maintaining coordinated turns. During vigornu~
maneuvering tasks requiring rapid bank angle changes and turn re — ~rsdI~

the airplane which requires little rudder coordination will , all else I. - -

equal, b 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, the turn needle, the

heading indicator, or a sideslip gauge during the entry into the

aileron-only turn.

3. Dutch roll excitation during a bank angle control task with aileron-only

inputs.

4. Nature of the spiral mode of motion, as indicated by the aileron

requirement in the steady (constant bank angle) aileron-only turn.

After performing the qualitative phase of the evaluation, the test pilot should

• have some ideas as to the particular characteristics which make the airplane easy or
• difficult to fly. Use of the quantitative techniques described below hopefully allows

the test pilot to substantiate his qualitative opinion. The results of all the qualitative

and quantitative tests must be correlated in order for the test pilot to accurately

analyze the lateral-directional characteristics.
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Measurement of the Mechanical Characteristics of the Lateral-Directional Control
System

Mechanical characteristics of the lateral-directional control system have a major
- 

-
~ influence on lateral-directional flying qualities. The mechanical characteristics to be

evaluated are defined as follows:

1. Breakout, including friction: The lateral or directional cockpit control
force from the trim position required to initiate movement of the
respective control surface.

- - 2. Freeplay: The lateral or directional cockpit control motion from the trim
• position required to initiate movement of the respective control surface.

3. Centering: The ability of the lateral or directional control system to
return to and maintain the original trimmed position when released from
any other position.

- 

- 

4. Control System Oscillations: Oscillations in the lateral-directional control
system resulting from external or internal disturbances.

Breakout Forces. Including Friction. Friction in the lateral and directional
control system is unavoidable, however, it should be kept as low as possible. Some
amount of breakout force is generally beneficial , but too much results in undesirable

• characteristics. Breakout forces allow the pilot to rest his hand and feet on the
control stick and rudder pedals without introducing inadvertent lateral and
directional control inputs - this characteristic is particularly important in turbulent
air. However, breakout forces must be suitably matched to the lateral and
directional control forces experienced after overcoming the breakout forces.

V -93

- . 5 -  ~~~- - -.5-~~~~~— -  - - - • — -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ --~~~~~~-



.5- .5— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~ — - • -

• .5-

It should be obvious that breakout force can never be measured alone, unless
there is zero friction force. Therefore, breakout forces, including friction, are
measured at the trimmed conditions of the test . Directional breakout forces,
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 the rudder control surface is detected. Movement of the rudder can be detected
by visually observiig rudder movement, use of a rudder position indicator, or by
observing aijp lane resoonse. Lateral breakout forces, including friction, are measured
in flight with the hand held force gauge by carefully stabilizing at the trim
condition, then applying slow and smooth lateral force inputs until movement of the
aileron is detected. This movement can be detected by visually observing airplane
response. When the airplane response is utilized as a cue for rudder or aileron

• movement, cau tion must be exercised because the airplane will require a finite time
interval to respond to the control surface movement. If automatic recording devices

- • are utilized, breakout forces, including friction, may be measured from the recording
traces.

Breakout, including friction, may be measured on the ground for airplanes
equipped with irreversible control systems where control forces are merely functions
of control deflection. However, ground measurements should be checked with
inflight measurements. It is obvious that inflight measurements at the trim condition
are the only means of accurately determining breakout, including friction, for the
reversible control system.

Freeplay. Freeplay in the lateral and directional control systems should be as
small as possible. Excessive freeplay may cause difficulty in performing precise
maneuvers such as instrument approaches and tracking. Freeplay, expressed inp 
inches or degrees of latera l and directional cockpit control movement, is measured in

flight at the trim condition much the same as breakout, including friction, was

measured. Ground measurements may also be made for irreversible control systems.

L 
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Centering. The lateral and directional control systems should exhibit 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
I , angle without constant pilot attention to airplane control. Centering is qualitatively

evaluated in flight at the trim condition by smoothly displacing the lateral and

d irectional cockpit con trols to various positions and observing their motion upon

release. Irreversible control system centering characteristics may be evaluated on the

ground.

Control System Oscillations. Oscillations in the lateral and ~!irectional control

• systems, initiated by either external perturbations or pilot action, should not result
in objectionable oscillations in sideslip or roll rate, nor should their be any

objectionable structural vibrations created. Damping of the respective control
systems is 1 - easured in flight by abruptly deflecting and releasing the cockpit

controls and observing the resulting motion in the control surface or the cockpit

• controls. These abrupt inputs may be described as rudder “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, and the pilot is unable to

visually observe the aileron or rudder control surfaces, and the pilot must resort to

observing the motion of the control surfaces, the test pilot must resort to observing

the motion of the cockpit control stick or rudder pedals. No objectionable

oscillations of either the cockpit controls or the airframe contnl 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. Irreversible control system oscill*ion
characteristics may be checked on the ground, however, these characteristics should

be evaluated in flight to insu e there is no coupling between airplane motion and

control system dynamics.
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• Measurement of Static Lateral-Directional Stabil itv Characteristics

The steady heading sideslip test technique is conveniently utilized to obtain
important relationships which have a major influence on lateral-directional flying
qualities. It is not performed orimprily to determine the feasibility of the maneuv~j
in operational use, although this determination is obviously a by-product. The
information availabt e from the steady heading sideslip test is considerable and can be
divided into ~ jg~i~y and secondary areas of importance.

The primary parameters to be obtained from the steady heading sideslip test
are rudder position, rudder force, 3ileron position, aileron force, and bank angle.
The rudder position and rudder force variations with sideslip angle, sometimes
referred to as directional stability, rudder-fixed and directional stability, rudder-free,
respectively, have a major influence on the pilot ’s opinion of the directional
“stiffness” of the airplane. These variations provide absolutely no information about
the magnitude of the static directional stability derivative, Cn~ , un less numerous

other parameters, such as directional control power , Cn~ , are known. However, if
the variations are positiv& such that right rudder pedal force and trailing edge right
rudder deflection are required in left sideslips, and vice versa, the directional
stability derivative, Cn~ , is known to be at least positive. Positive rudder position
and rudder force variations with sideslip 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,
posit ive variations contribute to good late,-aI-directional trimmability and
maintenance of the trimmed condition. However, rudder control forces and rudder
positions required to induce or control sideslip should not be excessive within the
ra nge of sideslip angles required in normal or emergency operational conditions. The
pilot is continually confronted with situations during which he must use or contro l
sideslip with rudder control or trim inputs. Some of these situations are: crosswind
take-offs and landings, flight with asymmetric external stores or asymmetric power,
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• rudder-only turns, rudder coordination during turns and rolling maneuvers, etc. The

particular rudder force and position variations desired in any airplane depend on the

mission of the airplane and the multitude of pilot tasks required in mission

accomplishment. Plots of rudder force and position versus sideslip angle should be

essentially linear and should exhibit stable local gradients within a reasonable
• sidesl ip angle variation from trim. For iarger sideslip angles, an increase in rudder

deflection should always be required for an increase in sideslip angle. Lightening of

• the rudder forces at high sidesl p angles may be acceptable; however, the forces
- 

‘1 should never reduce to zero or reverse, i.e., no “rudder lock” should be encountered.

• Aileron position and aileron force variations with sideslip angle, sometimes

referred to as control-fixed dihedral effect and control-free dihedral effec t,

respectively, have a major influence on lateral-directional trimmability and the ease

with which the pilot can control bank angle with rudder inputs. These variations

provide absolutely no information about the magnitude of the dihedral effect , Cp,~
unless numerous other parameters, such as aileron control power, 

CZ~Sa , are known.

However, if the variations are qative. such that left lateral control force and left

lateral cockpit control position are required in left sideslips, and vice versa, the

stability derivative, ~~~ is known to exhibit a negative sign. This results in positive

dihedral effect , i.e., the airplane tends to roll opposite to the induced sideslip. Some

degree of positive dihedral effect , as indicated by aileron control force and aileron

pos:tion variation with sides~p angle, is desirable for satisfactory lateral -directional

flying qualities. However, positive dihedral effect should not be so strong as to

require excessive aileron force or deflection to control bank angle in sideslips. In

addition, the variation of aileron control force and position with sideslip angle should

be essentially linear.
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Bank angle variation with sideslip angle in steady heading sideslips is indicative

of the sideforce characteristic. Positive sideforce characteristics, as indicated by left

bank angle requirement in left sideslips, and vice versa, are necessary for satisfactory

lateral-directional flying qualities. The usefulness of the ball of the needle-ball
• 

- 

instrument as a valid reference for trimming the airplane (with li:. ~~ nherent

sideslip) in wings-level flight and for performing coordinated turns (with little
sideslip) depends i-n sideforce characteristics. Airplanes exhibiting weak or zero

bank angle varietion with sideslip angle (in steady heading sideslips) are easily

inadvertently Lrimmed and flown in wings-level, ball-centered steady heading

sideslips. The pilot will be perfectly happy with this state of affairs until the

increased drag caused by the inherent sideslip begins to derogate his fuel-used

calculations in a long-range-cruise task, or until difficulty is experienced in aligning

the airplane longitudinally with the runway or carrier centerline during night or
- - low-visibility approaches. Additionally, weak or zero sideforce characteristics result

in the ~~Land “seat-of-the-pants” feel losing their significance as indications of ~ ta
perfection~ as a consequence, large sideslips angles may be developed even though

the pilot keeps the ball centered and feels no sideward accelerations during turns. In

general, an increase in right bank angle should accompany an increase in right
• - sideslip and an increase in left bank angle should accompany an increase in left

sideslip. •

• Secondary parameters obtained from the steady heading sideslip test are

longitudinal control force, rate of descent, and indicated airspeed error. Pitching

moments or longitudinal trim changes generated by sideslip are manifested to the

pilot through the longitudinal control force (and incremental change in elevator or

longitudinal control position) required to maintain airspeed constant in the steady

heading sideslip. Excessive longitudinal trim changes with sideslip angles normally

utilized in operational usage would place excessive demands on pilot attention and

coordination. Large rates of descent and indicated airspeed errors with sideslip

angles employed in operational flight procedures would be undesirable, if not

dangerous, characteristics.
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Two test techniques wil l  now be presented for evaluating static
lateral-directional stability characteristics in steady heading sidesl ips.

Stabilized Steady Heading Sideslios. The stabilized steady heading sideslip test
technique is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired
flight condition. If using automatic recording devices, a “trim shot”
should be taken. Record appropriate trim data such as power setting, trim

• settings, trim lateral and directional control positions, fuel quantity, rate

or climb or descent, and inherent sideslip angle.

2. The first sideslip at each predetermined rudder pedal def’ection is
performed solely to determine if any indicated airspeed error is induced

- 
~, 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% VTRI M may be neglected. Indicated airspeed
is varied to compensate for significant errors in subsequent sideslips. The
proper 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 simultaneously feeding in
lateral and longitudinal control inputs to maintain steady heading and the
correct airspeed. If the airplane exhibits positive directional stability,
positive dihedral effect, and positive sideforce characteristics, the pilot
will observe that, in the stabilized steady heading sideslip, ~~j ~j  rudder
inputs, j~ft lateral control inputs, and !~fi bank angle are required with

~~ sideslip angles, and opPosite parameters are required with Eigh t

sideslip angles.
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g. Longitudinal control force and vertical speed. Longitudinal control
forces may be measured with the hand held force gauge.

6. If a sidesli p indica tor is not available in the cockpit, the directional

indicator may be used to estimate sideslip angles. While stabilized in the
steady heading sideslip, note the airplane heading after recording all
parameters except sideslip. Then, quickly return the controls to trim and
stabilize in the original wings-level condition. Again, note the airplane

headi’-.g. The difference between the headin~, noted in the sideslip and the

heading noted after releasing the sideslip is approximately the sideslip
angle induced in the steady heading sideslip.

• 7. Steady heading sideslips are normally performed at increments of
one-quarter rudder deflection, alternating direction of rudder inputs until

full rudder deflection sideslips are performed in both directions. 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 circumstances are encountered, the test
may be terminated short of these limits.

8. Altitude should be within ± 2000 feet of the predetermined test altitude
during the measurements. Since increased drag will be generated on the
airplane during the sideslips, it may be expeditious to ~~1 a series of

sideslips above the predetermined test altitude.
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4. Maintenance of steady heading in the stabilized sideslip is critical if valid

data are to be obtained from this test. There are several cues available to

the pilot for maintenance of a steady heading. There are the turn needle,

the directional indicator, and visual references. The turn needle should be

used as the primary reference, however, all should be cross-checked

continuously.

5. If using automatic recording devices, take a picture of the stabilized

steady heading sidestip. Appropriate cockpit data should then be 
- •

• 
-

recorded. Since the parameters to be recorded are considerable, a

suggested order of noting and recording data is as follows:

a. Rudder pedal force. If estimating rudder forces, mentally note the

force as soon as the sideslip is stabilized before the leg becomes

fatigued.

b. Rudder position (if available).

c. Lateral control force. This parameter may be measured with a hand

held force gauge.

d. Aileron position (if available) or lateral cockpit control position.

• Cockpit control position may be measured roughly with various

portable instrumentation - tape measure, calibrated string,

calibrated yoke, etc. - if no cockpit indicator is available.

e. Bank angle.

f. Sideslip angle. (A quite accurate method for estimating sideslip if no
sideslip indicator is available is presented in paragraph 6.)
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Transient Steady HeadinQ Sideslios If automatic recording devices are

available, the transient technique may be utilized to quickly obtain static

lateral-directional characteristics. It is also a good “quick look” qualitatitve

technique even without automatic recording devices. It is performed as follows:

• 1. Stabilize and trim carefully at the desired flight condition. Record a “trim

shot” with the automatic recording devices. Record appropriate cockpit

data.

2. Actuate the automatic recording devices and very smoothly and steadily

- 
• 

enter the steady heading sideslip. Using constant rate rudder inputs,

• increase sideslip slowly, simultaneously applying lateral control inputs and

banking in order to maintain steady heading. Use longitudinal control

inputs, if necessary, to maintain constant trim airspeed.

3. Increase the rudder input to full deflection (or other limiting factors),

then decrease rudder input at the same slow rate. After returning the

airplane to the original trim condition, continue by applying rudder in the

• opposite direction to full deflection, then back to trim.

4. 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.

5. For the optimum results from this test, the rate of change of sideslip must

be very slow ; 1/2 degree per second or less yields excellent data.

6. Maintenance of steady heading is again critical for this test. The test pilot

must continually cross-check all references available in order to keep the

heading constant throughout the process.
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Measurement of Dynamic Lateral-Directional Stability

Characteristics - The Spiral Mode

Spiral Stability. Characteristics of the spiral mode of motion have some
influence on overall lateral-directional flying qualities, although the influence is
generally small in relation to other contributions. The pilot generally is satisfie -J if
the spiral mode is neutral, convergent, or slightly divergi3nt. However, if the spiral is
very divergent, such that bank angle changes resulting from external disturbances or

.5 inadvertent control inputs build rapidly, the pilot is required to devote some —

attention to controlling the spiral motion.1 Therefore, the time duration ~fiith the pilot
can devote to other duties are correspondingly shortened. A very divergent spiral
mode can make long range cruising flight and instrument approaches or departures
extremely frustrating for the pilot, particularly in turbulent air.

A divergent spiral mode normally is accompanied by longitudinal trim changes

resulting in airspeed increases. These airspeed changes generate lateral trim changes

which influence the rate of divergence of bank angle. Different spiral characteristics

may be observed if airspeed is allowed to vary insteady of restraining it at trim. .5

Propeller-driven airplanes may exhibit different spiral characteristics in left and

right turns. This phenomenon may be attributed to various peculiarities of

propeiler-power flight, such as the manner in which the slipstream impinges on the

• components of the airplane and the change in slipstream pattern with sideslip

direction.

1Obviously, an automatic flight control system or autopilot can relieve the pilot of
this duty.
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The characteristics of the spiral mode to be determined are the nature of the 
.5

motion (convergent, neutral, or divergent) and the rate of convergence or divergence
• (if applicable). These characteristics may be obtained very simply from a time

history of bank angle after the spiral motion is excited. The test is performed as
follows:

1. Stabilize a~d trim very precisely in the desired configuration at the desired
flight condition.

2. Restrain the lateral control-rigidly in the trim position and establish a

small bank angle (at least 5 degrees, but not more than 20 degrees) by one
of the following means: a very small rudder input, a slight power
reduction on one engine of a multiengined airplane, opening a cowl flap or
oil cooler door on one engine of a multiengined airplane. Lateral control
inputs are usually not used to establish the bank angle because of the
difficulty in returning the lateral contro l to trim and the subsequent
significant rolling moments generated. After establishment of the steady
bank angle, return the rudder pedals, power setting, cowl flap, or oil

- 

cooler to the original trim position and release the cockpit controls.

Commence recording a time history of bank angle, utilizing a 60 second

sweep stopwatch and the attitude gyro. When sufficient data is obtained,

recover to wings-level trim conditions and repeat the procedure with
opposite bank angle.

3. By releasing the cockpit controls completely, the pilot observes the

combined effects of the spiral mode, longitudinal trim change, and control
system charac~er~;tics on the spiral motion. This motion is often seen in
the operational environment when the pilot releases the control stick to

perform other task~ in the cockpit. If pure soiral mode data is desired,
trim airspeed should be maintained with longitudinal control inputs.
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4. Precise initial trim, particularly lateral trim and smooth air are necessary

.5 if valid quantitative data are to be obtained from this test.

Measurement of Dynamic Lateral-Directional Stability

Characteristics - The Dutch Roll Mode

Except for certain special flight conditions, such as flight with asymmetric
power or landing with a crosswind or controlling bank angle by use of the rudders,
the pilot is not required to utilize the Dutch roll mode of motion. However, the

motion is continually excited inadvertently by pilot control inputs and external

perturbations. Therefore, it is frequently referred to as a “nuisance” or “annoyance”
mode. When the Dutch roll is excited, the resulting oscillations 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 roll , or

lateral-directional oscillation, have profound effects on overall lateral-directional
flying qualities. During critical mission tasks requiring precise flight path control ,
precise tracking, and/or rapid maneuvering, a satisfactory combination of Dutch roll

- :- characteristics is mandatory for satisfactory mission accomplishment.

Unfortunately, difficulty is experienced in defining and describing satisfactory
combinations of Dutch roll damping, frequency , and roll-to-yaw ratio. The optimum
combinations for a particular airplane obviously depends on the mission of that

airplane and the various mission tasks involved. Additionally, pilot technique has a
large influence on the acceptability of particular characteristics since the pilot can

use any combination of lateral and directional control inputs. The pilot’s technique

thus influences the pilot’s opinion. The generalizations which follow concerning the

influence of various Dutch roll parameters must be accepted as generalizations only,

since they may not be appropriate to a particular situation.
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Dutch Roll Damping. The damping of the Dutch roll motion is probably the
.5 . 

most important Dutch roll characteristic to be considered. Over a wide range of
Dutch roll frequencies and roll-to-yaw ratios, the pilot will probably find the -

lateral -directional dynamics acceptable if the Dutch roll motion is well damped. The
parameter, 

~
5d’ is the damping ratio 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 the influence of various Dutch roll damping ratios on
lateral-directional flying qualities.

1. For very low to jQ~ damping ratios - the lateral-directional oscillation

• may be easily excited by pilot control inputs or external disturbances. —

Once excited, the yawing, rolling, lateral translational motion tends to -

persist for a relatively long period of time. This persistent motion can

cause ext reme discomfortand induce airsickness in passengers and crew of

transport airplanes as well as derogate aiming accuracy for high-altitude 
.5

bombing tasks in heavy or tactical bombers. When the pilot attempts to

maneuver vigorously and simultaneously maintain an air-to-air or -
air-to-ground tracking picture, the lightly damped Dutch roll motion may -

completely preclude precise weapons delivery, particularly in rough air.
.5 During the landing approach in instrument or visual conditions, serious

heading control problems can be generated if the damping ratio of the
Dutch roll motion is too low. The pilot will probably desire to attempt to -

suppress the motion with lateral or directional control inputs if the
damping ratio approaches zero. The success the pilot realizes in personally

damping the Dutch roll will depend largely on the f equency of the

motion.

2. For J.gw to moderate Dutch roll damping ratios - the lateral-directional

oscillation may be excited but will be verv noticeably damoed. although 
.5

still apparent. The pilot should be able to perform maneuvers involving
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precise heading and bank angle control with little difficulty attributable to
Dutch roll damping. During vigorous maneuvering involving large,
repeated lateral and directional control inputs, noticeable and possibly
objectionable yawing and rolling oscillations may be generated. The pilot

.5 

will probably feel no need to augment natural Dutch roll damping with
- 

.5 control inputs since the motion subsides fairly rapidly if the controls are
merely fixed or released.

3. For moderate to j ieavy Dutch roll damping ratios - the lateral-directional
oscillation may not even be apparent to the pilot. The pilot will probably
feel very secure in maneuvering the airplane vigorously since no noticeable
oscillations in yaw or roll are generated. If the Dutch roll damping is very
heavy, the airplane will be slow responding to rudder inputs or external
disturbances. The pilot may f ind this sluggish directional response

objectionable during maneuvering. In addition, heavy damping of the

Dutch roll and heavy yaw rate damping (large nr ) are generally
analogous , therefore , the pilot may f ind that the rudder requirement in

coordinated turns is excessive if the Dutch roll is too heavily damped.

Dutch Roll Frequency. The parameter, 
~

1d , is the damped frequency of the
second-order , lateral-directional mode of motion. If it is a real, positive number, it is
directly related to the frequency, or quickness, with which the airplane responds to
a rudder input or lateral gust disturbance. Obviously, this damped frequency has a
major influence on lateral-directional flying qualities. However, the damped
frequency is dependent on damping ratio as well as the undamped natural

fteauencv. Therefore, Dutch roll characteristics are conveniently expressed in terms

of the undamped natural frequency, wnd , and , of course, the dam ping ratio, d~
The following rationalizations may be made concerning the effect of various Dutch
roll natura l frequencies on lateral-directional flying qualities.
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1. For very low to jQ~ ‘and values - the pilot may experience large sideslip

excursions when yawing moments are generated by lateral control inputs,
roll rate, rudddr inputs, lateral gusts, etc. This is due to the close

relationship between Dutch roll natural frequency and directional

.5 -
~ stability. Since low wnd and low directional stiffness are generally

analo gous, the pilot will probably expend considerable effort in

• maintainin a desired heading for low frequency Dutch roll situations.

- Because of the slow initial response associated with the low frequency

motion, the pilot may experience difficulty in determining the ~~~~
st t  or final magnitude of the motion. This lack of predictability makes

precise and rapid heading corrections virtually impossible. Because of the

.5 low directional stiffness, the pilot will use frequent rudder inputs in order
-

.5 
• to compensate, i.e., the pilot becomes a stability augmentor . Increasing

the Dutch roll damping ratio probably will not improve the situation
- measureably if the frequency is very low; the pr imary objectionable

feature associated with the very low frequency is not the oscillatory

motion but the weak directional stiffness. If the frequency is a bit higher,

increasing the Dutch roll damping may improve the situation somewhat.

For ~~me missions and mission tasks, very low Dutch roll natural

frequencies may be tolerable, as lon g as at least ~ome level of positive

directional stability is Present. i.e., wnd > 0. If the airplane is always

maneuvered slowly and smoothly, the pilot will probably not object to

the slow ini tial response. The very large transport, passenger, or heavy

bomber airplanes , with very large yawing moments of inertia, may be
.5 characterized by very low Dutch roll natural frequencies. Since these

airplanes do not require extensive maneuvering for mission

accomplishmen t, low Du tch roll na tural frequencies may have no

.5 
derogating influence.
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2. For medium to high ~
nd values - the response of the airplane for turns

and heading corrections is generally satisfactory, while the-sensitivity to
lateral gusts should not be excessive. Because of the corresponding
medium to high directional stiffness, the pilot finds that few rudder inputs

.5

, 

are required to control sideslip. Directional trimmability is also enhanced.
Ever-j correction made during the trimming task takes less time and comes
to a completion faster. This gives the pilot the feeling that he knows

exactly what trim correction is necessary. In other words, the airplane’s
directional trim point is well defined and corrections to the trim point are
quickly accomplished.

3. The very high Dutch roll natural frequency - may cause the airplane to
be oversensitive and responsive directionally to rudder inputs and lateral

gusts. During precise maneuvers requiring close control of heading or nose .5

position, the very high frequency Dutch roll can precipitate annoying,

.5 uncomfortable, rapid excursions in sideslip, roll , and lateral translation. If
the pilot tries to damp a very high frequency, lightly damped Dutch roll
motion with control inputs, he is likely to get out of phase with the rapid
oscillations, reinforce them, and drive the motion divergent.

RoH-to -Yaw Ratio. The parameter ,~~, is the ratio of the bank anGIe envelope

• to sideslip angle envelope during the Dutch roll motion, or simply the roll-to-yaw
ratio. Roll-to-yaw ratio has some influence on pilot technique during bank angle

control tasks and rolling maneuvers , and may significantly influence the pilot ’s
opinion of the maneuvering capabilities of the airplane during these tasks. The

degree of roll disturbance or the sensitivity of the airplane in roll to rudder inputs

and lateral gusts is directly proportional to this parameter. The following

generalizations may be made concerning the influence of various magnitudes of

roll-to-yaw ratios on overall lateral-directional flying qualities. (Roll-to-yaw ratio of

the Dutch roll motion will be further discussed in a subsequent section on rolling

performance and roll handling qualities.)
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.5 1. If the roll-to-yaw ratio is low - the Dutch roll motion is manifested more

in yawing than in rolling. If the ratio is very low, so that the motion

approaches pure “snaking,” the response of the airplane to lateral gusts
will be largely heading changes. The pilot may feel compelled to control

this gust response during maneuvers requiring precise heading control, and

the rudders will be the control utilized. With low roll-to-yaw ratios, the

rolling mo.1lents generated by yaw rate and sideslip angle excursions will
be small, therefore, the Dutch roll influence on rolling performance will
probably be small. This allows the pilot to comfortably make bank angle

changes with only aileron inputs; i.e., the airplane may be flown as a
“two-control airplane.”

.5 . 2. For giedium roll-to-yaw ratios - some rolling motion will be generated by

yaw rate and sideslip angle excursions. The pilot will probably be

compelled to coordinate aileron inputs with rudder inputs in order to

keep sideslip excursions small and realize maximum rolling performance

from the airplane. The airplnae probably cannot be flown effectively as a

“two-control airplane.” Roll response to lateral gusts may be slightly

objectionable, particularly if the Dutch roll motion is lightly damped.

3. If the roll-to-yaw ratio is i~iob - considerable rolling moments will be

generated by sideslip and yaw rate excursions. Rolling performance and
lateral handling qualities may be seriously impared unless the pilot utilizes

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,

particularly during maneuvering which requires precise hank angle control.

As the roll-to-yaw ratio increases, the pilot will probably demand

increased Dutch roll damping. This is due to the pilot usually being more

sensitive to roll response than sidesll~ resnonse.
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Dutch Roll Requirerij~~~.

The results of pilot opinion investigations based on in-flight and ground
I,.

simulator tests have revealed that there are combinations of Dutch 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

undamped natural frequency, ôd~~
nd , should be within the limits listed in table I.

3..,

Table l

Minimum Dutch Roll Frequency and Damping 
.5

Level Flight Phase Class Mm ~~~~~ Min
~
’da,7d. Min &~4

,
Category rad/sec. rad/sec.

.5 A I , IV 0.19 0.35 1.0
U , I I I  0.19 0.35 Q 4**

1 B All  0.08 0.15

C I , I l — C ,
IV 0.08 0.15 1.0

11L , III 0.08 0.-is

2 All All 0.02 0.05

.5 3 All All 0.02 - 0.4**

*The governing damping requirement is that yielding the larger value of 
~d’
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The effects of a high j  ratio can sometimes have a significant influence on

mission tasks. Relatively la~ge bank ang le excursions resulting from sideslip can

make tracking tasks or level flight in turbulence very difficult especially in airplanes

with low Dutch roll frequency and/or damping. In an attempt to alleviate these
- 

- problems in airplanes with high 4... ratios, an additional parameter has been
1$

analytically determined from the results of pilot opinion investigations. This

parameter is the product of the square of the undamped natural frequency of the

Dutch roll and the j  ratio, W ild (±) d - If the value of w nd (
~

) d
- greater than 20 ( rad/sec), then the minimum values of ód d as shown in table I

should be increased by the following values:

Level 1 - 
~~ Cd Und = .014 ( w

~~d k /i3Id 20)

Level 2 - 
~~~~~ 

W (%d — .009 
~~~~ I#’~ Icf 20 )

- 
• . Level 3 - A~~d “ lId .005 (w~ d k’$Id— ~~~

with Wn in rad/sec.

Techniques for Excit ing Dutch Roll Mo t i pnf p rQuan t i t a t i ve

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 requirements against 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 correctly. In addition, this technique can

be used to develop a large amplitude oscillation which aids in data gathering and

.5 
analysis, particularly if the Dutch roll is heavily damped. It is performed as follows:

t ’.
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i. Stabilize and trim cdrefully in the desired configuration at the desired

flight condition. If using automatic devices, take a “trim shot.”

2. Smoothly apply alternating left and right rudder inputs in order to excite

and reinforce the Dutch roll motion. Restrain the lateral cockpit control

at the trim condition or merely release it. Continue the cyclic rudder

.5 
pulsinq until the desired magnitude of oscillatory motion is attained, then

smoothly return the rudder pedals to the trim position and release them

or restrain them in the trim position. Simultaneously, activate the

automatic recording devices and observe and record appropriate

parameters.

3. The frequency with which the cyclic rudder inputs are applied depends on

the frequency and response characteristics of the airplane. The test pilot

- 
., must adjust the frequency of rudder pulsing to the particular airplane. The - .5

maximum Dutch roll response will be generated when the rudder pulsing

.5 is in phase with the airplane motion, and the time interval for one cyclic

rudder pulse is the same as the oeriod of the Dutch roll motion.

4. The test pilot should attempt to terminate the rudder pulsing so that the

airplane oscillates about a wings-level condition. This should effectively

suppress the spiral motion.

5. Obtaining quantitative information on Dutch roll characteristics from

cockpit instruments and visual observations requires patience, particularly

if the motion is heavily damped. However, if a sensitive sideslio indicator

is available in the cockpit , the test pilot should be able to obtain a

half-cycle amplitude ratio from the sideslip excursions. From this
parameter, an approximate damping ratio can be easily obtained1 

- The

1See “Analysis of Second Order Responses” in the Introduction to this manual.
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time reauired for a half or full cycle can be measured with a one - or
three-second sweep stopwatch. From these times, the pooroximate
damped period, damped frequency, and undamped natural frequency can
be derived, if desired ~~. If 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 damped period.

6. The roll-to-yaw ratio of the Dutch roll motion is extremely difficult to
obtain accurately without automatic recording devices. The motions are
generally phased so that the maximum roll and sidaslip excursions do not
occur simultaneously. Therefore, merely noting the maximum roll
excursion to maximum sideslip excursion for a given cycle will probably
yield erroneous results ~. However, the test pilot should be able to obtain a
rough idea of the roll-to-yaw ratio by observing the oath of the airolane
win ptio on the horizon during the Dutch roll oscillations. (A
wing-mounted boom or other protrusion, or a dot drawn on the side of

.5 the canopy may also be used.) If the Dutch roll is manifested in pure

“snaking”, the roll-to-yaw ratio is, of course, zero and the wingtip will
move only in the horizontal plane. If the roll-to-yaw ratio is 1:1, the
wingtip will describe a circle on the horizon, etc. (Figure 58).

1 See “Analysis of Seconc Order Responses” in the Introduction to this manual.
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FIGURE 58
PATHS OF AIRPLANE WINGTIP ON HORIZON

.5 DURING DUTCH POLL MOTION

7. If automatic recording devices are available, the entire Dutch roll motion

should be recorded and analyzed later for accurate quantitative
information.

8. The frequency with which the cyclic rudder inputs are applied depends on

• the frequency and response characteristics of the airplane. The test pilot

must adjust the frequency of rudder pulsing to the particular airplane. The

maximum Dutch roll response will be generated when the rudder pulsing

is in phase with the airplane motion, and the time interval for one cyclic

rudder pulse is the same as the oeriod of the Dutch roll motion.
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9. The test pilot should attempt to terminate the rudder pulsing so that the

airplane oscillates about a wings-level condition. This should effectively

suppress the spiral motion.
.5
’

-• The steady sideslip release can also be used to excite the Dutch roll; however,

the difficulty in quickly returning the controls to trim 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 steady sideslip release

technique is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. If using automatic recording devices, take a “trim shot.”

2. Establish a steady heading sideslip of a sufficient magnitude to obtain
.5 

sufficient Dutch roll motion for analysis. Utilize maximum allowable

.5 

.5 

sideslip, full rudder, or a comfortable rudder force input. Stabilize the

.5 
-
~ sideslip carefully and activate the automatic recording devices. Quickly,

but smoothly, return all cockpit controls to trim and release them

(controls-free Dutch roll) or restrain them at the trim position

(controls-fixed Dutch roll). (Both methods should be utilized.)

•1
‘1
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DUTCH ROLL INFLUENCE ON ROLL

PERFORMANCE DURING PRECiSION MANEUVERING

.5 The Dutch roll motion can have a significant influence on roll performance
I--

during precision maneuvering. If the Dutch roll influence is severe, the pilot will find

it difficult or even impossible to precisely and accurately select a desired bar” angle

• 
:-., 

during airborne tracking tasks. The parameter used to ciuantitativeh, evaluate this
— - Dutch roll influence is the ratio of the oscillatory component of roll rate to the

average component of roll rate, ~~~ 
1 The phase angle , ~ , was discussed

Pay
previously in the Theory section. The requirements are presented in Figure 58a.

- 

~

.

P O S I T I V E  
.1

DIHEDRAL ~~ ~~~~~—:.,. -.~~ ~~~~~~~ 1~ 0 • 0  -210 -3~ O -3~0
N E G A T I V E  

i (O(0~ l0?~~~., LI,O~~4 SY O~~ TO 70

DIHEDRAL ~~. -IIO~ - 2 0  -200 -%0 -3~O -13 -00. -100 - l0O~ .l~~~

~ ~~~~ ~~~~~ ~ 
L0001 ,j  0? 2~ S TIIOt * ’, 3~ O TO 05

FIGUR E 58a
ROLL RAT E OSCILLATION LiMITATIONS

- a measure of the ratio of the oscillatory component of roll rate to the
Pay

average component of roll rate following a rudder-pedals-free step

aileron control command:

~~~~~~ 
* p3 — 2

~
‘d~~~

0 2  ~:;o;-;—

0.2 :  ~~~
-

~
--

where p1, 
~2’ and p3 are roll rates at the first, second, and third oeaks,

respectively.
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Before collecting quantitative data on the influence of the Dutch roll on roll

.5 
performance during precision maneuvering, preliminary tests must be conducted to
accurately determine: (1) the period of the Dutch roll oscillation,t~ 

, and (2) the

ç amount of aileron deflection required to produce a 60 degree bank angle change in 
.5

1.7 td seconds. Once these data are known, the test is performed as follows:

• 1. Stabilize and trim carefully in the desired configuration at the desired

-~ 

- flight condition. If using automatic recording devices, take a “trim shot.”

- 2. Activate automatic recording devices and abruptly apply a step aileron
command up to the magnitude which causes a 60 degree bank angle

.5 
- 

change in 1.7 td seconds. A chain stop or premeasured block can be used
- by the pilot in the cockpit to accurately attain the required control stick

deflec tion.

3. The record of the roll should be analyzed after the flight for quantitative .5

data. .5

The pilot’s qualitative evaluation of the Dutch roll influence on roll
performance should be performed during typical mission tasks.

.5 
ADVERSE AND PROVERSE YAW EFFECTS ON PRECISION M. .NEUVERING

Obviously, there must be limits on the amount of proverse or adverse sideshp
that is generated during maneuvering flight. Especially during precise tracking tasks,
the pilot desires that the airplane be flown without excessive aileron and rudder
coordination. The more coordination that is required, the more difficult the pilot’s
nh to stauil ze quickly and orecisely on a desired flight path.

V- 11 8
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For small inputs like those used in normal airborne tracking tasks, the
parameter used to quantitatively determine the sideslip generated following aileron

• control commands is the ratio of sideslip, t~ ~~ , to a nondimensional constant, k . The
denominator k is defined as the ratio of commanded bank angle change in a given
time to the required bank angle char ~~

k = C~t1command 
- (see Figure 58b).

14t] requirement

16 ,, “, /

.5 
~ - 

0 —‘40 —80 — 12 0 -163 -200 —240 -230 —320 -340
‘ 

~~~(3EG)

.5 FIGURE 58b
SIDESLIP EXCURSION LIMITATIONS

The technique used to determine comp liance with the ‘
~~ s/k , Specification

requirement is identical to the technique used to measure ~~~ except that the
Pay

time required for the 60 degree bank angle change ist d or 2 seconds, whichever is
tonQer.

For precision tracking tasks the term 4t command is the bank angle

actually attained in td or 2 seconds following a step aileron command with the
pilot “aiming” for 60 degrees. The term requirement in this case is 60
degrees. By us~ng this rationing technique, variations in sideslip ~~ resulting from
slightly more or less bank angle change during the test can be taken into account.

The pilot’s qualitative evaluation of the adverse or proverse sideslip
characteristics should be performed during typical mission tasks.
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DETERMINATION OF PHASE ANGLE

FROM FLIGHT TEST RECORDS

An example of how to determine the phase angle,Ip~~, from flight test records

is presented in Figure 58c.

RIGHT 

—

I’

3~e~~ 3O3

2 —i—-
~ 

~~~~~~~~~~~~~ = 2 95 SEC 
— 

TII.~E SEC : 

— 2 ~. 
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~~~~~~~~~~~~~~~~~
_ I _

2

_ I

3 

liii

T IME — SEC

Since the f i rs t  Local xthu~ of the Dutch roll component of the s idaslip
response occurs at t = 2.95 seconds,

= 

.

~~~‘° = 
-3~ O 

(2.95) ~~- - 303 °
ft 3.5

FIGURE 58c
.5 

DETERMINATION OF PHASE ANGLE
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POSTF LIGHT PROCEDURES

As soon as possible after returning from the flight, the test pilot should write a
brief , rough qual itative report of the lateral-directional flying qualities exhibited

- . . during the mission tasks under evaluation. This report should be written while the
events of the flight are fresh in the pilot’s mind. Qualitative pilot opinion,
appropriately related to the mission tasks under evaluation, will be the most

.5 important part o~ the final report.

Appropriate data should be selected to substantiate the pilot’s opinion. The
data presentation introduced here is only suggested and may be modified as desired
by the test activity. No matter what method is used, it should be clear, concise, and

- 

• comple te.

Mechanical Characteristics of the Latera l-Directional Control System

Mechanical characteristics may be presented as shown previously in the

discussion of “Test Procedures and Techniques - Nonmaneuvering Tasks” in the 
.5

Longitudinal Flying Qualities Section. Merely modify the presentations to

encompass the lateral and directional control systems.

Static Lateral-Directional Stability Characteristics

.5 Static lateral-directional stability characteristics are normally presented as plots
of rudder force and position, lateral control force and aileron position, bank angle,
and longitudinal control force versus sideslip angle. Rate of climb or descent and
airspeed error may be presented, if these parameters are significant. Cockoit control
Dosition and/or surface control nosition may be utilized, depending on the data

.5 
available. Typical data presentation schemes are shown in Figures 59 and 60. The
data for Figure 60 were derived from automatic recording traces of a transient
sideslip technique. If automatic data reduction facilities are available, sufficient data

points may be extracted to “shot gun” the data. It is apparent that obtaining the

same plots by manual data reduction would be extremely laborious.
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Discissions of static lateral-directional stability char-~cteristics in the report of
the test must be worded with care. The steady sideslip test results indicate the sign,

but not the macinitude of directional stability,Cn~ , and dihedral effect, Ct~ -

(Actually, if very unusual stability augmentation or control system gadgetry is

* utilized, the tests may not even indicate the sign of the ~tabiIity derivatives.)

However, the test results are still extremely important from a flying qualities

standpoint. The language of the report should reflect clearly the parameters which
.5 were used as indications of the static lateral-directional characteristics. For example,

the following introductory sentences might be used in the report: “Directional
stability, as indicated by the variations of rudder force and position with sideslip

- C angle in steady heading sideslips, was positive in all configurations tested;” “The
variation of lateral control force and aileron position with sideslip angle in steady

heading sideslip provided indica tions of the sign, bu t not the magni tude, of dihedral

effect;” etc.

Dynamic Lateral-Directional Stability Characteristics - Soiral Stability

.5 

Spiral stability data are effectively presented as a plot of bank angle versus

time. Appropriate specification limits may be shown on the plot. A typical time

- 
history is shown in Figure 61.
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SPIRAL STABILITY
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Dynamic Lateral-Directional

Stability Characteristics - Dutch Roll Characteristics

The presentation of Dutch roll characteristics will be dictated by the amount of
data available. If the scope of the evaluation is limited, Dutch roll characteristics are
effectively presented in tabular form. An example is shown in Figure 62. If the
Dutch roll motion was recorded on oscillograph, magnetic tape, or telemetry, the
actual trace, appropriately annotated, may be presented in the report. Sideslip angle
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. However, yaw rate may be utilized if the sideslip trace is not useable.

Sideslip angle and bank angle traces should be utilized to determine roll-to-yaw
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ratio; however, yaw rate and roll rate may be utilized as back-up parameters. It ’
order to clearly illustrate the procedure for determining roll-to-yaw ratio, the bank
angle and sideslip angle traces from typical oscillograph traces have been reproduces
in Figure 64.

0 - ;

.5 

Altitude Trim Gross 
~~ I~~d(

~~
6d u~~

• : C0NFIGURAT 1ON ( f t )  
(KIAS ,IMI4 (

~~~
.C)

. l_

Weight tab 
(ra~~ 

J

ó
d 

~~~~~~~~~ 
-

I Cruise (CR) 30000 .65 J_ 22 .8 1 19020 ON 1.38 LO.18 2.5:1~ 4.8 .248

Power (P) 10000 1450/.80 ~~ 23 .2~~~~21660 ON 4.27 ~O.l4 ,j~~.2: l~~2 1.4 .598

wer I
.5 

Approach (PA) j_10000 145 19.2 15450 OFF 2.2 0.28 3:1 14.5 .616

- - 
FIGURE 62

- ‘ AIRPLAN E DUTCH ROLL CHARACTERISTICS
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If the flight test team desires to show the variation of Dutch roll characteristics

with airspeed or Mach number, a plot similar to that shown in Figure 65 may be

utilized. When discussing Dutch roll characteristics in the body of the report, or

when presenting appropriate data, the condition of the stability augmentation, if

installed, must be explicitly stated.
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FIGURE 65
DUTCH ROLL CHARACTERISTICS
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Lateral-Directional Trimmability. Rudder-Only Turns, and Aileron-Only Turns

The determination of trimmability as presented herein is based on the test
pilot’s qualita tive opinion. Therefore, a qualitative discussion of trimmability in the

- - 
~. technical report is appropriate. The results of other tests may be used to substantiate

the qualitative opinion of lateral-directional trimmability.

The results of rudder-only turn and aileron-only turn tests are probably best
blended into discussions of static or dynamic lateral-directional characteristics. The

writer should make every effort ot correlate the qualitative and quantitative results
of all the tests conducted in order to present a meaningful picture of the airolane’s

.5 
lateral-directional flying qualities.
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SPECIFICATION REQUIREMENTS
p.5,’

S

Requirements for static and dynamic lateral-directional flying qualities are
contained in the following applicable paragraphs of Military Specification,
MI L-F-8785B(ASG), of 7 August 1969, hereafter referred to as the Specification.

3.2.3.7 Longitudinal control in sideslips

3.3. 1 Lateral-directional mode characteristics (except 3.3.1.2)

- - 3.3.2 Lateral-directional dynamic response characteristic (subparagraphs
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-induced rolls

3.3.5 Directional control characteristics (subparagraphs 3.3.5.1, 3.3.5.2)

3.3.6 Lateral-directional characteristics in steady sideslins

3.3.7 Lateral-directional control in crosswinds

.5 • 3.3.8 Lateral-directional control in dives

3.5.2 Mechanical characteristics (control system)
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The requirements of the Specification may be modified by the applicable

airplane Detail Specification. Comments concerning only those portions of the

Specification which require some interpretation are presented below.

3.3.2.2.1 The intent of this paragraph is to insure that there will be no

objectionable rot~ oscillations while executing small, precise lateral

inputs such as would be used in air-to-air or air-to-ground tracking

tasks. The damped period (t d ) 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 limit the amount of adverse or

.5 proverse sideslip following small lateral control inputs such as would be

used in tracking tasks. Again, the damped period of the Dutch roll must

.5 

‘ 
.5 

be known to determine Specification compliance.

3.3.7.2. 1 This paragraph specifies that satisfactory directional control using
.5 either rudder, aileron or a combination of both shall be maintained at

50 knots or above during takeoff and landing rollout.
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LATE RAL-D lR ECTIONAL F LYING QUALIT IES

G LOSSARY OF DEFINITIONS

4
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 roll. The term “adverse” does not, in itself,

denote unfavorable flying qualities.

PRO VERSE YAW - Yawing moments generated act so as to rotate the nose of the

airplane toward the direction of roIl. The term “proverse” does not necessarily

indic&e favorable flying quali ties.

ROLL MODE TIME CONSTANT - Time required for the roll rate to reach 63.2

percent of 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; a “ball-centered” turn.
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LATERAL-DIRECTIONAL F LYING QUALITIES
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TF~~ORY

ROLLING PERFORMANCE

GENERAL

The rolling performance and associated roll handling qualities of the airplane

• directly influence the ease and quickness with which the pilot can make direction
changes and wing Position corrections. Both these evolutions obviously involve the

ability to change and control bank angle. The pilot must be able to change flight

direction at will and the most expeditious means of ‘-~oing so is to ~ jL then pull

back on the stick or yoke. Therefore, the maneuverability of the airplane is directly

related to rolling performance as well as longitudinal maneuvering characteristics

discussed earlier.

The ability to make wing position changes and corrections is particularly critical

in close proximity to the ground. During takeoffs and landings in turbulent and/or

crosswind flight conditions, the pilot must be provided with adequate control of

wing position. A natural and stringent c~esign requirement on rolling performance is

thus in the low airspeed, low altitude, takeoff and landing flight condition.

The pilot’s opinion of the rolling performance and associated handling qualities
depends on several characteristics; the most important of which are the initial
response of the airplane to a lateral control input and the subsequent rolling velocity

or roll rate attained. The rolling motion generated by a lateral control input is

generally contaminated by yawing and pitching motion which may derogate

I~andling qualities significantly. Obviously , the latera l control forces required in

rolling the airplane and mechanical characteristics of the lateral control system also

influence pilot opinion.
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Much of the language used in this discussion of rolling performance has been

• • previously introduced in the Lateral-Directional Theory section earlier in the
• manual. The reader should refer to that section for derivations a’~i explanations of

stability derivatives and other terms and expressions, if necessary . The classic, single
degree of freedom roll mode of motion has also been previously introduced. This

discussion of roll response will begin by expanding that -:!iscussion of the single
• degree of freedom roll.

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 moment , and rolling moment.
Since the roll maneuver is a nonequilibrium or nonsteady-state motion durinq the

• initial acceleration to steady state roll rate, inertia terms must be include- i in the
expressions:

c IflU~~~ + II IU~~
S 1[)EFORC E ’y~~~- + y ~ + C L s in  — _______________

F qS

C C C C rb C 1
Y. \~V I S ~C ~1o~1L:-~f n -  + fl + ~~ a 

+ 
~ r ~V + ~ 2V 

= r

C C C C rb C ~~ 1
~~~~~~~~ ~ ~~~ r i~~~ p 2 v 1  1 xX ~r a

For the pure roll case, the rolling moment equation is the only equation which nee ’
• be considered. Additionally, the following terms are assumed to be small and can be

omitted for the single degree of freedom roll:

• C . C C , rb
~ S °r ’ 

~r ~V
r
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Thus, the single degree of freedom roll may be expressed as follows:

• ‘xx C b C a

~~ 
a = O

or C,
t qSb 6 qSb

• p b a a 0
xx I xx

or

~~~~~- L~,p -  L6 6 a = O

where:

= rolling acceleration ; radians per second per second.

p roll rate; radians per second.

= rolling acceleration per increment of roll rate, or
roll damping; rad/sec2 per rad/sec, or 

1/sec.
Läa = rolling acceleration per increment of lateral control

deflection , or lateral control p~ower; rad/sec
2 per radian,

1 2 -or /sec

lateral control deflection ; radians. -

These differential equations may be solved1 to yield a time solution in roll rate,
which is presented as follows:

L d

p (t) = 

6~ a 

{e
’~

t 
-

where : p (t) = the roll rate at any time , t.

1The solution is quite laborious and may be found in appropriate technical

literature.
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This expression describes the classic exponential buildup of roll rate from zero
to steady state after a step lateral control input. The 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 ~resented as follows: •

p ( t )  = 

~~ ~~1 - 
-t/

Ir)

where: PSS 
= steady state roll rate; radians per second.

T v 
= roll mode time constant, or the time for the roll rate

to reach 63.2 percent of the steady state roll rate

after a step lateral control input; seconds.

This analytical development can now be explained in meaningful , practical

terms. First of all , it is important to realize that the lateral control system is utilized
to generate roll rate, as the last equations imply, and is not used to directly

command bank angle. The bank angle attained depen 4s on the length of time the

lateral control input is held (Figure 66). The pilot finds this type of roll control

guite natural in most conventional airplane designs. Consider flow the initial

response of the airplane to the lateral control input. At the very instant the pilot
makes the control input, there is no roll rate, p, so there is no resistance to the roll
acceleration from L~. Therefore, the initial roll acceleration will he the maximum

roll acceleration (Figure 67). An expression for this initial roll acceleration may he
derived as follows:

- L~ ~ 
- L

6 ~~ = C)

however, at t = 0, p = 0, therefore: 
= 

= Ló
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Obviously, this initial roll acceleration is quite important to the pilot’s opinion of
the maneuverability of the airplane. The initial roll acceleration for maximum lateral

- ‘ . L ~control deflection, ISa aMAX, has been proposed as one criteria by which to
measure or classify airplane rolling performance.

a

1~’
_ _ _ _ _ _ _ _ _

dOEZ

O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4

TIME, t
( SECONDS)

FIGURE 66
AIRPLANE RESPONSE TO AILERON INPUT
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TIME,

FIGURE 67
• ROLL RATE RESPONSE TO STEP LATERAL CONTROL

INPUT
Steady State Roll Rate

As the roll rate increases after a lateral control input, the resistance to the
rolling or roll damping contribution. ~~~~~~~~~ increases. When the roll damping

• contributio,i equals the lateral control power contribution, LISa 6a, there is no
unbalance of accelerating contributions; Therefore, the roll acceleration, p, is zero,
and the steady state roll rate, P55, is attained (Figure 68). An expression for the
steady state roll rate is derived as follows:

- 
p 

- 
I. O

a =

IIOhC’. (~I~ w liei; L 
~ 

= L A 
, = 0 , and r = 

~ 
thusa ss ,

L~ 
a

a
3

n
-ss L

• Obviously, the steady state roll rate attained with various magnitudes of lateral
control deflection is quite important to the overall rolling performance.
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TIME , I

FIGURE 68
I 

STEADY STATE ROU.. RATE
The maximum steady state roll rate, expressed in nondimensional form 1, was

frequently used in the past as a measure of the airplane’s rolling performance. It is
defined as follows:

(2k ) =
2V.1. 

~~~ 
C , MA X

p

• where: p = maximum steady state roll rate attainable with full
• lateral control deflection; radians per second.

b = wing span; feet

VT = true airspeed, feet per second

This single criteria for rolling performance is quite poor, at best, since it does not
take into consideration rolling acceleration. In addition, it is an unrealistic

• requirement for airplanes capable of very high true airspeeds (particularly if their

• wing span is small).

is actually the helix angle described by the wingtip during a rolling maneuver.
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Roll Mode Time Constant

The roll mode time constant, Tr ,  influences the manner in which the roll rate

builds up and subsides after lateral control movements are made (Figure 69). It is a

rather important parameter affecting not only roll acceleration and deceleration hut

the technique the pilot utilizes in controlling bank angle. Its value is solely

dependent on roll damping, Lp: 
-

T
r p

The roll mode time constant is typically 1 second or less. It is a parameter which has
been proposed as one criteria for measuring rolling performance . Measurement of
the parameter in-flight requires sensitive instrumentation, good piloting technique,

and ana lytical manipulation of the data derived.

7

~~~~~~~~~~ 63.2 ;s 

~~~ NA~~

STEP AILERON iNPUT t

x
— I

C I 2
TIME , SECONDS

FIGURE 69
ROLL MODE TIME CONSTANT
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INFLUENCE OF V ARIOUS PARAMETERS ON ROLL CHARACTERISTIcS

• The variation of 
~ss’ and Tr , with various parameters will now be presented. It

~ ould be remembered that, for this theoretical discussion, each parameter is varied
- 

i
. 

in turn while holding all other parameters constant. The equations utilized to make
the rationalizations which follow are:

L

~s s t  ~a

4 1  4!
= - or xx or t = 

xx
r L r 2 r C 2

• 
- 

P C~~ p V1Sb L
p~

F
~~

)
ssi V eSb

Lateral Control Deflection

• 
~~

‘ Steady state roll rate classically varies directly with the magnitude of the lateral
control input. Obviously, the roll mode time constant is not influenced by this
parameter (Figure 70).

• :: CONSTANT VT 
— 

8
°MAX

• CONSTANT H~
CONSTANT l~~ 3• 

. ~~~

• a I
•
~~~ MAX

-J _ _ _ _ _ _ _ _ _ _ _ _ _ _

4 0 MAx

Tr- TIME, t

FIGURE 70
CLASSIC VARIATION OF ROLL CHARACTERISTICS WITH LATERAL

CONTROL DEFLECTION
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• Moment of Inertia in Roll

It is important to note that variations in rolling moment of inertia have no
influence on steady state roll rate. However, the roll mode time constant varies
directly with l,~~Figure 71). Thus, airplanes with large roll inertias (full tip tanks,

• 
.-• heavy wing stores, large wings, etc.) may be capable of significant steady state roll

rates yet exhibit poor roll acceleration and deceleration. Steady stdte roll rate alone
is an inadequate indicator of rolling performance.

• 
- 

_____ ______________________________________— _ _ _ _ _ _ _ _ _ _ _

— - 

~~~~~~~~~~~~~~~~~~~ 
W~CREASING l~~

• ~~ ~
;

Tr1 
Tr2 Tr Tr

TIME, I

FIGURE 71
TYPICAL VARIATION OF ROLL CHARACTERISTICS WITH ROLLING

MOMENT OF INERTIA
Altitude

If altitude is varied at a constant true airspeed, steady state roll rate remains
constant while the roll mode time constant increases with increasing altitude (Figure
72)

• pss 
______________________________________________

~~~~~~~~~~~~~ ~~~~~~~~~~EA~ NGH p
- 

I CONSTANT VT• 
I I CONSTANT ‘xx

CONSTANT ~~ 
I

• Tri Tr2 
V~3 

Tr4
TIME , 1

FIGURE 72
CLASSICAL VARIATION OF ROLL CHARACTERISTICS WITH ALTITUDE

(CONSTANT TRUE AIRSPEED)
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The influence of varying altitude at a constant equivalent airspeed is quite
- 

• different as shown in Figure 73. Although the roll mode time constant still increases

with altitude increase, steady state roll rate also increases because true airsoeed

increases. INCREASING H9
- •

~~

• 
_____ ______ _______ _____ 

pss 5

CON5TANT Ve
“A/I’ I CONSTANT 

~~
~ 

CONSTANT Bo

Tr Tr Tr
• TIME,?

FIGURE 73
TYPICAL VARIATION OF ROLL CHARACTERISTICS WITH ALTITUDE

Airspeed (CONSTANT Ve)

- 
• Steady state roll rate varies directly with true airspeed and the roll mode time

constant varies inversely with true airspeed (Figure 74).
INCREASING V1

CONSTANT ALTITUOE

• TRUE AIRSPEED, VT TIME, I

FIGURE 74
• CLASSICAL VARIATION OF ROLL CHARACTERISTICS WITH

TRUE AIRSPEED
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REAL AIRPLANE RESPONSE TO LATERAL CONTROL INPQI&

The actual airplane response to a lateral control input is almost invariably
- ;• somewhat different from that predicted by the classic single degree of freedom

analysis. These differences may be attributable to the Dutch roll influence , roll
coupling, and aeroelastic effects.

• Dutch Roll Excitation During Rolling Maneuvers

The degree of excitation of the Dutch roll motion and the resultant influence on
rolling performance depend on several factors. The most important of these
parameters are: directional stability, yawing moments developed with latera l

• control deflection and roll rate, Dutch roll frequency, damping and roll-to-yaw ratio,
and dihedra l effect. Obviously, several of these factors are directly relate ~ and it is
impossible to present discussions of all possible combinations of characteristics.
However, several combinations are of particular interest.

C C CHigh ~B, Low 2-
~~,Low 

t’
~ a. and n0~ 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 rolling maneuvers. The small sideslip angles which are developed

• have little influence on rolling performance due to the weak dihedral effect.
(Because of the weak dihedra l effect , the roll-to-yaw ratio of the Dutch roll motion
will probably be low .) Thus, for this combination of characteristics , Dutch roll
influence on rolling motion is insignificant. The airplane may be maneuvered 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 satisfactory. The response
curve of this airplane would closely approximate the single degree of freedom case
(Figure 75).
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Sing le degree of freedom roll response.

High 
C~ low ~~~ low Cfl , low

• Low C~ high CL ~~~ 
Cfl; high C~~•

Low C~ very h igh Ct very high Cfl and C~

FIGURE 75
TYPICAL INFLUENCE OF VARIOUS CHARACTERISTICS ON ROLL RESPONSE
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C C C
Low n~ Low ~~~~~~~ High ~~a, and Cnp Next consider an airplane with

relatively low directional stability, high yawing moments generated by lateral
• control deflection and roll rate, yet relatively low dihedral effect. These conditions

would probably result in a low roll-to-yaw ratio. During rolling maneuvers in this
• airplane, aileron yawing moments, Cn~ a’ and yawing moments generated by roll

• rate, C~ç,, would most likely generate significant sideslip excursions. While these

excursions would probably have rather small effects on rolling performance per se
due to the low dihedral effect, roll handling qualities may be seriously degraded. The

• pilot may experience such undesirable characteristics as 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 in
instrument flight conditions.

• C C C
Low np~~ jg~ ~~ High- ~óa, and “.~~ The combination of relatively weak

directional stability, strong dihedral effect , and significant yawing mom ents

generated by lateral control deflection and roll rate can result in serious roll

handling qualities problems. These conditions would probably result in a Dutch roll
motion of rather high roll-to-yaw ratio. The Dutch roll motion will be excited during
roll maneuvers because of the relatively large adverse or proverse yawing moments.

If the yawing moments are adverse, the sideslip generated will have the same sign as

the roll rate. i.e.. in a roll to the right, the sideslii will be to the right of the

airplane’s nose, etc. It can readily be seen that adverse yaw combined with large

positive dihedral effect (large negative C9,~~) can severely derogate rolling

performance (Figure 75). If the Dutch roll motion is lightly damped, the roll

response may be oscillatory (Figure 75). 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 75). Acceptable rolling

performance may be regained in these cases by appropriate rudder coordination
• during rolling maneuvers. However, the rudder inputs would have to be large, quick ,

and precisely timed to alleviate the worst situation shown in Figure 75. Under stress

of actual operational conditions, the pilot probably would not be able to devote

sufficient attention to rudder coordination in this case.

V- 149



—~—•. —--——••—,• .—— • - —.———.——• —• .-‘——•—,~,— — --• • —.————— - —•— •— ——•~~~~—‘•.-•———~~. —•— .••———~~ •,••.——- ~•—.—•—,‘~—-“•..——.—.——..•• .• •r
Roll Couoling

Roll coupling may- be defined as pitching and yawing motions which are induced
- 

• by inertial and kinematic effects during high rate rolls. These motions may be of a
- 
‘• sufficient magnitude to overcome the stability of the airplane; spectacular

• departures into uncontrollable flight conditions is a possible consequence. Under
conditions of high dynamic pressure, these excursions may generate forces and

• 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 occur sinaularjy in actual flight
conditions. Their influence may be additive and aggravate the resultant motion or
act in opposition and alleviate divergent tendencies. These three factors are: inertia• 
coupling 1 kinematic coupling, and the I xz effect.

The mathematical relationships required to describe such grossly nonlinear
motions as roll coupling are extremely complex and are omitted in this presentation.

• The primary purpose of this discussion is to provide a practical understanding of the
factors contributing to roll coupling.

Inertia Coupling. The inertia distribution of an airplane may be represented by
pairs of concentrated masses, as shown in Figure 76. For clarity in the top pictorial
presentation, the rolling inertia pairs (represented by 1

~~
) are shown in the plane of

symmetry of the airplane vice in the wing pj
~~~ However, this has no effect on the

resultant motion. Note that in the top picture of Figure 76, if roll rate, p, and yaw
rate, r, are present simultaneously, a resultant angular velocity c~, is created. The
airplane then rotates (rolls and yaws) about an axis which is represented by the

1Rofl coupling has frequently been incorrectly referred to as “inertia coupling,”
since inertia effects have a predominant influence on the motion. However, the
phenomenon is best described simply as “roll coupling.”
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resultant angular velocity vector. c11.The yawing inertia pairs, represented by i

are consequently subjected to centrifugal forces which generate a nose un pitching

moment 
My1 The rolling inertia pairs, represented by ‘xx’ are also subjected to

centrifugal forces. However, their contribution is a nose down pitching moment,

• 
M~2 The nose up pitching moment, My 1, is generally predominant since the
moment of inertia in yaw, 1 zz’ is usually larger than the moment of inertia in roll,

~~ (If the airplane is rolling left and yawing left, the predominant pitching moment
will still be nose up. If the airplane is rolling left and yawing right, or vice versa, the
resultant pitching moment will be nose down.)

M~1 f r -~-.

~~~M~2

• 

- ~~~~~~~~~~~~~~~ ZZ ELOCITY IN ROLL, p

~ZZ fri ~i)~)( ~~~~~~~~~~~

* 
~~ RESULTANT ANGULAR

/ 

~t~
—-’-.::::,.~ ~

VELOCITY~ £~I
ANGULAR VELOClTV,~

_, ~t?  
I

IN YAW , r __.__——~~ -

ANGULAR VELOCITY
____ fN PITCH, q 

,~~~~~-

• •

‘U ç,,.’.~ RESULTANT ANGULAR
VELOCITY, £12( 

~~~~~~~~~~~~ ~~~~~~~~ 
p

/ANGULAR VELOCITY

— 1* -

Symb,ls 
~~~~~~ 

represent p itching moment of inertia , I

Sym bols  i~~ represent rollin g moment of ir ,ert ia, I

• Symbols i . represent yawing moment of in ertia , 1- :

lop a i rp lane is  rollin g ri ght and ya~ ing ri ght.

Bottom a i rp lan e i s ro l l ing ri gh t and p itching down .

FIGURE 76
GENERATION OF INER 1A COUPLING MOMENTS
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In the bottom picture of Figure 76, the influence of simultaneous roll rate, p,

and pitch rate, q, is shown. The resultant angular velocity, Q~, is created and the

airplane then rotates (pitches and rolls) about the resultant angular velocity vector.
The pitching inertia pairs, ~yy. are consequently subjected to centrifugal forces

which generate a yawing moment to the right. Mzi. The rolling inertia pairs,

represented by ~~ are also subjected to centrifugal forces. However, their resultant

yawing moment, MZ2 is in opposition to Mzi . The yawing moment, Mz1 is

• generally predominant since the moment of inertia in pitch, 1yy’ is usually larger

than the moment of inertia in roll, lxx. (If the airplane is rolling left and pitching

nose up, the resultant yawing motion will still be nose right. If the airplane is rolling

right and pitching nose up or vice versa, the resultant yawing motion will he nose
• left.)

It can readily be rationalized that the moments generated by inertia effects

could be reduced to zero (see Figure 76) if the rolling moment of inertia, lxx, was

equal to the yawing and pitching moments of inertia, ‘zz and ‘yy’ respectively.

Thus, inertia coupling depends on mass distribution. 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.

Consider now the evolution of the modern high performance airplane shape and

mass distribution (Figure 77). In order to accommodate the increasing loads and

equipment of the high performance airplane behind a minimum of frontal area,

fuselages have become more and more elongated and densely loaded all along their

axis. The low aspect ratio, thin wing planforms have been utilized to decrease

transonic and supersonic drag. As a result, moments of inertia in pitch and yaw, Ivy
and have been increasing steadily with corresponding decreases in moment of

inertia in roll, ~~ A comparison of inertia characteristics of World War II vintage

airplanes with present day high performance airplanes reveals the following typical

ratios:
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• 1 ~)39 -45 -~~ I rp l anes ~lodL rn I g h l  - r form oict . \ I rj i

I)~):I X X = 4:3 
~~~~~~ 

ill :!

= 4:3 I zz : I xx l~I :l

-‘ Airplane of• 1939—45 period Mod - rn  h i gh performance
airp lane .

• Hatching denotes regions of concentration of primary
masses within the airplanes

FIGURE 77
COMPARISON OF AIRPLANE MASS DISTRIBUTION

Thus, it is easy to realize -that inertia coupling has become increasingly more

pronounced on modern, high performance airplane designs.

The tendency of the airplane to diverge in yaw or pitch due to inertia coupling

• is resisted by the directional stability, Cm~, and angle of attack stability, Cm~ Based
on inertia coupling considerations only, expressions for critical roll rate, ~C R I T ,
defined as the roll rate at which directional or longitudinal instability will be
encountered, may be written as follows:

1/Cm qSE qsb

~t I --

~CRIT !.....__Y ~CR~ T ‘1 
~ — l  2 1 — 1

‘ 
f—xx zz :1
Il I ~1 I --yy -_ ‘.
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Note that critical roll rate varies directly with angle of attack stability and

directional stabili ty. As moments of inertia in pitch and yaw increase

proportionately to the moment of inertia in roll, critical roll rate is decreased (the

denominator in both expressions approaches one).

Kinematic Coupling. Kinematic 1 coupling may be considered- as an actual

interchange of angle of attack and sideslip during a rolling maneuver. This coupling

results entirely from geometric conriderations.

The interchange of angle of attack and sideslip is illustrated in Figure 78. In the

top picture of Figure 78, the airplane is rolled from an initial positive angle of attack

which results in a sideslip of equal magnitude after 90 degrees of roll. The bottom

picture of Figure 78 shows the result of initiating a roll with inherent sideslip. After

90 degrees of roll, the sideslip is transformed to angle of attack. It is obvious that, in
- - actuality, the aerodynamic stabilities of the airplane in pitch and yaw, Cm~ and Cn~ ,

will oppose the introduction of any angle of attack and sideslip excursions which

differ from a trimmed, equilibrium condition. However, the airplane’s capacity to

1Kinematics is a branch of mechanics which deals with motion in the abstract

without reference to the force or mass.
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prevent these excursions depends on the natural frequencies~ of the airplane in pitch
and yaw as well as the 1rno~sed roll rate. The roll rate dictates the rate at which the

angle of attack and sideslip interchanges are being imposed on the airplane dynamic
system, i.e., the roll rate determines the “disturbance rate.” As long as this
disturbance rate is relatively low, the airplane dynamic system is able to cope with
the disturbance inputs in angle of attack and sideslip, and the motion is stable.
However, if the roll rate is high enough in relation to the airplane natural
frequencies, the airplane system may be forced to accept cyclic inputs of angle of
attack and sic$ eslip with which it cannot contend and a pure divergence in pitch or

yaw results . Thus, the relationships between the magnitudes of Cm Cn~ and roll
rate are of extreme importance in determining the resultant airplane response. As
Cm and Cn~ decrease, with resultant decreases in natural frequencies in pitch and

yaw, and as roll rate increases, the possibility of saturating the airplane system with
cyclic angle of attack and sideslip interchange increases.

3P~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ P

FIGURE 78
K%NEMATIC COUPLING

1The natural frequencies in pitch and yaw are directly related to angle of attack

stability, Cm and directional stahility,Cn~ , respectively.
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L The lxz Parameter. Three products of inertia appear in the equations of motion

for a rigid airplane. They are ‘xy’ lyz~ and ‘xz • By virtue of typical airplane
conformation, the products of inertia, 1 xy and l~~, are generally equal to zero, while

the product of inertia, 
~~ is almost invariably not equal to zero. If IXZ is not equal

to zero, it means that the X axis of the airplane is not aligned with the principle
inertial axis (see Figure 79).
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The mass d i s t r ibu t ion  of the airp lane can

be represented by two crossed dumbbe 11~~, each

bell  being a quarter of the total  mass. The

dumbbells are crossed exactly in their centers
at the CG of the airplane. The products of

• inertia I , I and I can be thought of asxy yz xz
measures of the un iform ity of the mass dis-

tribution about the Y axis , Z axis , and X axis

respectively. By vi r tue  of airp lan e symmetry

about the Y and Z axes:

I = 0xy
I = 0yz

However , note that the mass d is t r ibut ion  about

the X axis is not symmetrical , therefore

• I xz~~~
0

There exists an axis , denoted by x , about
which the product of inertia , I~~, would be

equal to zero. This axis is called the principle

inertiai axis.

FIGURE 79
PRODUCT OF INERTIA AND PRINCIPLE INERTIAL AXIS
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• When an airplane is rolled about an axis which does not coincide with its

principle inertial axis, centrifugal forces are generated which tend to cause the

• airplane to diverge (Figure 80). The magnitudes of the forces and moments created

are functions of the rate of roll, p, and the numerical value of 1xz relative to the
actual axis of roll. This phenomenon is easi’y visualized by considering a
cymmetrical rod to represent the distributed mass along the length of the fuselage. If

- 

- 
this rod is subjected to rotation about an axis which is inclined to the rod at some
small angle, the centrifuga l forces and moments created tend to cause the rod to

increase its displacement from the axis of rotation (i.e., become a flyweight).

F2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

X A XIS

- 
- ._ PRINCIPLE

INERTIAL AXIS

F1

FIGURE 80
I
~z EFFECTS ON ROLLING MOTION

Again, the airplane’s ability to counteract the influence of mass distribution on

roll handling qualities depends or. the aerodynamic stabilities of the airplane in pitch
and yaw.

The Pilot’s Contribution to Roll Couoling~ The pilot is capable of inducing roll
coupling difficulties by improper piloting technique or by a lack of appreciation for

the flight retrictions I ‘posed on the airplane. Theoretically, the pilot could overr ide

the influence of roll coupling during the rolling maneuver by applying suitable
coordinated rudder and elevator inputs. A typical computer study program reveals
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that the pilot would be required to make control inputs as shown in Figure 81.

Obviously, it would be exceedingly difficult to achieve the required control

movements in the short time interval since the control inputs are not related to
readily perceptible flight sensations. More than likely, the pilot attempts at

H coordination would be ill timed and reinforce the departures in angle of attack and

sideslip.

0.

,
1~~~

~~~~ SECONDS

/

8e’ 8r
TIME ,

• ,

• 
‘5

— -- --

FIGURE 81
TYPI CAL PILOT CONTROL INPUTS REQUIRED TO OVERCOME ROLL

COUPLING EFFECTS
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Conclusions Concerning Roll Coupling. Combinations of inertia coupling,
kinematic coupling, and 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. The pilot cannot reasonably be expected to cope with the sudden

divergences in angle of attack and sideslip. Therefore, the only solution to the roll
coupling problem is to attempt to prevent the possibilities of encountering it. The

airplane designer may provide increased acrodynamic stability in yaw or pitch. This

may be done by increasing the size of the vertical tail or by providing suitable

artificial stability augmentation. In addition, appropriate airplane operational
• limitations are published : roll rate limits, bank angle change limits, lateral control

- 

• 
deflection limits, rolling pull-out and rolling pushover limits, etc. The operational
pilot must be suitably educated in the problems associated with roll coupling; no

pilot would intentionally break rolling limitations imposed on his airplane if he

understood the possible consequences.

Aeroelastic Effects. The actual variation of rate of roll with airplane true

airspeed may fall short of that predicted by rigid wing theory, esoecially at high
airspeeds. This is due to the effects of wing twist and wing bending. When the

trailing edge aileron is deflected, the wing tends to ~~‘j~ so as to unload itself, i.e.,
attempt to decrease the forces and moments being applied to the wing structure
(Figure 82). Obviously, wing twist would derogate the rate of roll attainable with a
given lateral control deflection.

V.160 

. ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_.-

~
-- -

~~~~~
- . 

~~~~~~~~~~~~~~~~~~~~~~~~ 
- ---—- -— -- •- - - -----

C
~~~~~~~~~~~~~~~~~~

TER

CENTER

Ló
a 

= force generated by deflecting aileron trailing
edge up.

L
~ 

= wing lift vector excluding L45
a~

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 its elastic

center, a point in the section about which torsional

deflection occurs. Obviously, if the wing twists in

this manner, the rolling moment is somewhat decreased,

therefore rolling performance is decreased.

FIGURE 82
WING TWIST DURING ROLLING MOTION
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If the airplane has swept wings, wing bending may be a factor in rolling
performance (Figure 83). The chord line of the wing with sweepback makes an angle

P with the airplane centerline, yet the wing bends oernendicular to the airplane
centerline. Swept wing bending, in response to moments created by lateral control
deflection, thus changes the effective wing angle of attack. These changes tend to

- •
~ derogate the rate of roll attainable with a given lateral control deflection.

- 
- 

AILERON TRAJUNG EDGE DOWN

RIGHT WING

EFFECTIVE ANGLE OF ATTACK IS REDUCED
ON UPGOING WING

- 
REDUCTION ~4 ANGLE OF ATTACK TEP~S TOREDUCE ROLL RATE

• :: FIGURE 83
- - INFLUENCE OF WING BENDING ON ROLLING PERFORM-

- 

• ANCE OF A SWEPT —WING AIRPLANE
. The typical influence of wing twist and wing bending is shown in Figure 84. If

the airspeed is high enough, a point may be reached where the combined effects of
wing twist and wing bending will counter the rolling moment generated by aileron
deflection. This airspeed, at which lateral control is completely derogated by
aeroelastic effects, is called the “aileron reversal speed”, Vr. It is extremely
important, obviously, for the airplane designer to insure that the wings are
sufficiently rigid to cause V r to be greater than any airspeed at which the airplane
will be operated.
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+ NO AEROELASTIC .*—,

0. EFFECTS

I AEROEL~~~~~~
\

EFFECTS

TRUE AIRSPEED, y r ~~~
- +

FIGURE 84
TYPICAL INFLUENCE OF AEROELASTIC EFFECTS ON ROLLING

PERFORMANCE

LATE R A L C O N T R O L  FORCES

Lateral control forces are generated by the requirement for the pilot to move

the lateral control system to the position for equilibrium in the rolling maneuver . If

the lateral control system is irreversible, lateral control forces are merely a function

of lateral control Dosition. i.e.:

Fa = K 1 ~ a (linear feel spring system )

or F = K~ ~‘~~ a (“ q -f c e l”  sys tem)

where K 1 and K 2 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, dynamic pressure, and the imposed rate of

roll. The aileron float angles developed during roll maneuvers may be substantial for
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the reversible control system. An expression for the floating angle of the aileron may

• be developed as follows. If the hinge moment coefficients are considered linear

functions of angle of attack and aileron deflection, the total hinge moment
b

- ~~~• 
coefficient may be expressed:

Ch a 
= 

Ch S a ~ 
+ Ch 

~
aAVE

where : Ch = ai leron h inge  moment c o e f f i c i e n t  v a r i a t i o n  s i th  a i lerona deflec t ion at zero angle of attack.

= ai le ron  h inge  moment c o e f f i c ie n t  v a r i a t i o n  w i t h  s i n g

ang le of a t t ack  at zero a i l e r o n  d e f l e c t i o n .

A
~ AVE = Average increment  of ang le of a t t a c k  due to the

ro l l i ng  ve loc i ty  (Fi gure 8c) .
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From Figure 86:

=
AVE V

If Cha is zero, 6a is the aileron float angle , aFLOAT, which may

then be expressed as:

6 a = - -~~~ 
2%__ = - —

~~ 
(~~~-j (

~~FLOAT Ck V C1~ b 2V
“6 ‘ 6a a

Thus, float angle in the steady state roll is proportional to roll rate, p.

AIRPLANE Q

y ’:OISTANCE OF SPANWISE LOCATION
4 ____________________ OF CENTER OF MASS CF THE

AILERON FROM THE AIRPLANE
.~ CENTERLINE

I ’ ~~~~~~L/

~~~~

J

LA WIND

~~OAVE

py’SIN~~ a =
RELATIVE

- 

- FOR SMALL ANGLES: A.~~~: 4..

FIGURE 86
GENERATION OF’ ANGLE OF’ ATTACK CHANGES DURING ROLLING

MANEUVERS
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Since the pilot must apply lateral control forces to move the aileron from its

float position to the equilibrium position, The analytical expression for lateral

control forces in the reversible system is as follows:

- 
(

F = - K C  q S c  ~o - 5a hó a 
a a 

~~
aI.QUII IBRIU~1 aFLO, !•

where : K = a cons tant describing the charac ter i st ics of the

sys tem , radians per foot.

S
a 

= area of the aileron , square feet.

average a i l e r o n  chord , f ee t .

Now since :

a
EQUILIBRIU\I 

L
b 

(s teady state r o l l )

and: 
~a = - 

-~~ ( 2y~~ (pb
FLOAT Ch “ b ‘~~2V

a
lateral control forces in the reversible control system may be

expressed 1 as:
C C

F = V p~~ - 
~ 

Ch Sa~ a b~ 
~~~

- 

a 

+ ~~~~~~;

-
• -

~ or, for a constant altitude , merel y:

F = K1 VP (H = constant)

Several mathematica l manipulations have been omitted.
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Since roIl rate varies directly with true velocity, lateral control forces vary

essentially as the true velocity sauared. Therefore, for the reversible control system,

there will always be some true airspeed beyond which the lateral control force

requirements exceed the pilot’s strength capabilities. The airplane designer must be

very careful to provide aerodynamic balance which insures reasonable lateral control
• forces in the usable airspeed range of the airplane. This is a most difficult design

problem , thus boosted lateral control systems or completely irreversible lateral

control systems are common on airplanes with significant airspeed capabilities.

c

The last equation can be utilizedto show the degree of degradation of rate of

roll at high airspeeds where the pilot is unable to apply full lateral control because of

excessive forces. For a constant altitude situation, assume the pilot can apply a

maximum lateral control force of 30 pounds. For this case:

p V = K 2

• Therefore, the rate of roll will decrease hyperbolically with airspeed after the pilot is

denied maximum lateral control deflection by the force restraint (Figure 87).

If the resoonse of airplanes with reversible and irreversible lateral control
systems is compared, the airplane with the irreversible control system may seem to
be more resoonsive.
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OBTAINED WITH THE PILOTS MA~~4UM‘V FORCE CAF*CITY. THEREFORE, p

7 

DECREASES HYPERBOUCALLY WITH

TRLE AIRSPEED, V1

FIGURE 87
ROLLING PERFORMANCE MAY BE LIMITED BY FORCE REQUIRE-
MENTS FOR THE REVERSIBLE CONTROL SYSTEM

Considering c,~ly the aerodynamic hinge moments, this is because, for the same

lateral force input, the aileron deflection-in the reversible system will not be as large

because the float anale has not had a chance to develop. The float angle develops as

a function of roll rate (Figure 88a). In order to generate the same initial response in

roll rate, the reversible control system will require more force initially (Figure 88b).

In any case, the airplane equipped with a reversible lateral control system which
exhibits some measure of aileron float may seem less sensitive and responsive to
lateral force inputs.
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(a) (b)

FIGURE 88
POSSIBLE RESPONSE CHARACTERISTICS WITH REVERSIBLE AND

IRREVERSIBLE CONTROL SYSTEMS
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TEST PROCEDURES AND TECHNIQUES

R O L L I N G  P E R F O R M A N C E

PREFLIGHT PROCEDURES

A thorough investigation of rolling performance and associated roll handling
qualities must begin with careful preflight planning. The ouroose and scooe of the
investigation must be clearly defined, then a plan of attack or method of test can be
formulated.

• Preflight planning must begin with research. This includes a study of the
airp lane and a thorough study of the lateral control system - including stability and

control augmentation if installed. All available information on roll handling qualities
should be reviewed. Much useful information may be obtained from pilots and
engineers familiar with the characteristics of the airplane.

The flight test team should give due consideration to roll restrictions imposed
on the test vehicle. During rolling performance tests, the airplane may be pushed
near its boundaries of controllability. Flight testing in suspected regions of roll
coup ling warrants a Cautious, method ical approach and must be accompanied by
thorough computer studies that stay current with flight data.

The particular mission tasks to be investigated must be determined and clearly
understood by the fligh test team. Knowledge of the mission and the associated

~~~ allows determination of appropriate test conditions - configurations, altitudes,
centers of gravity, trim airspeeds, and gross weights. Test conditions must be
commensurate with the mission environment of the airplane. Center of gravity
position is not particularly critical for rolling performance tests. Tests at normal
operational CG positions for a test loading are generally adequate; however, if
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feasible, the most aft operationa’ CG positions should be utilized. Rolling
performance may be altered markedly by various combinations of external stores
and/or rolling moments of inertia. The external or internal stores loading which

results in the maximum rolling moment of inertia, ~~~ should be carefull y

investigated. Asymmetric store loadings may also seriously derogate rolling

performance; these conditions should be investigated on any airplane which may

carry asymmetric stores in operational use.

The amount and sophistication of instrumentation will depend on the purpose

and scope of the evaluation. A good, meaningful qualitative investigation can be

performed with only production cockpit instruments and portable instrumentation -

hand held force gauge and stopwatch. Automatic recording devices, such 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 sens itive

cockp it instruments are also very useful. The parameters to be recorded and the

ranges and sens itivities 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 roll ing performance data card is shown in Figure 89. Since the pilot

may be recording different parameters for each test condition, the 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 interpret in flight. Blank

cards shou ld be used for appropriate qualitative pilot comments.
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FLIGHT TEST TECH NIQUES

The Qualitative Phase of the Evaluation

Rolling performance and associated roll handling qualities must be evaluated in

relation to their influence on various mission tasks. Therefore, the test pilot must

devote a portion of the flight test time to performing or simulating the mission tasks

which have been selected. The pilot’s qualitative opinion of the maneuvering

capabilities, of the airplane depends, to a substantial extent, on rolling performance.

Due consideration should be given during this phase of the test to the following

points:

1. Whether the mn,.ion tasks will be performed in VFR and IFR weather, or

strictly VFR conditions.

• - 2. The availability of an auto-pilot or automatic flight control system for pilot

relief.

- .- 
3. If lateral-directional stability or control augmentation systems are installed,

the consequences of their failure.

The test pilot’s qualitative opinion of the rolling performance and roll handling

• qualities in relation to the selected mission tasks is the most important information

to be obtained. Therefore, this phase of the test must not be overlooked. Use of the

auantitative test techniques described be’ow hopefully allows the test pilot to

substantiate his qualitative opinion.
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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 characteristics of the
lateral flight control system will not be restated. This discussion is mainly concerned
with the direct influence of mechanical characteristics on roll handling qualities.

Breakout Forces. Including Friction. Friction in the lateral control system, if

substantial, can contribute to poor centering and poor roll sensitivity for small

lateral force inputs. Therefore, pure friction should be kept as small as possible.

Some lateral control breakout force is generally beneficial. It can contribute to good

laterat control centering and it tends to reduce the tendency for the pilot to make
• inadvertent lateral inputs. Breakout forces tend also to reduce “roll sensitivity”

about a trimmed condition, which may eliminate pilot-induced-oscillations in roll
- 

- 
- for certain flight conditions. However, breakout forces must obviously be

maintained at a judicious level.

-f Breakout forces should be suitably matched to the lateral control force variation
with lateral contro l position. A combination of large lateral breakout force and

shallow lateral force gradient results in artificial nonlinearity in lateral control force

requirements. This situation generates very poor roll control feel when the pilot

attempts to maneuver precisely with small lateral inputs.

Freeplay. Freep lay in the lateral control system should be as small as possible.

Excessive freeplay results in difficulty in performing precise bank angle control tasks

with small lateral control inputs.
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Centering. Positive centering of the lateral control system allows the pilot to
stop a developed roll rate (in order to establish a desired bank angle) merely by
relaxing left or right lateral contro~ force.

t

~ Qfltrol System Oscillations. Oscillations of the lateral control surface and
lateral controi system, initiated by either external perturbations or pilot inputs,
should not be noticeable during any bank angle control tasks or rolling maneuvers.

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 clearly understood. Therefore, these
factors and parameters are summarized here.

Rate of Roll. p. The steady state roll rate, p55. obtainable with various
magnitudes of lateral control deflection obviously influences the pilot’s opinion of
the maneuvering capabilities-of the airplane. The tim required to make bank angle

• changes or bank angle corrections is directly related to this characteristic.

A parameter computed using steady state roll rate, Pb/2VV, was frequently
utilized in the past as a quantitative measure of an a irpla ne’s rolling performance.
The concept of the roll helix angle, or “nondimensional roll rate” (Pb/2S1~, as an

indicator of rolling performance was justified on the basis that pilots desire an

increase in roll rate with faster airspeeds and also desire that small airplanes be

capable of higher roll rates than large airplanes. Thus, by specifying a minimuj~
Fb/2VT, higher roll rates are required as true airsoeed increases and wing span
decreases. However, if true airspeed is very hi~~ and the airplane’s wing span is very

~~~~~~ steady state roll rates which exceed maximum useable roll rates are required
to meet the minimum Pb/2VT of some specifications.
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Another parameter computed using steady state roll rate, pb,2, has also

sometimes been utilized as a measure of the rolling performance of fairly large
airplanes in the approach and landing phases of mission accomplishment. This
parameter is actually the vertical velocity of the wing tio during a rolling maneuver.

- 

- By stating a minimum pb,2, the attempt is made to provide adequate rolling

performance to countereact the influence of the maximum vertical gusts

experienced in close proximity to the ground.

Steady state roll rate, wing tip helix angle, and wing tip vertical velocity are

easily determined or computed from flight tests. However, they are obviously

incomplete indicators of rolling performance since the influence of roll acceleration

and deceleration is not considered.

Roll Mode Time Constant. ,~~~~,,. The roll mode time constant T R, is the time in

• seconds for the roll rate to build to 63.2 percent of its steady state value following a

step inPut of lateral control deflection, It is obviously a measure of the roll
acceleration or deceleration following lateral control position changes, thereby

influencing the pilot’s opinion of the maneuvering capabilities of the airplane.
However, its value can also affect the piloting technique utilized in bank angle

control tasks.

For an airplane with a relatively short roll mode time constant, the lateral

control system is a “roll rate commanding” system. The pilot applies the lateral
• control input, the steady state roll rate is quickly attained, and the pilot holds the

input until the desired bank angle is approached, then takes it out to stop the roll

rate at the desired bank angle. The pilot finds this type of roll control natural and

• satisfactory from a technique point of view (Figure 90).
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If the roll mode time constant is too lonq, the initial roll response data lateral

control input may be sluggish, thus derogating quick and precise maneuvering

capabilities. The pilot may resort to forcing or driving the initial response he desires

by applying large initial inputs of lateral control deflection. However, this technique
• is generally unacceptable, since the roll rate continues to accelerate or build w.~ and

therefore is difficult to stop. Lateral control inputs essentially command 1211

acceleration vice roll rate when the time constant is large. During the response time

of interest to the pilot - one or two seconds following a lateral control input - the

roll rate exhibits a constant change. Therefore, the pilot has an uncomfortable or

insecure feeling about both 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 the lateral control system to get the roll started, then leads with a

pulse in the opposite direction to stop the roll. This type of roll control requires

increased pilot attention and adaptability (Figure 90).

• The results of flying qualities investigations have revealed that the roll mode
time constant should be no greater than one second for high maneuverability

airplanes in flight phases or tasks which require precision tracking or precise flight

Path control. For all airplanes in alt phases of mission accomplishment, a roll mode

time constant greater than 1.4 seconds generally results in objectionably sluggish roll

response and requires a change in piloting technique. Determination of the roll mode

time constant from in-flight tests requires special sensitive automatic recording

devices (oscillograph, magnetic tape, telemetry, etc ) and a special data analysis

procedure to be presented later.
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Bank Angle Change in a Given ~~~~~~ The bank angle change in a given time

parameter , ~t , is probably the best single indicator of rolling performance.

depends both on steady state roll rate, p55, and the roll mode time constant, TR. In
addition, when the bank angle change is timed from the initiation of the pilot’s
lateral force application, ~P t, will reflect any freeplay, lost motion, flexibility, or lag
in the latera l control system. By basing the parameter on bank angle changes which
are representative _of operational maneuvers, rolling performance is expressed in
direct and mean~tigful terms. Determination of the bank angle change in a given time
parameter can be easily and accurat~iy made from flight tests with automatic
recording devices. It can be approximately measured using only cockpit instruments
and portable instrumentation.

Lateral Control Force, Fp. Lateral control forces required to obtain the rolling

performance necessary for various mission tasks should be comfortable for the pilot.

Forces of too large or too small a magnitude cause objectionable sluggishness or

sensitivity in response to small lateral control inputs. The maximum and minimum
forces which are acceptable in any airplane depend on the mission of the airplane. In
general, lower lateral control forces are desirable for high maneuverability airplanes,

- • 
and increased lateral 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 control forces may be accepted since the pilot is able to apply both
hands, thus larger forces, to the control.

The Aneasurement of lateral control forces during rol ling maneuvers is difficult

unless automatic recording devices are available.

Lateral Cockoit Control Position. The lateral cockpit control movements

• required to generate rolling performance necessary for various mission tasks should
neither be too small or too large. If the pilot is continually striking the lateral

control stops in order to obtain acceptable rolling performance, he probably feels
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insecure and uncertain about the maneuverability of his airplane. However, the pilot

• should be able to obtain full lateral control deflection if need ed without interference

from his body or his flight equipment. 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.

Dutch Roll Influence. The degree of excitation of the Dutch roll motion and
the resultant influence on rolling performance and roll handling qualities depend on

many factors. For optimum rolling characteristics, the pilot should visually detect
• little or no Dutch roll motion during rolling maneuvers required in operational

mission tasks. If the Dutch roll is excited to a significant degree, it will probably be
manifested in one of two ways, depending on the roll-to-yaw ratio of the motion.

For airplanes exhibiting relatively low roll-to-yaw ratios, corresponding to weak
dihedral effect , Dutch roll excitation during rolling maneuvers is noted as sk~eslip
excursions. Rolling performance, in terms of steady state roll rate or bank angle
change in a given time, is probably not seriously affected by these sideslip
excursions. However, the sideslip per s~ is important since it precipitates oscillations
of the nose of the airplane during turns and/or a lag or initial reversal in turn rate

during a turn entry. The amount of sideslip acceptable during bank angle control

tasks depends on the nhase annIe of the sideslip, i.e., whether the sideslip is aiverse
or proverse. Adverse sideslip is actually easier for the pilot to counteract; “natural”
rudder coordination - rudder application in the same direction as the lateral control

input and turn - can be utilized. However, if the sideslip is proverse, the rudder
coordination required to reduce sideslip is difficult and unnatural, since cross
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• controlling is necessary. During rapid maneuvering, most pilots unconsciously apply

rudder in the same direction as the lateral control input and turn even though they

are aware that prpverse yawing moments and proverse sideslip is being generated.

This seriously complicates the sideslip excursion problem.

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 derogate rolling performance in terms

of steady state roll rate or bank angle change in a given time. Whether the rolling

performance itself will be enhanced or derogated is dependent on both the sign of

the dihedral effect and the direction of the yawing moment and sideslip excursions.

• Additionally, the excitement of a moderate to high roll-to-yaw ratio Dutch roll

motion during bank angle tracking tasks may result in oscillations in roll rate

response (see Figure 75). This oscillatory roll response can severely derogate roll

handling qualities, generat ing overshooting of and oscillations about the desired

bank angle during rolling maneuvers and generally precluding accurate and precise
bank angle control. The degree of Dutch roll excitation which can be accepted again
depends on the sign of the effective dihedral and whether the genetated yawing

moment and sideslip are adverse or proverse. If the airplane exhibits positive

dihedral effect , adverse yawing moments, and sideslip actually enhance Dutch roll
damping during tight, precision bank angle control tasks. Conversely, ~roverse

yawing moments and sideslip tend to cause decreased Dutch roll damping in this

situation. Flying qualities investigations have revealed that the degradation in roll

handling qualities is proportional to the amount of roll rate oscillation , Pose , about

some mean or average value, rave’ and the phase angig,ç~ of the Dutch roll

component of sideslip, i.e., whether the sideslip is adverse or p overse .
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Exact quantitative parameters indicating the Dutch roll influence on rolling

performance and roll handling qualities can be measured only with automatic
recording devices. However , the test pilot may be able to determine the direction
and magnitude of the sideslip excursions during rolling maneuvers from a cockpit
mounted sideslip indicator.

Measurement of RollinQ Performance

Although the actual technique utilized in obtaining rolling performance
parameters is easily understood, the test pilot will probably realize difficulty in
generating accurate, repeatable data without extensive flight test experience and

• practice. The difficulty associated with obtaining accurate quantitative parameters
increases with decrease in available instrumentation. The specific approach to the

rolling performance test is determined by several general considerations, which must
- • be discussed prior to proceeding to the actual techniques involved.

1. The time reauired for the test pilot to establish the lateral control input to
initiate the roll must be as small as possible. The input should approximate
a step input. If the time required to accomplish the input exceeds one-half
second, some of the parameters of interest, such as roll mode time constant
and bank angle change in a given time; may be impossible to determine
accurately or meaningfully. The test pilot should strive for inputs which are
accomplished within a time interval of .P.2 second for the most
representative test results. The use of both hands on the control stick or
yoke may facilitate 

~~~~ the latera l control quickly to the desired

position.

2. Lateral conirpl deflection utilized for each roll should be increased in

incremental steps until full lateral control deflection is reached. Obviously,

the test should be terminated short of maximum control deflection if flight
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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 ‘to utilize some sort of

latera l control deflection restrictor if exact partial lateral control deflection
points are desired or if severe airplane response is anticipated with large

lateral control inputs. In most cases, only full latera l control deflection is
required for repeatable cockpit control position and the use of control
deflection restrictors is not necessary. Nevertheless, the test pilot should use

appropriate partial lateral control deflections as a build up to full deflection
rolls at each test condition. Generally, one-quarter increments are utilized,
although one-half of full deflection increments may be used if no unusual

• airplane response is expected. The test pilot can estimate these incremental

lateral control deflections quite accurately, particularly if the partial

deflection inputs are practiced on the ground to establish the lateral stick or
yoke positions required . Correlation of stick or yoke position with various -

•

markings and flight instruments in the cockpit is very helpful.

3. The direction of roll should be alternated so that the influence, if any, of

roll direction on rolling performance may be ascertained. This influence is

generally more pronounced in propeller-driven airplanes . Therefore , left and
right rolls should be performed in these airplanes with the same lateral

control input, i.e., left and right rolls with one-half lateral control

deflection, then left and right rolls with full lateral control deflection. Since

rolling performance in pure jet airplanes is usually not influenced by the

direction of roll , left and right rolls may be performed in these airplanes

with consistently increasing control deflection.
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4. The airplane should be in a trimmed , unaccelerated flight condition prior to
the initiation of the roll. The test pilot should make every attempt to keep
the longitudinal control position at the trim position throughout the roll.
No effo rt should be made to counteract pitching moments generated during
high rate rolls, since the pilot is likely to augment the motion, vice stop it.
(Techniques for investigating roll coupling will be presented later.)

5. The use of rudders during the rolling performance tests will vary with the

airplane type and mission, as well as the flight conditions under
consideration . In general , rudders should remain free for high
maneuverability airplanes (Class IV) and for all carrier-based airplanes in

Category C flig ht phases (levels 1 and 2). For low to medium

• maneuverability airplanes, the rudders may be used to reduce adverse
sideslip (sideslip retarding roll rate) providing the rudder inputs are simple ,

easily coordinated, and consistent with normal piloting technique for the

mission and task under evaluation. Rudder inputs should not be employed
to produce proverse sideslip which could augment rolling performance.

- 
• 

• 6. The bank angle change through which the roll is allowed to continue

depends on roll restrictions, test conditions, and data desired. In general ,
• rolls should be commenced from wings Ie~eI , zero roll rate conditions.

However, if the bank angle change is limited by roll restrictions or test

conditions (airspeeds near stall , high lift configurations, excessive sideslip

excursions), the roll may be initiated from an established bank angle so as
to roll through wings level to an opposite bank angle. Thus, the airplane is
always upright throughout the maneuver.

7. If the rolling performance tests are to be performed between very low

airsoeeds near stall to near maximum airspeeds, the tests should commence

at airspeeds near the center of the snectrum and proceed to the end points.
This procedure allow3 the flight conditions generally considered most

critical to be approached with an adequate build-up program.
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8. Lateral control forces will be difficult to obtain without automatic
recording devices. The hand-held force gauge is usually too cumbersome and
annoy ing to ’~tilize for inflight measurements. ~dditionally, the hand-held

- ~
-: 

• 
force gauge fjoating pointer would indicate the transient lateral force

“I ~
- -

applied during~ he sharp control input vice the ~~ sdv state control force of

interest. For irreversible lateral control systems where lateral force is merely
a function of lat~ra l stick position, the latera l control forces may be

accurate ly measured on the ground with the hand-held force gauge. For

• otjier types of lateral control systems, the test pilot must resort to

estimating lateral control force requirements during flight tests. When

measuring or estimating forces required for full deflection, the control
should be placed just short of the stop. If the control is against the stop, the

• rorce measured will be whatever the pilot decides to apply.
~‘

9. The test pilot should be able to note the r~irection of sideslip excursions

during rolling maneuvers merely from the response of the airplane. If a

cockpit mounted sideslip indicator is available, the magnitude of the adverse

or proverse sideslip can be determined. Sensitive automatic recording

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.

10. Two methods may be employed to obtain the desired trim airspeeds of the

test. The primary method is merely to utilize the power setting required for

the airspeed and altitude combination. An alternate method may be used in

propeller-driven airplanes to eliminate the in’luence of power variation on

roll characteristics. The power used is that required to maintain a level flight

trim airspeed midway between the maximum and minimum airspeeds of the

test spectrum. Other airspeeds are then attained by trimming in climbs and

descents with the power setting remaining constant.
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11. Altitude variance during rolling performance tests should not exceed t2000

feet from the selected base altitude for the tests.

- t

The specific method utilized to obtain various rolling performance parameters
- 

- depends on the parameters themselves as well as the amount of instrumentation
available. Specific techniques will now be presented for tests conducted with and

without extensive instrumentation.

Automatic Recording Devices. If a complete package of automatic recording

instrumentation is available , all rolling performance parameters may be obtained
- 

• from the recording traces. The test pilot merely performs the rolls as follows:

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

condition.

• 2. Actuate the automatic recording devices and perform the roll.

3. After completing the roll , recove r to erect flight , deact ivate the automatic

recording devices, and prepare for the next roll.

Portable Instrumentation and Cockpit Mounted Instruments. Several of the

parameters needed to completely describe rolling characteristics cannot be

determined with only cockpit instruments and portable instrumentation. However,

~ome approximate , yet meaningful , data can be obtained. The general procedures for

the tests remain the same, with the following specific procedures recommended for

certain situation.

If the parameter required is steady state roll rate. p55, the following approach

may be utilized.
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1. When a rate of roll indicator is avai l~~Ie in the cockpit, the test pilot merely rolls
through a bank angle change large enough for the roll rate to reach steady

state. The value of the roll rate is noted from the indicator.

2. If no roll rate indicator is installed, the test pilot must compromise by
• obtaining an average roll rate computed from a timed bagj~ angle change.

The average roll rate will closely approximate the actual steady state roll
rate if the bank angle change is as large as possible and if the period during

w hich the roll rate is building up is not timed. For example, a left roll coul 4 —

be initiated from a 45 degree right bank angle. The timing would start at

wings level and end after a 360 or 180 degree bank angle change. The
• att itude indicator and a one- or three-second sweep stopwatch may be

employed to obtain ~ q and M. The average roll rate can be compute’~ after

the flight.

If the parameter required is bank angle change in a given time, 
~~ 

the following
approach may be utilized.

• 1. The parameter , ~ , may be approximately determined with a one- or

three-second stopwatch and the attitude gyro. The test pilot may desire to

• set up for this test so as to roll about a wings level condition. The lata
required is merely the time necessary to accomplish the bank angle change

under consideration. Timing should start at the initiation of the lateral f2ic~
input. From the ~~ and the ~~ data, ~~Q~~ximate values of q~ may be

extrapolated by assuming a linear bank angle-t me relationship. This is
obviously not a correct assumption, since this relationship is nonlinear

• during the time interval prior to the roll rate reaching steady state.

Therefore, the obtained by this method is only approximate.
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— 2. If the purpose of the test is to check against a specification 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 than the specified

time, the requirement is met.
- I;:

Roll Coupling

Violent roll coupling should never be encountered during any maneuver which
conce ivably could be utilized in an operational mission task. Some pitching and
yawing motion, not directly attributable to pilot control inputs or yawing moments

generated by lateral control inputs or roll rate, may be expected during rolling -

maneuvers . However , these motions should not generate sideslip and angle of attack
• excurs ions large enough to exceed structural limits or result in uncontrollable flight

conditions, such as roll autorotation. The yawing and pitching experienced during
rolling maneuvers utilized in typical mission tasks should not be severe enough to

impair the satisfactory completion of the tasks. High maneuverability airplanes may
be particularly susceptible to the detrimental effects of roll coupling.

Flight testing for maximum rolling performance under conditions favorable for
- • roll coupling, or flight testing specifically to determine if roll coupling may be

encountered, require cautious , methodical approaches. The following general

guidelines are offered for planning and con -L’ct ing these test programs:

1. Thorough computer studies, based on known or assumed values of stability
derivatives, should be conducted prior to commencement of flight tests .

The studies should be continued along with the flight tests, systemat ically

being updated with flight test data.
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- - •~ 2. Complete airplane instrumentation with automatic recording devices is

almost mandatory if the results of these tests are to be analyzed properly.

- 
•-•  Telemetry should be employed, if available. A qualified engineering

observer, w ith communications to the test pilot, should monitor the flight

test records continually at the telemetry station.

3. Thorough rol l ing performance tests should be conducted from

unaccelerated flight conditions initially. (Violent roll coupling ha s been

encountered during these tests on some airplanes.)

4. Assuming that no roll coupling is encountered during rolls from

• unaccelerated flight conditions, the test program may proceed into rolls

ini tiated from accelerated flight conditions. The applied normal acceleration
should be increased or decreased to maximum and minimum values

— consistent with operational piloting tasks. General ly ,  rolls from flight

conditions where applied normal acceleration varies from 09  to .8 NL are

considered adequate. However, airplane structural limits may restrict the

scope to lower g levels. Initial normal acceleration should be increased or

decreased from 1 g in small increments in a planned build-up program to

maximum and minimum values. At each point (1.5 g, 0.5 g, 2.0 g, 0.0 g,

etc.), partial lateral control deflection rolls should be utilized in a

methodical build-up program to maximum performance rolls. These rolls

may be initiated from steady turning flight, w ings level pull-ups, or

push-overs. The techniques utilized to establish the desired value of normal

accelera tion should be similar to those descr i bed earlier for longitudinal

maneuvering stability tests.
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5. If violent roll coupling is encountered, the pilot should make no attempt to

control the yawing and pitching motion with rudder and elevator inputs.

The pilot’s attempts would probably be ill-timed and augment the violent

excursions. The recommended procedure on encountering violent roll

coupling is to stop the roll by use of lateral control movements and

neutralize the longitudinal and directional controls.

6. Flight tests should be terminated when the test pilot, the observing engineer

in telemetry, or the compu~~ studies predict or indicate that the next roll

may exceed the “critical limit” of controllability. The only means of

determining the exact critical limit, of course, is to exceed it, which is

obviously not a required or desired approach.

POSTF LIGHT PROCEDURES

As soon as possible after returning from the flight, the test pilot should write a

brief , rough qualitative report of the rolling performance and associated roll

handling qualities exhibited during the mission tasks under evaluation. This report

should be written while the events of the flight are fresh in the pilot’s mind.

Qualitative pilot opinion, appropriately related to the mission tasks under

eva luation, will be the most important part of the final report.

Representative data should be selected to substantiate the pilot’s opinion.

• Severa l suggested data presentation schemes will be introduced. No matter what

method is used, it should be clear, conc ise, and complete.

Mechanical Characteristics of the Lateral Control System

• Mechanical characteristics may be effectively presented in tabular form as

p r e v i o u s l y  d i s c u s s e d  an d i l lustrated in “Test Procedures and

Techniques - Nonmaneuvering Tasks” (Longitudinal Flying Qualities).
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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 airspeed or Mach number. Usually,
only full lateral control deflection or maximum rolling performance is presented
since full deflection is generally the only repeatable lateral control position utilized
during the flight tests. However, partial control deflection data may be presented, if

- 

-
~~~ desired. Applicable minimum specification requirements are normally superimposed

on the rolling performance plots. Typical data presentation is shown in Figure 91.
p
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L 4 V$~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FIGURE 91
ROLLING PERFORMANCE IN CONFIGURATIONS CO AND PA.
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- - It lateral control force and sideslip data are available from the flight tests, these

parameters may be presented with other rolling performance data (Figure 92).
Lateral control forces may also be plotted versus lateral control deflection; this -

- 
procedure is particularly appropriate for the irreversible lateral control system in

which lateral control forces are merely a function of lateral control position.

• 1 .
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FIGURE 92

ROLLING PERFORMANCE IN CONFIGURATION POWER
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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 present the roll mode time constant,

TR, the degree of roll rate oscillation, expressed as ~
osc/Pave, and the time required

for the pilot to apply the lateral control deflection (Figure 93). The latter parameter

is a good indication of the quality of the data. Techniques for determining the roll

mode time constant and ~osc/Pave will be discussed in subsequent paragraphs.
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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 during rolling maneuvers to ai ’ow roll
coupling to be avoided. Violent roll coupling, if encountered, may be illusi rated

with one or more time histories of the motion of the airplane during the maneuver.

A time history showing violent roll coupling is presented in Figure 94. Additional

parameters may be shown if desired.

Quantitative Indications of Dutch Roll Influence

If automatic recording traces are available for roll handling qualities analysis, the
degree of Dutch roll excitation during rolling maneuvers may be determined in

quan titative terms. Flying qualities investigations have revealed that requirements

can and should be placed on the degree of Dutch roll excitation during moderate

• bank angle change maneuvers such as turn entries. These requirements, although
designed to be oenerallv applicable for~~j.combinations of Dutch roll characteristics,
are specifically aimed at different Dutch roll responses. This approach is justified on

the basis that Dutch roll excitation is manifested in different ways depending on the
roll-to-yaw ratio of the motion.
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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 handling qualities.

Therefore, requirements have been proposed on the maximum amount of sideslip
experienced during large amplitude rolls (Figure 95).

Sides lip excursions. Followi ng a rudder-pedals-free step aileron control
command , the ratio of the ~ideslip increment , ~ , to the parameter k
should be less than the values specified herein. The aileron command
shall be held fixed until the bank angle has changed at least 90 degrees.

Adverse Sides lip Proverse Sidesli p
Flight Phase (Right roll command (Right roll command

Level Catagory causes right sideslip causes left sideslip)

A 6 degrees 2 degrees

B & C 10 degrees 3 degrees

2 All 15 degrees 4 degrees

~
3max — maximum sideslip excursion at the c.g., occurr i ng

w ithin two seconds or one half-period of the Dutch
rol l, whichever is greater , for a step aileron-control
command

k - ratio of “commanded rol l performance ” to “applicable
roll performance requ i rement” of Spec para graphs
3.3.4 or 3.3.4.1 where :

(a) “Appl icable roll performance requ irement” ,
(~t) requirement , is determ i ned from 3.3.4 and
3.3.4.1 for the Class , Flight Phase Category
and Leve l under consideration.

(b) “Comm anded roll performance” , (~t) command
, is

the bank angle attained in the stated time for a
given step aileron command with rudder pedals
employed as specif ied in 3.3.4 and 3.3.4. 1

(0 t)
k = command

~~~
)requirement

FIGURE 95

SIDESLIP EXCURSION LIMITATIONS
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Moderate to Hiah Roll-to-Yaw Ratios. For moderate to high roll-to-yaw ratios
of the Dutch roll motion, excessive Dutch roll excitation during rolls may generate
oscillatory roll rate response. A degradation in roll handling qualities may result.

Therefore, requirements have been made on the amount of roll rate oscillation

experienced during abrupt rolling maneuvers (Figure 97). (If the phase angle cannot

be determined, a phase angle of -240 degrees should be assumed for airplanes

exhibiting adverse sidestip, and a phase angle of -60 degrees should be assumed if the
sideslip is proverse.)
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~OSC - a measure of the ratio of the oscillatory
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where ~ l p 2 and are roll rates at the f i r s t ,
second azcd third peaks , respectively .

— phase angle expressed as a lag for  a cosine
- • representation of the Dutch roll oscillation

• in sideslip. (See Figure 58C)

~~~~

/P

2

TIlE, SECONDS

FIGURE 97

ROLL RATE OSCILLATION LIMITATIONS
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CONTROL FORCE COORDINATION

Control forces required in normal maneuvering of the airplane should be of
relative magnitudes which “feel” normal to the pilot. This is obviously a qualitative

evaluation which the test pilot can perform while maneuvering the airplane through
typical mission tasks. The elevator, aileron, and rudder forces and displacement

- 
-
• sensitivities as well as breakout forces should be compatible so that intentional

inputs to one coiitrol axis will not cause inadvertent inputs to another. If the pilot is

aware or conscious of a markedly different effort being applied to one control axis,
control 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 forces, respectively. This ratio is
applicable to all maneuvers normally required in the airplane’s mission.

High performance jet airplanes usually require little or no rudder inputs for
maneuvering, except at low airspeeds. The pilot is generally pleased with this
situation. Therefore, for highly maneuverable airplanes in the tactical mission

environment, the control force coordination ratio of 2:0: 1 for longitudinal,
directional, and lateral forces, respectively, is appropriate since little or no rudder

input is required to maintain coordinated flight.

Quantitative requirements for control force coordination may be checked as
follows:

1. Trim the airplane in level flight in the Power configuration at altitudes

• representative of the mission environment.
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2. Maneuver the airplane to be at the trim airspeed and altitude in a dive.

3. As the trim airspeed in approached, perform a rolling pullout to
simultaneously attain target normal acceleration and roll rat ~. Utilize rudder

inputs, as necessary, to maintain coordinated flight.

4. As target normal acceleration and roll rate are attained, note longitudinal,

lateral, and directional contro l forces.

Control force coordination should also be evaluated qualitatively in the Power

• Approach configuration during actual approaches.

Ana~vtical 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 steady state value is attained. This response

- 

• 

may be represented by the following relationship:

-

p(t )  p~~ t 1 - e

8y appropriate manipulation of the last expression, a technique may be evolved
by which the roll mode time constant, TR , may be determined from flight te~
records. The roll rate response toa step lateral control input may be rewritten as:

• t / r
R

- p ( t ) = - e

This relationship indicated that p(t) can be graphically represented as the summation

of the two parts of the expression (Figure 98).
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0 TIME,t

- 

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ =p(I)

Co TIME , t

N ’  FIGURE 98
- ROLL RATE RESPONSE TO STEP LATERAL CONTROL. INPUT

- 
~~~ (Note that the “total” roll rate response curve, p(t), is merely a mirror image of the

curv e described by p e ~~~~~~ ~~

- - Consider now the part of the roll rate response represented by the middle plot

of Fi~.ire 98 and the following expression:

x ( t )  = c

- If the logarithm is taken of both sides of this equation , the following results:

- 
in X ( t ;  = in —

or:
t

in X( t )  = K -

- 1 K2
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Thus,there is a linear relationship between in X(t) and t. Therefore, if the
expression:

— t / T
X ( t )  = p e R

ss
- i

is plotted on semilogarithmic graph paper, with X(t) as the logarithmic axis and t as

the linear axis, a straiaht line is generated (Figure 99). This the crucial point which
allows the determiiation of T R from actual flight records of rolling maneuvers. With
the theoretical background presented above, the practical aspects of the
manipulation of the flight test data should be easily comprehended.
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FIGURE 99
X(t): pue t#4

~ PLOTTED ON SEMI — LOG PAPER

The roll mode time constant, TR, may be determined as follows:

(A sample exercise is presented in Figure 100.)
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1. From the automatic recording trace of the roll maneuver, determine the

iteadv state roll rate.

2. Using the portion of the roll rate trace Dast the Doint where the lateral

control surface deflection read ies steady state, determine several X(t ) and
time values. The parameter, X(t), is the difference between the steady state
iou rate arid the roll rate at any given time. The portion of the roll rate
trace prior to the point where the latera l control reaches steady state cannot
be utilized since that portion is not characterized by an exponential increase

in roll rate. It is not necessary to express the X(t) values (vertical scale) in
actual units of degrees per second. Any convenient vertical scale may be
utilized since the variation of the X(t) parameter with time is the only

characteristic of concern. The horizontal scale must be actual time in

• secon ds, although the starting, or zero, point ’s location on the trace is not
critical.

3. Plot the X(t) and corresponding times on semilogarithmic graph paper. The
vertical logarithmic scale must be the X(t) axis, while the horizontal, linear

scale must be the time axis.

4. Fair a straight line through the points defined by the X(t) and t values on
the semilog paper.

5. For a convenient X(t) 1 value on the sem ilog paper, determine a

corresponding time, t 1. Compute 0.368 X (t)1, which may be called X(t)2.
The value 0.368 is used as a multiplication factor (instead of 0.632) because

X(t ) is measured from steady state roll rate not from zero roll sate.
Determine a time, t 2, corresponding to X(t) , on the semilog paper.

6. Compute the roll mode time constant as follows:
t

R = t
2 

— t
1
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H The results of this ~ ocedure will be rather accurate if the test pilot uses a good

technique during the inflight test and if the Dutch roll motion is not evident in the

roll response. The test pilot must make a very quick lateral control input and must

hold the input constant during the roll rate increase to steady state. Full lateral

control deflection rolls are not required; partial deflection rolls may be utilized if

the partial input can be made quickly and held constant.

If Dutch roll excitation causes oscillatory roll rate response, data analysis will be

more tedious and accuracy of the results will be derogated. When the roll rate is

oscillatory, engineering judgement must be utilized to deterrn . e the steady state roIl 
-.

- 
- 

rate and to “fair” an approximate single degree of freedom roll rate response curve.

• The procedures shown in Figure 100 and described earlier may then be followed.

- I-
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SPECIFICATION REQUIREMENTS

Requirements for rolling performance and associated roll handling qualities are
contained in the following applicable paragraphs of Military Specification

MIL-F-8785B(ASG), of 7 August 1969, hereafter referred to as the Specification.

3.3.1.2 Roll mode

3.3.2 Lateral-directional dynamic response characteristics

3.3.4 RoIl control effectiveness - •

• 3.4.4 RoIl-pitch-yaw coupling -

3.4.5 Control harmony (including 3.4.5.1)

- 
- 

I 
3.5.2 Mechanical characteristics of control systems

3.5.3.2 Control surface oscillations

3.5.4 Augmentation systems

3.3.2.2.1 Additional Roll Rate Requirements for Small Inouts

The parameter .Q~
ç is used for determining the Dutch roll influence

• pay
on roll performance during precise tracking tasks. Large lateral control deflections

and roll rates should not be used to measure this parameter.
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3.3.2.4 Sideslin Excursions

The table contained in this paragraph (page 26 of Spec) is used to determine

adverse/proverse yaw Spec compliance during the tests listed in paragraph 3.3.4. The

“adverse sideslip” and “proverse sideslip” referred to in the table are the parameter

k

3.3.2.4.1 Additional Sideslio Reouirements for Small Inouts

Compliance with Figure 6 of the Spec should be made during precise tracking
tasks. Large lateral control deflections and roll rates should not be used during these
tern.

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 I of 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 precedence over table IX of the Spec.
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ROLLING PERFORMANCE

GLOSSARY OF DEFINITIONS

SINGLE DEGREE OF FREEDOM ROLL - Rolling motion during which the
airplane is allowed to roll but not allowed to yaw or pitch; pure roll response.

- 
‘~, ROLL MODE TIME CONSTANT, -r

~ 
- -Time required for the single degree of

freedom roll rate to reach 63.2% of the steady state roll rate following a step lateral
control input.

• STEADY STATE ROLL RATE ,pss - Roll rate attained when the roll damping

contribution equals the roll control power contribution for a constant lateral control
input.

ROLL HELIX ANGLE. Pb/2vT - Helix angle described by the wingtip of a rolling
- 

- airplane; sometimes referred to as the nondimensional roll rate.

- 
- 

ROLL COUPLING - Pitching and yawing motions induced by inertial and
kinematic effects during high rate rolls.

ELASTIC CENTE R - A point in the wing section about which torsional deflection

• occurs.

AILERON REVERSA L AIRSPEED , Vr - Airspeed at which the combined effects

• of wing twist and wing bending counteract the rolling moment generated by lateral
control deflection.

• WINGTIP VERTICAL VELOCITY. pb!2. Vertical velocity of the wingtip of a

rolling airplane; sometimes used as a measure of the rolling performance of large
airplanes in the approach and landing phases of mission accomplishment.
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)
- BANK ANGLE CHANGE IN A GIVEN TIME~~ t - The bank angle attained in a

predetermined time interval following a step input of lateral control; time is
measured from the initiation of the pilot’s lateral control force application.

F

-
1 £

I

- 
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ROLLING PERFORMA NCE
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MISCELLANEOUS LATERAL -DIRECTIONAL TESTS

INTRODUCTION

Certain miscellaneous lateral-d irectional tests, not previously introduced, are

- 
- • presented in this section. Crosswind takeoffs and landings are generally the most

significant of the tests to be introduced.

LATE RA L-D IA ECTIONAL CONTROL DUR ING CROSSWIND
TAKEOFFS. APPROACHES. AND LANDINGS

• A crosswind is defined as a wind blowing across the direction of movement of an
airplane; i.e., a wind blowing across, as across a runway. The most important
influence of a crosswind is to tend to drive the airplane sideways and change its
direction of movement. Thus, the concern of the test pilot while performing

crosswind evaluations is the directional controllability of the airplane under

crosswind conditions. The operational pilot must be afforded sufficient

lateral -directional control to consistently and safely perform takeoffs and landings in

crosswind components representative of operational conditions.

Directional Ground Stability 
-

Directional ground stabilit~ is the capability of the airplane to maintain a

straight ground path under representative wind conditions. Directional ground

stability in a crosswind is actually degraded by strong directional stability, since the

strong directional stability increases the tendency of the airplane to “weather-cock. ”
However, the typical landing gear placement - two main gear located laterally in

line and a nose gear or a tail wheel - contributes to the maintenance of a straight
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ground path under crosswind conditions. Directional oround stability is increased by

increasing the reaction of the nosewheel or tail wheel with the runway surface. From
an airplane design viewpoint, increasing tht lateral displacement of the main landing

gear and increasing the longitudinal displacement of the third gear increases

directional ground stability. Pilot technique also influences directional ground

stability. Maximum resistance to “weather-cocking” is achieved by holding full

nose-up longitudinal control in tail wheel airplanes and full nosedown longitudinal

• control in nosewhe& configured airplanes. If the “weather-cocking” tendency of the
airplane cannot be counteracted by all available means, the airplane will leave the

runway on the side from which the wind is blowing (upwind side).

Directional ground stability is insidiously influenced by dihedral effect. Rolling
- 

- 
moments are generated by the sideslip imposed on the airplane during crosswind

• takeoffs and landings (Figure 115). These rolling moments tend to roll the air1 lane

about the downwind Doint of contact (downwind landing gear). Thus, the weight of
the airplane and the lateral placement of the main landing gear have a large 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 nosedown longitudinal control provides maximum lateral

ground stability by decreasing the lift coefficient, thus increasing the weight vector

acting in opposition to the roll excursion (Figure 115).

ROLLING MOMENT
GENERATW BY CPD~SW1~~i

H -~~~~~~

_ _ _

I
_ _

—
LEFT SIDESUP

I - 
IS GENERATED

DOWNWIND ~LANDING GEAR V W

The ro l l ing  moment about th e
• downwind poin t sIf cn t ~ct (‘~~ nc r ~~t ed

h~- the ~ro~~ S I~ ; n - ,I j - ; r,~ lS~ - .

moments. ~ene~at~~ by airplane ~ eigntand lateral  contro l inputs .

FIGURE I~5LATERAL 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. The “lateral ground stability” problem

can then quickly become a “directional ground stability” problem. The increased
friction generated by the downwind landing gear generates a yawing moment toward

the downwind side of the runway. Pilot brake applications may only complicate the
situation, since upwind brake applications result in little or no braking action, while

- 

- 
downwind brake applications are extremely effective. If the pilot is unable to
maintain directional control of the airplane via all available means, the airplane will

depart the runway on the downwind side.

Crosswind Aoøroach Techniques

The pilot’s major concern during the crosswind approach is to keep the airplane

track superimposed over the runway centerline extended. This may be accomplished

utilizing either of two well-known techniques or ~3 combination of the two.

The Sideslipping Approach. When executed correctly, the sideslipping approach

technique results in the airplane heading and ground track being identical to the
runway heading. The airplane is merely flown in a steady heading sideslip; the angle

- • “ • of sideslip is determined by the airspeed and the crosswind component (Figure 116).

• Bank angle, rudder, and lateral control inputs are generally required to compensate
for sideforce, yawing, and rolling moments, respectively. The sideslip may be
maintained through touchdown if the landing gear is sufficiently strong and if

wingtip and/or external store clearance permits. Otherwise, the pilot may desire to

level the wings just prior to touchdown and complete the landing.
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FIGURE 116
SIDESLIPPING TECHNIQUE FOR CROSS-WIND

1 APPROACHES

• Although the sideslipping approach allows the pilot to easily determine if the

track is along the extended runway centerline, displacements from the desired track

are difficult to correct. A simple change in bank angle generates a lateral

displacement. This maneuver is not easily performed, however, due to the “crossed

controls” condition and the necessity for maintaining a precise flight path. The pilot

generally resorts to contiflually adjusting the magnitude of the sideslip in order to
make track corrections. As a consequence, trimming the control forces to zero in the

- sideslip is unrealistic. During a long approach, the lateral and directional control
forces may become tiring, particularly in the large airplane which may require
considerable forces.
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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 instrument approach; a

steady heading sideslip is extre m ely difficult to establish and maintain without

external references. -

;- 
•, The significant advantage of the sideslipping technique is the easy transition

from approach to landing. The pilot merely holds the sideslip through the

touchdown or levels the wings just prior to touchdown.

The Crabbing Approach. The crabbing approach again results in the airplane

ground track lying along the runway centerline extended. However, the airplane is

• headed or “crabbed” into the crosswind so that the sideslip angle is zero (Figure

117). In the equilibrium condition, bank angle and lateral-directional control inputs

are zero. Prior to touchdown, the pilot must align the airplane with the runway

heading unless the airplane is equipped with “crosswind landing gear.”1

RUNWAY

CROSSWIND

FIGURE 11 7
— CRABBING TECHNIQUE FOR CROSS-WINO

• APPROACHES
1A castering landing gear permitting an airplane to land in a crabbed attitude.
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The crabbing technique presents the pilot with few difficulties other than those

already present during the approach. The airplane is flown in a rather normal

manner with wings level; errors in airplane track are corrected with simple turning

maneuvers. During visual approaches, the pilot’s view of the runway may be slightly

degraded in airplanes with side-by-side seating. However, the crabbing technique is

consistent with instrument approach conditions; the airplane is merely flown in the

conventional manner until visual contact with the runway is established.

The major and important disadvantage of the crabbing technique is the

transition required in landing. The crab angle must be removed to align the airplane

with the runway centerline. The control coordination may be quite difficult and the

timing of the maneuver must be precise. The pilot workload is thus increased

substantially during a critical phase of flight.

Test Procedures and Techniques

Certain preliminary investigations should be conducted before the actual

crosswind tests.

Preliminary Investigations. The flight test team must determine the maximum

permissible bank anGIe which will provide clearance between the airplane wingtip or

external stores and the runway surface. This is a simple problem in geometry (Figure

• 
118). The bank angle so determined may restrict the crosswind capabilities of the

airplane or result in the utilization of a particular crosswind technique.
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Maximum permissible bank angle
max wh i ch may safe ly be u t i l i zed  wh i l e

in close proximity to the ground.
In th is exanip le , wingti p clearance is
u t i l i zed. Exte rnal store clearance
should also be conside red , if applicable.

FIGURE 11$
- - GEOMETRIC MAXIMUM PERMISSABLE BANK ANGLE

The largest sideslip angle which can be generated in an intentional steady

heading sideslip corresponds to the maximum crosswind component which can be
counteracted during a sideslipping approach. This relationship is shown in Figure

- 
. 119. 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 crosswind components. This
procedure does not consider the additional control authority necessary to
counteract turbulence and gusts during the approach. Further, is must be
emphasized that these crosswind components are applicable only to the approach
phase. Significantly less crosswind may conceivably cause intolerable control
problems during the landing rollout.

CROSS-WIND COMPONENT

I • 
= ~laximuin sidesli p angle

• max gencrated by maximum rudder
• j deflection at minimum

f 
a~)1~roach airspeed .

AIRSPEED
• ~~~~~~~-, 

I

• 
‘

‘

I

FIGURE 119
ABSOL.UTE MAXIMUM CROSS-WIND FOR THE

SIDESUPPING APPROACH

V-223

• 
•

- ~., •
~~ ~~~~ —5 s~~

_ ——



The determination of minimum soeeds at which the rudder and lateral control

devices are sufficiently effective to provide directional and lateral control on the

runway completes the preliminary tests. In general, a j~~ airspeed at which the

rudder is effective for directional control enhances crosswind handling qualities. The

- • same generality cannot be applied to the all~ron effectiveness minimum soeed; for

example, widely spaced main landing gear may result in the ailerons being effective

for bank angle control only at high speeds on the runway, yet provide excellent

lateral ground stability. The results of these tests must be analyzed logically in

relation to airplane design and the availability of nosewheel or tail wheel steering

and wing spoiler or flaperon pop-up devices.

Rudder effectiveness minimum speed may be determined as follows:

1. Under essentially zero crosswind conditions, align the airplane with the

runway heading in configuration Takeoff.

2. Apply full rudder in one direction and begin the take-off roll.

• 3. A speed will be attained at which the airplane begins to respond to the

directional control input. This is the rudder effectiveness minimum speed in

the take-off configuration. The rudder input snould be quickly reversed as

the initial response is noted in t,rder to verify that rudder effectiveness

minimum speed has been attained. After the minimum speed is ascertained,

continue with a normal takeoff.

4. If a light crosswind component is present, the rudder input should initially

be made oooosite to the direction from which the crosswind is blowing.

Rudder effectiveness minimum speed will easily be recognized as the speed

at which the rudder input counteracts the weather-cocking tendency of the

airplane.
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5. The above test should also be performed during the landing rollout. In this

case, the initial rudder input must be cautiously made and of a small

magnitude. (Alternate applications will be helpful in keeping the airplane

near the runway centerline.) As speed decreases, the rudder inputs must be

increased in amplitude. The speed at which full rudder deflection is just
• barely effective for directional control is the rudder effectiveness minimum

speed during landing.

Aileron effectiveness minimum speed may be determined as follows:

1. Under essentially zero crosswind conditions, align the airplane with the

runway heading in configuration Takeoff.

2. Initiate the take-off roll; simultaneously begin smooth pulsing of the lateral

control from full deflection to full deflection.

3. A speed will be attained at which the airplane begins to respond to the

lateral control inputs. This is the aileron effectiveness minimum speed in the

Takeoff configuration. After the minimum speed is ascertained, continue

with a normal takeoff.

4. The above test should also be performed during the landing rollout. Small

alternating lateral control inputs are smoothly increased 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-up spoilers or flaperon

pop-up devices are installed.)
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Crosswind Tests. After completion of the preliminary tests and procedures, the

test program can be expanded to include actual crosswind takeoffs and landings.

Accurate analytical estimations of maximum crosswind components for a particular

- 
.
~~
. airplane and configuration are almost impossible; therefore, the crosswind flight

-‘ tests must be conducted utilizing a build-up program. Initial tests should be

performed with small crosswind components. As familiarity is gained, the
- components may be ~ystematically 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 published by higher authority) or if

lateral or directional control becomes marginal. Initiating a takeoff or

landing in a crosswind which exceeds the airplane capabilities may result in

the airplane departing the runway with catastrophic consequences. An

intolerable situation may be rectified if the pilot can abort the takeoff or

convert a full stop landing into a touch-and-go. However, the test pilot
• shouid not be required to resort to these measures. An adequate build-up

program will preclude the inadvertent enfry into dangerous flight conditions.

2. Initial tests should be conducted will all relevant airplane systems operative.

Degraded system operation may be investigated later, if appropriate. These

tests might be aimed at the determination of maximum recommended

crosswind components for engine-out condition, wing spoilers or flaperon

pop-up inoperative conditions, or flight control system malfunctions.
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3. 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 explicitly stated in a technical

report and published as recommended operational procedures in the pilot’s
- handbook.

4. Applicable specification conformance or nonconformance should be
• ascertained during these tests.

5. One of the most frustrating aspects of crosswind testing is the availability of

• useable crosswinds. This factor may require offsite testing to obtain suitable
- crosswinds.

6. The turbulence and gustiness usually associated with high surface wind

conditions tend to complicate the test pilot’s task. These factors may,

additionally, restrict the airplane’s capabilities or influence optimum piloting

technique.

7. The test pilot should-be aware of possible complications generated by lateral

ground stability problems. For example, if the downwind main landing gear

is equipped with micro-switches which activate nosewheel steering, spoiler or

flaperon pop-up, anti-skid braking, etc., these features may not be available
- 

: because of insufficient weight on the gear.

• 
• 8. Th~ condition of the test airplane’s tires should be checked frequently

during crosswind tests.
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9. The possibility of blowing tires during crosswind tests is high. The test pilot

should plan an exac t course of action to be followed in the event a tire fails.

Availability, capacity , and location of ai resting gear should be given due

consideration.

LATERAL-DIRECTIONAL TRIM CHANGES

Lateral-directional trim changes are generally not as significant as the previously

introduced longitudinal trim changes. Usually, no flight test time is specifically

allocated for their determination. These trim changes can be evaluated during other

tests, such as climts and descents. However , the test pilot must be continually alert

for excessive lateral and/or directional trim changes. “Short-term” lateral-directional

trill cha~ges mi~it be associated with ccnfigiration diaiges, p~~~r cha~es, extern~ stcres

separation, bomb bay door operation, rocket or missile firing, etc. “Long-term” trim

changes, such as lateral and/or directional trim changes during level accelerations or

decelerations, climbs, dives, etc. should not be seriously objectionable or impare

tactical maneuverability or weapons delivery.

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, then

checking the lateral-directional trim of the airplane.

The lateral trim system may be checked for irreversibility as follows:

1. Stabilize and trim the airplane precisely at a high equivalent airspeed (low

altitude, near maximum operational airspeed).
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2. Perform an abrupt roll utilizing maximum allowable lateral control
deflection. Continue the roll to attain a maximum allowable bank angle
change.

3. Stabilize the airplane carefully at the original flight condition. If the airplane
is still in trim laterally, the lateral trim system is irreversible.

4. Perform this test utilizing rolls in both directions.

The directional trim system may be checked for irreversibility as follows:

1. Stabilize and trim the airplane carefully at a medium airspeed, such as the
airspeed for maximum range in configuration Cruise. A medium airspeed has
been arbitrarily chosen; a larger sideslip angle may be generated at a medium
airspeed than at a very high airspeed.

• 2. Perform a steady heading sideslip utilizing full rudder deflection or
• maximum allowable sideslip angle.

3. Return the airplane smoothly a,id slowly to the original stabilized condition.
• If balanced flight conditions still exist , as evidenced by the ball position in

the needle-ball instrument, the directional trim system is irreversible.

4. Perform this test utilizing both left and right sideslips.
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THEORY

• ASYMMETRIC POWER

GENERAL

The asymmetric power flying qualities problem is invariably a

lateral-directional control problem. Yawing and/or rolling moments generated by

the asymmetric power condition must be counteracted by airplane stability and

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

airspeeds. Asymmetric flying qualities may also result from the asymmetric

carriage of external or internal stores.

Basically, two aspects of flight on asymmetric power must be. considered:

1. Regaining of control immediately following failure of one or more engines.

2. Maintaining control in steady flight with one or more engines inoperative.

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. Therefore, many of these

derivatives and terms will not be redefined here.)
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• • STEADY STRAIGHT FLIGHT ON ASYMMETRIC POWER
V

The Directional Control Problem

Flight on asymmetric power is characterized by a yawing moment generated

by the asymmetric condition (Figure 101). It is important to consider the factors

influencing the magnitude of this yawing moment since the degree of difficulty

associated with asymmetric power flight is generally directly related to this

parameter. If the inoperative engine is assumed to generate no thrust or drag, the

yawing moment generated by the asymmetric condition, NT, may be developed as

follows (Figure 101):

NT = F N YP

where: FN = thrust developed by operative engine, pounds.

y~ = distance from center of gravity to asymmetric thrust vector measured

in wing plane, feet.

In nondimensional form, the yawing moment coefficient, Cn.r, may be expressed:

• c N
1 ~~~~~

• or , for l e v e l  f l i g ht (_j~
c F N

FIGURE 101
YAWING MOMENT DUE TO ASYMMETRIC POWER
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Note that the asymmetric power yawing moment coefficient increases with

increase in operative engine thrust, distance of operative engine from airplane

center of gravity, and increase in lift coefficient (or decrease in airspeed).

Expressions for the thrust, FN, developed by the operative engine will be

different for jet and propeller -driven airplanes. For the jet , the thrust is simply

FN. However, for the propeller-driven airplane:

F _ 55O ,.~ BHP
NPROP

V

where: 550 = horsepower constant, foot-pounds/second.

• rl~ = propeller efficiency factor.

BHP = brake horsepower, HP.

V = airplane true airspeed, feet per second.

Thus, for the propeller-driven airplane:

= 

550 r~ BHP CL y 
- 

550 n SUP y
TPROP V W - V qS~

The equilibrium equations for sideforce, yawing moment , and rolling moment

• may now be written as follows for the asymmetric power condition, (C~ and

C 2, are assumed to be zero for simplicity) :

SIDEFORCE C
y ~ + 

C 

~r ~ C L ~ = 0

YAWING MOMENT 
~~ 

C
L 

+ ~ + 
C

fl
~ r 

6
r 

0

ROLLING MOMENT C~ ~ + 
C
~ó a 

6
a 0
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(Note: Operative engine is assumed to be the port engine. If the starboard

engine were operative, the asymmetric power yawing moment would be negative.)

Since the directional control problem with asymmetric power is of interest at

present , expressions will be derived for the rudder required f or steady heading,

equilibrium flight under three flight conditions.

No Sideslip. If the pilot maintains zero sideslip, an expression for the rudder

requirement may be obtained easily from the yawing moment equation:

rl.QU! lBRIIJ~ 
= 

C
fl

•S r 

I) 
(ZERO SI[)ESLIP)

Several important relationships may be gathered from the last equation:

1. The rudder requirement increases with increasing asymmetric thrust , FN.

2. The rudder requirement increases with increasing lift coefficient (decreasing

airspeed).

• 3. The rudder requirement increases with lateral engine placement from the

center of gravity.

• 4. The rudder required for equilibrium is inversely proportional to rudder

control power.

Note that for zero sideslip, some bank angle must be used to balance the

sideforce generated by the rudder input. From the sideforce equation:

C
- 

~~~~ ‘
~r

I iQU I L ISRILJM = ( R O  SItJIiSLIP)
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For a positive asymmetric yawing moment (starboard engine inoperative),

• trailing edge left (positive) rudder deflection is required; thus, a negative (left)

bank angle is necessary to maintain equilibrium flight (Figure 102). In most cases,

the bank angle requirement is fairly small (approximately 5 degrees) .

/1:0

N/~~~~~~~~~~~~~~~

rT

~~ 

~~~~~~~~~~~~~~~~~~ 8r

D:DRAG IN LINE OF FLIGHT

N1 : N1, • W SINØ:Y8,

MINIMLJ~ DRAG SINCE $ 0

F
NOD

W SIN~~
FORCE PCLYGON BALL W H L  NOT

FIGURE 102
EQUILIBRIU M ASYMMETRIC POWER CONDITION WITH ZERO SIDESLIP
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No Bank Angle. If the pilot maintains zero bank angle, 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:
C

0
• 

• - 
FN ( yp C C

r - 
I. - W b L y

I:Q UILIBIIUM — 
C c - = : c c cy

~5 ~~ 
— >‘cS ‘

~I~C r r r
n~ n~

r

r
• r

~
.QU ILJBRI~1~1 

- (~ ~ 
(ZLRO BAN K ANGLE)

c ( >‘~c ~
~ r
6 ~1~~ — -~-r i  (.

• ~ Br

The only difference between this equation and the one derived for zero sideslip

is the term in braces. This term can be rationalized as increasing the rudder

requirement over the zero sideslip case; the increased rudder requirement will be

• necessary to balance the sideforce due to sideslip, C~

For zero bank angle, the sideslip required for equilibrium may be obtained

from the sideforce equation:

• C

= - 
r 

(ZERO BANK ANGLE)

If the asymmetric yawing moment is positive, the rudder requirement is

positive, therefore, the sideslip angle must be positive (ri ght sideslip). The balance

of moments and forces is shown in Figure 103.
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No Rudder Requirement. It is possible to balance the airplane in steady

heading equilibrium flight under asymmetric power with zero rudder required. From

the yawing moment equation, the sideslip required to balance the asymmetric

yawing moment may be obtained:

F y
- C

- 
C 

L b 
(ZLIW RUDUEk)

For a positiv e asymmetric yawing moment, the sideslip requirement is
I 

negative (left sideslip). The sideslip angle required for this condition is generally

quite large, particularly at low airspeeds, high operative engine power , and with

low directional stability.

• The bank angle required to balance the sideforces for the zero rudder

deflection condition may be obtained from the sideforce equation:

-C

• = (2 l~RO RUUDER)
L

For a positive asymmetric yawing moment , the sideslip angle must be

negative; therefore, the bank angle must be negative (left bank angle) . This bank

• angle is generally quite large (approximately 15 degrees) at low airspeeds. The

balance of forces and moments is shown in Figure 104.
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FIGURE 104
EQUILIBRIUM ASYMMETRIC POWER CONDITION WITH ZERO

RUDDER DEFLECTION
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At fi rst glance, the equilibrium condition shown in Figure 104 might seem to

be a desirable state of affairs since the pilot is required to hold no rudder input-

However, the drag is high, there is a possibility of losing directional control due to

vertical tail stalling, and the flight condition is uncomfortable because of the large

side acceleration due to gravity. Usually, the pilot will achieve equilibrium in a

flight condition somewhere between the conditions shown in Figures 102 and 103.

(The operative engine will be banked down about 3 degrees and there will be a small

sideslip from the inoperative engine side. If the directional trim system is

sufficiently powerful, the rudder force requirement for steady heading flight can be

trimmed to zero.)

The Lateral Control Problem

Lateral controllability under equilibrium asymmetric power conditions is

generally not as severe as the directional control problem. For pure-jet airplanes,

minimum control speeds are almost always based on directional controllability.

• • However , for propeller-driven airplanes under asymmetric power conditions, the

differences in slipstream over the wings may generate large rolling moments

(Figure 105). J.f the wings are almost completely immersed in propeller slipstream,

• the rolling moment generated by the asymmetric power condition may limit

minimum airspeeds. Sideslip from the operative engine side coupled with positive

dihedral effect (negative C 2 , )  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:

L. -L . yo 1 c —.I~.. 
C

c ~ + 
C, ~ =W L b  

~ aa
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(Note: If the asymmetric power rolling moment is in the left-wing-down

direction, the first term of the equation will be preceded by a negative sign.)

~ 
(L0 - L 1 y 

~ 1• aEQUIL1BRI~~ 
= - T W 1

L ~ 
+ 

~ 7

_ A _

H i g her dynamic pressure over w i n g  w i t h  operat ive
eng ine gene rates un1~a 1anced l i f t  vecto rs and

• 
rolling moment , L.~. toward inopera t ive  eng ine wing

LT = L y - L. y y (L - L. )

C , - 

LT 
- 

y (L - L . )  L - L.

1 ~~ ‘5 - 
qSb 

= V~ 
C L b

FIGURE 105
ROLLING MOMENT DUE TO ASYMMETRIC POWER
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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 derivatives as shown on page V-33, the

equilibrium flight conditions resulting from the failure of a right engine will be as

shown in Figure 106.

i~
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I 
I

_

• R’Gj- T

3IDE~ L.P ~ .GLE - i i

FIGURE 106
ASYMMETRIC POWER EQUILIBRIU M FLIGHT CONDITIONS

RIGHT ENGINE FAILED

Several things should be noted in Figure 106. Control of the airplane may be

• limited by either rudder or aileron. Although the rudder deflection required is

reduced if the airplane is banked into the operating engine, high bank 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, CL must be increased with the resulting increase in

induced drag and stall speed while increasing sideslip angles will result in higher
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• ‘ form drag. These performance and control considerations will determine the

optimum equilibrium flight condition and this optimum will probably be specified as

a function of bank angle since that is the most obvious parameter to the

operational pilot.

REGAINING CONTROL FOLLOWING SUDDEN ENGIN E FAILURE

• Engine Failure During Flight

When the pilot intentionally secures an engine in flight , the transient motions

are generally mild and easily controlled if adequate control authority is available.

• However , sudden engine failures may occur wider low altitude, low airspeed, high

pow er flight conditions in a high lift or high drag configuration, such as during

take-off or wave-off. The sudden engine failure in these cases may generate

severe, potentially divergent rolling and/or yawing transients. The pilot may induce

a similar situation by sudden application of asymmetric power to initiate a

wave-off from an engine-out approach.

• The same factors which cause lateral-directional control problems in steady

asymmetric flight conditions also are applicable to the sudden or dynamic engine

failure. However, the control authorities required to arrest the i~ otion following a

sudden engine failure are usually larger than the control authorities necessary to

maintain equilibrium flight. The severity of airplane response following a sudden

engine failure is difficult to predict by theoretical analysis; the pilot delay time in

• recognizing the asymmetric power condition and applying appropriate control

inputs influences the magnitude of the rolling and yawing motions. Actual flight

test of critical conditions is the only means of establishing safe flight boundaries.

The following hypothetical situation may aid in understanding some of the problems

encountered with sudden engine failures (Figure 107).
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FIGURE 107
• THE SUDDEN ENGINE FAILURE

1. Assume the airplane is in a critical phase of flight , take-off configuration,

take-off power on all engines, just after lifting off the runway.

2. The pilot experiences a sudden power failure on the left outboard engine.

• . Because of the surprise factor , the pilot does not immediately react to the

• situation. The large yawing moment generated by the asymmetric power

causes a large sideslip angle to develop from the operative engine side. If

the sideslip angle reaches large enough proportions, the vertical tail may

stall. An increase in drag accompanies the increase in sideslip,

• • 
compounding an already (possibly) serious performance deficiency.

3. A rolling moment toward the inoperative engine will probably be generated

by the yaw rate. This rolling moment will be increased if the airplan e
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exhibits positive dihedral effect. Propeller-driven airplanes may rapidly

diverge in roll due to slipstream effects, particularly if the wings are

• completely immersed in slipsteam prior to the engine failure.

4. The pilot will likely apply large rudder and lateral control inputs to attempt

to arrest the yawing and rolling motion. The large rudder input increases

the tendency for the vertical tail to stall and may result in “rudder lock” if

• the control system is reversible. The lateral control input may generate an

adv erse yawing moment which increases the yawing moment toward the

inoperative engine side. The large lateral control deflection, coupled with

the rolling velocity, may cause the downgoing wing to exceed stall angle of

attack.

• 5. If the pilot is unable to achieve equilibrium flight with full lateral and

directional control inputs, a power reduction on the operative engine side

and/or an increase in airspeed will be required to prevent catastrophic

consequences. Obviously, these measures may not be effectiv e in a low

altitude, marginal perfor m ar. :e flight condition.

Engine Failure During Take-off 
5

Engine failure on the ground during a take-off run is always a dynamic

situation since the pilot must either abort his take-off or continue to accelerate to

a lift-off airspeed. The ground minimum control speed will differ  from the flight

minimum control airspeed because of several things.

1. The inability to use bank angle and restrictions on the use of sideslip.

• 2. The moment arms for the vertical stabilizer and rudder are changed since

they are taken from the airplane center of gravity in flight but generally

act from the main landing gear while on thI  ground.
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3. Additional yawing moments are produced on the ground by the landing gear

and vary with the amount of side forces and differential longitudinal forces

on the landing gear, the amount of steering used, and the runway condition.

4. Cross wind components essentially determine the take-off sideslip angle.

Since the airplane must, in general, zvaintain the runway heading during

• take-off , the cross wind, in conjunction with the airplane’s ground speed,

will determine the magnitude of the s~deslip and whether it is helping or

hindering directional control of the airplane during a sudden engine failure.

ASYMMETRIC POWER PROBLEMS AT HIGH AIRSPEEDS

For the high performance, multiengined airplane, the failure of an engine or

engines at high airspeeds may be a more serious consequence than engine fai lure at

low airspeeds. Asymmetric engine failure at high airspeeds may generate sideslip

• excursions large enough to exceed sideslip limitations and cause structural damage

or catastrophic component failures.

For proper jet engine operation at very high Mach numbers (over 2.0), the

• engine inlet shock wave pattern must be fashioned to provide the correct pressure

in the engine for the given engine speed. If a disturbance (pressure or temperature

• fluctuation, abrupt power lever movement, etc.) upsets the shock pattern-pressure

relationship, the shock wave may actually be expelled from the engine inlet. This

phenomenon, known as 9nlet unstart ,” can cause severe pressure fluctuations,

compressor stalls, and engine failure. When engines are located in close proximity,

one “inlet unstar t ” may trigger “inlet unstarts” on adjacent engines.
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Asymmetric power problems at high airspeeds in high performance multiengine

airplanes may be compounded by reduced directional stability at high supersonic

Mach numbers and high altitude. These problems may result in limiting maximum

airspeed or Mach number as functions of engine thrust settings. Another possible

solution is to fail the corresponding engine on the opposite wing automatically in

the event of engine failure in a flight condition where asymmetric thrust is

catastrop.~~~

DEFINITIONS RELEVANT TO ASYMMETRIC POWER

Terminology used to describe airspeeds and conditions associated with

asymmetric power flight is not standard throughout the aviation industry. The

differences between civilian and military regimes are particularly noteworthy.

- 
“ When describing asymmetric power problems, the speaker or writer must be very

careful to define the terminology of the presentation so that no misunderstanding is

possible. The following definitions are generally considered to be standard by most

flight test activities.

Critical Engine

The critical engine is that engine of a multiengine airplane, the failure of

which produces the most critical condition to the pilot. The most critical condition

will probably occur at high thrust and low airspeed (high CL) as is the situation

during takeoff or wave-off. Under this condition, lateral or directional control

cannot be regained and maintained following a sudden engine failure below a

certain airspeed. The critical engine is the engine for which this minimum airspeed

is higher than that associated with failure of any other engine. The critical engine

may generally be predicted for a propeller airp lane. Providing that the airfoil
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surfaces (wings, vertical, and horizontal stabilizers) are symmetrically attached to
I.’ the fuselage and that the available control surface deflections are symmetric, the

critical engine may be predicted from several factors: (1) as the angle of attack

increases (high CL), the downgoing propeller blade sees a relatively higher local

angle of attack than the upgoing blade, which results in moving the thrust vector

laterally on the propeller disk toward the downgoing blade side, and (2) air flow

swirl about the fuselage created by the rotating propeller(s) can affect the flow at

the vertical tail so as to create a side-slip angle in one direction or the other,

depending on the direction of rotation of the propeller(s) . For clockwise rotation of

the propeller(s) (as viewed from the rear) , the above effects usually result in the

left outboard engine being the critical one.

For jet-powered airplanes, the differences observed between flying qualities

• with left or right engine(s) inoperative are usually small enough to be attributed to

differing maximum or idle thrust between the engines. Thus, the critical engine is

not clearly defined by asymmetric flying qualities considerations. For these cases,

other considerations, such as hydraulic or electrical power generated by individual

engines and the consequences of loss of various airplane functions, may be used to

determine the critical engine.

Minimum Control Ground Speed, V

The minimum control ground speed is the lowest speed at which directional

control can be maintained on the ground when the critical engine fails during the

take-off roll. The allowable deviation from the runway centerline and the pilot

technique utilized influence the value of this speed.
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Minimum Control Airspeed, Vmca

The minimum control airspeed is the lowest airspeed at which control of the

airplane is possible with the critical engine inoperative. It may be defined by an

equilibrium or static condition in which the critical engine has been failed prior to

approaching the minimum conditions. It may also be defined by a sudden or dynamic

condition in which the critical engine is failed at various airspeeds approaching the

minimum conditions. For both cases, Vmca may be limited by lateral or directional

ç control deflection available to counteract rolling or yawing moments and/or the

control forces involved. At any rate, there will be a different static and dynamic

minimum control airspeed for each:

I. Power setting utilized on the operativ e engine(s) .

2. Configuration.

3. Condition of the inoperativ e engine(s) (feathered or windmilling) .

4. Bank angle utilized in the static condition.

5. Pilot if limited by control force requirements.

Safety Speed 
-

Safety speed is defined as the lowest possible airspeed on a multiengine

airplane at which the average pilot can maintain steady, straight flight without loss

of altitude in the take-off configuration in the event of a sudden, complete failure

of the critical engine. The pilot may make full use of all flight controls, may make

configuration changes (retract landing gear, flaps, etc.), and the propeller of the

failed engine may be manually feathered after allowing a suitable delay for an

average pilot to regain steady, straight flight and identify the failed engine. Use of

automatic feathering systems is permitted; however, the power on the operating
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engine(s) may not be reduced and no trim imputs may be utilized. Generally, it is

the airspeed which should be attained after takeoff before any attemp t is made to

climb (a pilot ’s handbook number) . Safety speed may be established based on

stability and control or performance characteristics, or both. The take-off safety

speed for civil airplanes (transport category) , commonly referred to as V2, depends

on both flying qualities and performance. Generally, there is a different safety

speed, or V2, for each flap setting used for takeoff; it may also vary with gross

weight.

Refusal Speed

Refusal speed is defined as the maximum ground speed from which the airplane

can be brought to a full stop in the remaining runway available after failure of the

critical engine. This speed depends on stopping technique (maximum effort is

normally utilized) as well as the length of the runway. Refusal speed is low for

short runways and high for long runways (Figure 108). It is also sometimes called

Accel/Stop speed, Emergency Distance speed, or V5~0~ .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/ \ _ — ENGINE OUT-~..-’~’\
~ / \ ~5 MAX EFFORT STOP
‘5, I/ SHORT RUNWA~>

\ 
LONG RUNWAY

RUNWAY LENGTH

FIGURE 108
REFUSAL SPEED VARIES DIRECTLY WITH LENGTH OF

RUNWAY
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Minimum Continue Speed

Minimum continue speed is the minimum ground speed to which an airplane

can accelerate on the take-off roll , lose the critical engine, and continue the

take-oj f with the engine failed, becoming airborne just at the far end of the

runway. This speed varies inversely with runway length; i.e., it is relatively low for

long runways, etc. it is fr equently referred to as Engine-Out Go Speed or Vg0~ If

4 ~ min’mum continue speed is less than refusal speed, there is a “safe band” within

5 
which the pilot can either continue the take-off safely or abort the take-off safely

• (Figure 109). However, if refusal speed is less than minimum continue speed, there

• is a “dead man zone” within which the pilot can neither continue the take-off

without running off the end of the runway nor abort the take-off without running

off the end (Figure 110).

• REFUSAL SPEED

• 
— 

TAKE-OFF_SPEED_____

W ALL ENGINE ...-
~ SAFETY 

~~~ELERATION C ENGINE-OUT
• 

• 

u) B~~D ~~~~~~~~~~ ACCELERATION,

~ ENGINE - OUT
(~ 
i.._ — MAX EFFORT STOP

MIN CONTINUE I
SPEED LONG RUNWAY

RUNWAY LENGTH

FIGURE 109
REFUSAL SPEED HIGHER THAN MINIMUM CONTINUE SPEED
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. MINIMUM CONTINUE SPEED HIGHER THAN REFUSAL SPEED

Critical Engine Failure Speed

If rc~fusal speed and minimum continue speed are equal, the runway distance

required to complete the take-off is equal to the distance required to stop. This

• speed is sometimes referred to as the Critical Engine Failure Speed or Decision

Speed (V 1). The total runway distance required to accelerate to this speed , then

stop or go after the engine failure, is called the Critical Field Length (Figure 111).
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FIGURE 111
CRITICAL ENGINE F AILURE SPEED

• AND CRITICAL FIELD LENGTH

Minimum Trim Airspeed

Minimum trim airspeed is the minimum air speed at which steady heading flight

can be maintained without pilot control force inputs with the critical engine

— inoperative. A different minimum tr im airspeed exists for each configuration,

power setting on operative engine(s), condition of inoperative engine, and bank

• • angle (if limit ing factor is directional trim) . Minimum trim airspeed is most

appropriately applied to an engine-out cruise condition with power for level flight

or engine-out climb with normal rated power on the operative engine(s) and the

inoperative engine feathered. These conditions relate to the problem of operating

for relatively long periods during climb or cruise with an engine out.
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TEST PROCEDURES AND TECHNIQUES

ASYMMETRIC POWER

PREFLIGHT PROCEDURES

• A safe, yet rigorous, investigation of asymmetric power flying qualities must

be conducted on all airplanes which may be expected to encounter asymmetric

power. Thorough preflight planning is mandatory for these tests. The p~irpose and

scope of the investigation must be clearly defined, then a plan of attack or method

of test can be formulated.

Preflight planning must start with research. The airplane must be studied

carefully - the flight test team can probably predict (roughly) the airplane’s
- 

• reaction to asymmetric power merely by looking at the airplane. Of course, a

study of the lateral-directional control system is essential. All available

information on normal lateral-directional flying qualities, rolling performance, and

asymmetric power flying qualities and performance should be reviewed. Much

useful information may be obtained by conversations with pilots and engineers

familiar with the airplane. Additionally, the following points should be considered:

-

• 1. The function and influence of various flap settings; i.e., the airplane lift-td~ 5

drag ratio for various flap settings.

2. The consequences of engine-out operation on electrical, hydraulic, or

pneumatic systems. Emergency electrical and/or hydraulic units may be

required in the test airplane, particularly if a situation may arise where no

• normal electr ical or hydraulic power is available.

3. The ability of the electrical system to carry the combined load of propeller

feathering and landing gear or flap retraction.
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Although the basic considerations of fli ght with asymmetric power are the

same for both military and civil airplanes, the emphasis attached to the

asymmetric power flying qualities varies. In the civil case, safety is the most

important factor; the airplane must meet rigid minimum requirements before it is

placed in operational commercial use. The same emphasis on safety will probably

be applicable to large military transport airplanes as well. For the commercial

transport category airplanes, extensive ground and flight tests must be performed

to determine safety speeds (V2), refusal speeds (V
i ), minimum continue speeds

(Vg0
)~ critical engine failure speeds (V1), and critical field lengths. Based on these

tests, the commercial transport airplane is certificated to operate from various

runway lengths with various combinations of gross weights and center of gravity

positions. The military transport airplane may be required to satisfy similar

requirements. In many cases, the military transport has already been certificated

as a commercial transport, and the minimum requirements for military operations

already satisfied.

For the majority of military inultiengine airplanes, operational effecti ,~~~~

vice safety, may be the most important design factor , particularly for combat

• aircraft. This fact lays a heavy burden on the test pilot designated to conduct

asymmetric power tests on military airplanes. The test pilot must attempt to

safely evaluate all asymmetric power conditions which may confront the

operational pilot. If possible, the flight test team should attempt to extrapolate

the results of the tests to futur e service modifications, such as increased gross

• weight, increased engine output , etc.
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- -~ Testing the engine-out characteristics of a military, multiengine airplane

should include at least the following:

• 1. Determine the critical engine in the most critical configuration (probably
L

take—off or wave—off ) .

2. Determine normal take-off acceleration (ground speed versus runway

distance).

3. Determine take-off acceleration with the critical engine failed.

4. Determine abort deceleration with the critical engine failed.

F • 5. Determine the minimum control ground speed with the critical engine

failed.

6. Determine the minimum control airspeed, both static and dynamic.

7. Determine the minimum trim airspeed in pertinent configurations (pr obably

Engine Out Power and Engine Out Cruise (Power for maximum range)) .

8. Ev~.1uate approach, landing, and wave-off characteristics with asymmetric

power.

• The test conditions - altitude, configurations, center of gravity, and trim

airspeeds - must be determined. Test conditions should be commensurate, as much

• as possible, with the mission environment of the, airplane. However, safety

considerations dictate that investigations of asymmetric power flying qualities be

performed in such a manner that the most critical conditions are approached with a

reasonable build-up program. Altitude for conducting initial tests wherein engines

are actually secured should never be less than 4000 feet above ground level. After

• adequate build up and with written permission from higher authority, the altitude

restrictions may be relaxed so that engines may be secured in the very low altitude

environm ent. Generally, simulated failures yield equally valid results at very low

VI—26

- -



5-——-5—5-— 

altitudes with much less risk. The airplane gross weight utilized for asymmetric

power flying qualities investigations should be the lightest normal service loading

for the configuration of interest. The light weight provides the best asymmetric

power performance characteristics as well as allowing the maximum airplane

response to a sudden engine failure. Additionally, for tests involving banking to

balance th~ airplane undet asymmetric power conditions in level flight , the bank

angle required is inversely proportional to airplane gross weight. Center of gravity

positions are not particularly critical for asymmetric power investigations;

however, the most aft operational center of gravity positions should Le utilized if

• feasible.

The amount and sophistication of instrumentation will depend on the purpose

and scope of the investigation. A good, meaningful qualitative investigation can be

performed with only cockpit and hand-held instruments. If accurate quantitative

information is needed, automatic recording devices should be utilized. For initial

tests on a new airplane, or for tests on airplanes which may exhibit severe

characteristics, telemetering pertinent parameters to a ground station may be

• required. A qualified engineering observer, with communications to the test pilot ,

should continually monitor the fli ght test records.

The final step in prefli ght planning is the preparation of pilot data cards.

These data cards are best constructed from blank cards for each particular test.

The cards should list all quantitative information desired and should be easy to

interpret in fli ght. Adequate space should be provided for pilot comments.
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FUGHT TEST TECHNIQUES

When assessing the asymmetric power flying qualities of multiengine airplanes,

the mission of the airplane and the influence of engine failure(s) on that mission
- .

- ~~~ . must be considered. The failure of one or more engines asymmetrically generally

- results in an emergency condition. The primary mission of the airplane can usually

not be accomplished in this situation; therefore, the mission reverts to regaining

control of the airplane, cruising to a suitable landing spot, and accomplishing a safe

carrier or field landing. The pilot cannot expect flying qualities under asymmetric

power conditions to be particularly pleasant; however, the pilot rightly expects

acceptable characteristics which permit the airplane to be at least controllable.

Some airplanes may, however, be designed to carry stores asymmetrically or to

• ,.~ shut down engines asymmetrically for increased endurance and should therefore

retain pleasant flying qualities even in these confi gurations.

Preliminary Tests

Certain preparatory tests are necessary before the asymmetric power tests are

• performed. -

Check-Stalls. The airplane should not be stalled with asymmetric power until

the stall characteristics and asymmetric power characteristics have been

-
• 

, determined. A stall speed should, therefore, be determined for each test

configuration with all engines at idle power. In subsequent asymmetric power

tests, these stall speeds should be regarded as minimum speeds; if the stall speed is

reached prior to reaching minimum control speed, the asymmetric power

investigation should be terminated. (This rule may be unduly restrictive fot
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airplanes with the wings immersed in propeller slipstream. If so, additional

check-stalls should be performed in these airplanes with symmetric power

- 
~• I representative of the test configuration.) Check-stalls should not be performed

below 10,000 feet above ground level.

Sideslip. It is most important to determine if the airplane is prone to vertical

tail stall or rudder lock prior to embarking on asymmetric power tests. Therefore,

• for each test configuration, steady heading sideslips, up to maximum permissible or

obtainable sideslip angle, should be performed with symmetric power. The airspeed

generally used for this test is approximately 1.4 times the stall speed previously

determined for the configuration. The variation of indicated airspeed error and

angle of attack with sideslip angle should also be noted because of the obvious

impact of these characteristics on safety of fli ght with asymmetric power.

Failure Simulation. Power settings should be determined which simulate the

drag characteristics of a failed jet engine or :he drag characteristics of both a

• windmilling and a feathered propeller. These simulated power settings are

convenient and relatively safe means of conducting asymmetric power testing and

will be used by operational pilots for engine-out training. Since these drag

characteristics will obviously vary with airspeed, a representative airspeed and

configuration should be used to determine the simulation. This should be done both

with the propeller windmilling and with the propeller feathered for propeller

airplanes. Determination of the simulation power setting will in general be an

• iterative process as follows:
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- • 1. Determine a static minimum control airspeed in the representative

configuration (probabl y Power Approach) using idle thrust for jets and

throttle closed, propeller windmilling for propeller airplanes.

2. Increase airspeed to a safe margin (at least 1.4 times the minimum control

airspeed just determined) and secure the critical engine.

-
• 3. Carefully slow to approximately 1.2 times the previously determined

minimum control speed and stabilize in level flig ht using power from the

operative engine(s) . This airspeed should be representative of take-off and

approach airspeeds.

4. Without changing power on the operative engine(s), restart the secured

engine and vary its power so as to restabilize in level fli ght at the airspeed

determined in paragraph 3. This power setting should then Le a good

failure simulation.

5. Continue asymmetric power testing usini, the failure simulation to more

precisely determine the minimum control airspeeds, etc.

- - - Critical Engine. Several assumptions may generally be made in determining

the critical engine. If we assume that the take-off configuration is representative

of the most critical configuration, that idle thrust or idle power is approximately

the same as that from a failed engine, and that the engine with the highest

minimum control speed in a dynamic failure will also have the highest minimum

control speed in a static case, then the critical engine may be determined as

follows:

1. Determine a static minimum control airspeed, wings level, in the take-off

configuration using idle power on the left outboard engine and maximum

power on the remaining engines. Trim should probably remain at the

take-off setting as this is the most representative case.
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2. Alternate the test with the right outboard engine. The idle and maximum

• power settings used above should be adjusted slightly to ensure that the

exact same power asymmetry exists in each direction so that thrust

differences caused by engine trim at maximum power do not affect the
V

test.

3. The engine with the highest minimum control airspeed may then be

• assumed to be the critical engine.

Control in Steady Flight with Asymmetric Power:
Minimum Trim and Minimum Control Airspeeds in Equilibrium Flight

• 
- 

The pilot will generally be able to cope with sudden engine failures under

normal cruise flight conditions with little difficulty. Therefore, the primary

purposes of asymmetric power flying qualities investigations under cruise

conditions are:

1. To determine the degree of difficulty the pilot will encounter in a

•~ ng-range cruise task with asymmetric power.

2. t’o provide a “build-up” to more demanding and critical tests in take-off

and wave-off flight conditions.

Obviously, an infinite number of minimum trim and minimum control airspeeds

could be determined as the result of variations in configuration, power setting, and

bank angle. The test pilot should determine appropriate conditions, in which to

evaluate these minimum trim airspeeds. For minimum trim airspeed

determinations, several obvious conditions would include engine-out climb and

engine-out cruise. Engine-out climb initial conditions would be: critical engine

simulated failed (and feathered for a propeller airplane) , maximum continuous
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(normal rated) power on the operating engine(s), and zero bank angle. Eng ine-out

cruise would require: critical engine simulated failed (simulated feathered for a

propeller airplane), power set on operating engine(s) to provide level flight at
‘

S engine-out maximum range airspeed, and zero bank angle. Since the drag due to

sideslip may be reduced by fly ing in a slight bank, it may be advisable to determine

the minimum trim airspeed in the above configuration using the bank angle for

minimum drag. It is obviously desirable to be able to climb, hands off , at the

optimum maximum range engine-out climb airspeed and to cruise, hands off , at the

maximum range engine-out cruise airspeed.

Minimum Trim Airspeed. The minimum trim airspeed may be determined as

follows:

1. Stabilize in the desired configuration at approximately twice the stall

speed determined in the preliminary tests.

2. Establish the critical engine in a simulated feathered condition and the

other engine(s) at the desired power setting.

3. Note the ability to trim all control forces to zero in steady heading flight.

Record trim tab or device positions. Take a picture of the stabilized flight

condition with the automatic recording devices, if available.

• 4. Smoothly and slowly reduce airspeed by use of longitudinal control inputs;

power settings and configuration must remain constant. Stabilize at

• predetermined airspeeds (5-10 KIAS increments) and repeat 3.

• 5. Eventually, an airspeed will be reached where one of the trim tabs or trim

• devices will be at its limit. Below this airspeed, all control forces cannot be

trimmed to zero in stabilized, steady heading flight. This minimum trim

airspeed for the test conditions and the limiting trim axis (usually

directional or lateral) should be noted.

‘11—32

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -- _ _-



- 5- ’ ’ 5 -
~~~

5-— 

~~~~~~~~~~~~~~~~~~~~~ —‘-—--- -—--— -——— —‘-.
~~~~~~~ 

- — — — ‘
~~~ ‘~~~~~~~~~ 1: ~~~~~~~~~

-’-

6. Care must be exercised to obtain data only when the airplane is stabilized

in unaccelerated flight conditions. Primarily, outside visual references

should be used to maintain bank angle as desired and zero yaw rate; cockpit

instruments should be cross-checked frequently. The ball of the needle-ball

instrument should be perfectly centered in its race during wings level tests.

It is an excellent indicator of lateral accelerations resulting from

unbalanced lateral forces.

7. Altitude variance during the determination of minimum trim airspeeds

should not exceed +1000 feet from the test altitude.

Static Minimum Control Airspeed. The test pilot must carefully define both

configuration and trim settings for static minimum control airspeed testing. In

general, the primary interest should be in critical flight evolutions such as take-off

and wave-off. Trim controls may be left at some specified setting during static

minimum control testing or may be used to their full range as required depending

on wha t the test pilot determines is most representative. Static minimum control

airspeed may be determined as follows:

1. Stabilize at approximately twice the stall airspeed in the desired

• configuration and set the desired asymmetric power (simulate the failed

engine using the previously determined power setting) .

2. Smoothly and slowly reduce airspeed by use of longitudir~al control inputs.

Remaining trim deflections may be utilized if desired. Stabilize at

predetermined airspeeds (3-5 KIAS increments) in wings level , steady

heading flight. Record estimated or measured cockpit control forces,

control positions, and trim tab positions. Take a picture of the stabilized

flight condition with the automatic recording devices if av ailable.
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3. Eventually, an airspeed will be reached where either full directional or full

lateral control surface deflection is required to maintain steady heading,

wings level fli ght. In some cases, the strength capacity of the pilot will be

reached prior to full control deflection. This airspeed, below which steady

heading, wings level flight cannot be maintained, is the minimum control

airspeed for th€ test conditions. This airspeed and the limiting factor

(usually directional or lateral control deflection or force) shouk be noted.

4. If the limiting factor is directional control deflection or rudder force

requirements, minimum control airspeed can be reduced by banking toward

the operating engine(s). (Obviously, different minimum control airspeeds

could be determined for each bank angle utilized. Emp irically, 5 degrees of

bank has generally been used as an approximation to the optimum bank

angle considering both performance and fl ying qualities.) If appropriate ,

minimum control airspeed and limiting factor with 5 degrees of bank should

be determined.

5. If at any point during the minimum control airspeed tests, the pilot loses

lateral or directional control of the airplane, control may be regained by

increasing airspeed and reducing power on the operativ e engine(s) (or

increasing power on the simulated inoperative engine).

6. After determining minimum control airspeeds with the critical engine in a

simulated feathered condition, the airspeeds may be checked with the

critical engine actually secured and the propeller actua~y feathered.

7. The static minimum control airspeed does not imply that the airplane is

unsafe to fly at a lower airspeed either by slightly reducing the power

asymmetry or by accepting a resulting yaw rate. If the power asymmetry is
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maintained, the airp lane may or may not be safe to fly below the minimum

control airspeed depending upon whether the departure from controlled

flight is a mild (but steady) yaw rate or if it is more violent or radical.

I . :

Qualitative Investigation. After the quantitative tests described above, the

test pilot should conduct a qualitative investigation of the flying qualities exhibited

at representativ e cruise airspeeds with asymmetric power. The pilot should be able

to trim all control forces to zero at these airspeeds without undue effort.  Turns

and heading changes, representative of maneuvers required in instrument or visual

cruise conditions, should be performed to determine if excessive pilot coordination,

• 
- 

control forces, or control movements are required. Generally, bank angle changes

of up to 30 degrees fr om w ings level are considered adequate for most m aneuver ing

on asymmetric power.

Control Immediately Following an Engine Failure:
Minimum Control Airspeeds with Sudden Eng ine Failures

The difficulty the pilot experiences in maintaining control of the airplane

following sudden, asymmetric power failures increases with the following factors:

1. Increase in the operation engine power output. For a constant throttle or

power lever position (assume full or maximum) , engine thrust usually

increases as altitude decreases.

2. Decrease in airspeed.

3. Decrease in excess power available for climb and acceleration.

Thus, the take-off and wave-off fli ght conditions, characterized by high power

settings, low airspeeds, low altitude, and high drag configurations, are generally the
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most critical for the investigation of sudden engine failures. The asymmetric power

flying qualities in these conditions should allow the average operational pilot to

regain and maintain control of the airp lane at all airspeeds representative of

operational procedures.

Minimu m dynamic control airspeed for the average pilot experiencing a sudden

failure of the critical eng ine may be determined as follows:

1. Stabilize at approximately twice the stall speed (or 1.4 times the static

minimum control speed) determined in the preliminary tests in the desired

configuration at a safe test altitude. Power should be maximum obtainable

or allowable on all engines and trim should be set for a sy~pm etric power

- - 
t ake—off (take-off confi guration) or for a normal symmetric power approach

(wave-off configuration) .

2. Smartly reduce the power on the critical engine to minimum power ,

simulating a sudden failure. The test pilot should pause a reasonable tim e

interval to account for the surprise factor of a sudden engine failure under

operational conditions. Engine failure cues should be determined (yaw, roll ,

audio, or cockpit instrument) and a suitable reaction delay time should then

• be specified and used for continued testing. In no case should recovery

control inputs be applied until 1 second has elapsed , a 20 degree bank angle

change has occurred, or the sideslip limit is reached (whichever occurs

first). After the time delay, steady, straight flight conditions should be

regained at the original stabilized airspeed. Longitudinal , lateral, and

directional cr,ntrol inputs may be used as rcquired to effect the recovery to

controlled flight.
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• 3. The test pilot should note control forc- ’s and positions required while

r~gaining control and to maintain steady, straight fli ght with less than

5 degrees of bank. If automatic recording devices are av ailable, the entire

• 
I : maneuver, from “power chop” to steady, controlled flight , should be

- 
S - recorded.

4. Reduce the airspeed at which engine failure is simulated by small

increments (5-10 KIAS) and repeat steps 2 and 3. An additional method of

build-up would be to make several power chops at each stabilized airspeed

starting with a very slow power reduction (approximately a static

condition) , resetting symmetric power , and incrementally increasing the

-~ . speed of the power reduction until it becomes a true power chop.

5. Eventually, an airspeed will be reached where control can barely be

regained and maintained. This airspeed may be defined by full control

deflection requirements (generally lateral or directional) , excessive control

force requirements, or excessive pilot coordination and skill requirements.

This limiting factor must be specifically defined by the test pilot. It must

S also be noted that , by definition , the dynamic minimum control airspeed

cannot be lower than the static minimum control airspeed for the same

conditions.

6. Based on the test results, the minimum dynamic control airspeed must be

decided upou. Such factors as ease of regaining and maintaining control ,

control forces and deflections required, and reaction time allowed must be

taken into account. The airspeed recommended must allow an adequate

safety margin for aver~ge pilot skill and proficiency .
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• 7. If control of the airplane is lost during these tests, the pilot may regain

control by increasing airspeed and reducing power on the operative

engine(s) (or increasing power on the simulated inoperative engine).

Particular caution should be exercised at slower airspeed test points since

exaggerated nose-up pitch attitudes will be required to stabilize with

symmetrical power at the slow airspeeds. Therefore, airspeed decrease may

be quite rapid after power reduction on the critical engine.

8. After the minimum dynamic control airspeed is decided upon, the airspeed

may be checked by actually failing the critical engine and feathering the

propeller at the minimum airspeed.

The static and dynamic minimum control airspeeds determined at altitude may

- , be extrapolated to sea level as shown in Figure 112.

10

4 8

• E~~~~ 6

4 - PREDIC1tO SEA
LEVEL VALUE

S.L.~~~~ I
75 80 85 90 95 100 105
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(KIAS)

FIGURE 112
EXTRAPOLATION OF MINIMUM CONTROL AIRSPEED TO SEA LEVEL
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~~~ The maximum power available at each altitude during the flight tests should be

carefully noted and engine thrust or power available curves as a function of

altitude ~~ould be consulted to ensure that no asymmetric thrust anomalies occur in

- * • the extrapolation altitude band.

Minimum Control Ground Speeds with Sudden Engine Failures

- 
- Minimum control ground speed testing is extremely critical and should

generally be conducted after the test pilot is familiar with asymmetric power

flying qualities in flight. The build-up to the minimum control ground speed must

be slow and deliberate since there is no altitude and only limited area in which to

• recover control of an airplane following engine failure. Consideration must be given

to runway length and width, arresting gear, brake temperatures, aircrew escape

system parameters and ‘urfield crash and rescue equipment. Various methods may

be used for minimum control ground speed testing depending upon the engine type,

• flignt controls, and mission of the airplane; however , the following method may be

used as a guide.

1. In the take-off configuration set, the critical engine at a simulated failed

power. Slowly accelerate with full rudder into the operating engines by

adding power on the operating engine(s) . Maintain directional control and

accelerate down the runway by modulating the operating engine(s) until an

airspeed is reached where full asymmetric power is controllable- This will

be the minimum control ground speed. During the acceleration the ailerons

should he neutral , asymmetric braking should not be used, and nose wheel

steering should be used only if its use is recommended for normal takeoffs.

During initial tests, the crosswind should be zero or slightly into the
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operating engine(s) . As the test pilot becomes more familiar with

asymmetric power on the ground, the minimum control speed tests should

be conducted with increasing crosswind components into the critical

engine.

2. An alternate method would be to initially accelerate using symmetric

• power. The power on the critical engine would then be slowly reduced,

• while slowly applying rudder up to full rudder into the operating engines

- 
until an airspeed was reached where the airplane could be controlled with

the power on the critical engine reduced to its failed simulation setting.

- • 
- 

This speed would be the minimum control ground speed.

• 3. Once the minimum control ground speed has been determined it should be

verified by conducting power chops of the critical engine from a symmetric

power take-off configuration. A safe build-up in airspeed and power chop

• quickness should be utilized just as in dynamic minimum control airspeed

testing.

Safety Speed. Safety speed allows for failure of the critical engine in

configuration take-off followed by configuration changes to reduce drag and

• conversion to a climb without loss of altitude. Thus, safety speed will be the higher

airspeed of:

1. Minimum control ground speed.

2. Minimum dynamic control airspeed in configuration take-off.

3. That airspeed from which a climb can be initiated with the critical engine

failed, after allowing for any deceleration, which the average pilot might

experience during engine failure and subsequent propeller feathering and

configuration change, without loss of altitude.
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Approach and Landing Characteristics with Asymmetric Power

The final phase of the asymmetric power investigation involves the

determination of approach and landing characteristics. From these tests, the

acceptability of asymmetric power flying qualities during VFR and IFR approaches

and field and carrier landings is determined. Additionally, optimum techniques for

these evolutions may be derived and/or recommended techniques may be evaluated.

The following points should be kept in mind while evaluating approach and landing

characteristics with asymmetrk power.

- 
- 

1. The critical engine may be placed in a simulated feathered condition vice

actually secured. (For propeller-driven airplanes, the propeller control

• should be placed to full increase or maximum RPM on final approach in

case a symmetric power wave-off is necessary.)

2. Standard traffic patterns and altitudes need not be adhered to; steep turns

should be avoided.

3. Excessive cross winds and turbulence unduly increase pilot workload for

initial tests. Close attention to the cross wind must be given during each

separate portion of the evaluation.

4. The tendency for the airplane to swerve toward the operative engine(s)

with power reduction at field touchdown may be diminished by smooth

power reduction , rudder inputs, braking, and nosewheel steering (if

available). This swerve tendency may be particularly pronounced on

twin-engine turboprop airplanes. For this type, initial power reduction at

field touchdown should be only to FLIGHT IDLE. After counteracting

initial swerve, the operative engine may be brought to GROUND IDLE.

Use of reverse thrust !~ymmetrically may result in loss of directional
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control. (However , symmetrical reversing may be employed by using the

symmetric operative engines on four-engine airplanes.)

5. Wave-off characteristics under asymmetric power should also be evaluated.

For initial tests, asymmetric power wave-offs should be commenced from

an altitude no lower than 600 feet above ground level. Obviously, the

wave-off should be initiated at an airspeed no lower than the pr.!viously

• determined minimum dynamic control airspeed for the wave-off con~itioa.

POSTFLIGHT PROCEDURES

As soon as possible after returning from the flight, the test pilot should write a

• brief , qualitative report of the asyi~ mefric power flying qualities. This report

should be written while the events of the flight are fresh in the pilot ’s mind. The

test pilot ’s qualitative opinion will be the most important portion of the final report

L ~~, 
• of the asymmetric power flying qualities.

• Asymmetric power characteristics in steady, equilibrium flight conditions are

effectively presented as plots of pertinent control forces and positions versus

airspeed (Figure 113). For dynamic characteristics (sudden engine failures) , time

histories should be presented if automatic recording devices were utilized

(F igure 114).

The terminology used in the technical report regarding minimum speeds and

conditions must be explicitly defined. Expressions utilized to describe airspeeds

and conditions associated with asymmetric power are not standard throughout the

aviation industry. Thus, when describing the test results, the writer must be

extremely careful to precisely define each expression which possibly could be

misinterpreted.
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SPECWICATION REQUIREMENTS

Requirements for asymmetric power flying qualities are contained in the

following applicable paragraphs of Military Specification MIL-F-8785B(ASG) of

• 7 August 1969, hereafter referred to as the Specification.

3.3.9 Lateral-directional control with asymmetric thrust.

3.3.9.1 Thrust loss during takeoff run.

3.3.9.2 Thrust loss after takeoff.

3.3.9.3 Transient effects.

• 
• 3.3.9.4 Asymmetric thrust - rudder pedals free.

3.4.9 Transients following failures.

3.4.10 Failures

3.6.1.1 Trim for asymmetric thrust.

The requirements of the Specification may be modified by the applicable

airplane Detail Specification. Some comments to assist in interpretation of the

• 

• 

requirements in the paragraphs listed above may be helpful and are presented

below. 
3

3.3.9 Lateral-directional control with asymmetric thrust. This is a general
— paragraph which contains the all-important sentence, “following sudden asymmetric

loss of thrust from any factor the airplane shall be safely controllable.” Any

dangerous characteristic exhibited under any representative operational flight

condition is a violation of this requirement. Additionally, the requirements stated

in 3.3.9.1 through 3.3.9.4 must be met.

\‘I-45
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3.3.9.1 Thrust loss during take-off run. Normally, no asymmetric tests will be

made on the take-off run at TPS.

3.3.9.2 Thrust loss after take—off. This paragraph refers to a sudden failure of

the critical engine (worst case) in the take-off configuration. The pilot must be

able to achieve and maintain straight flight following the sudden failure at all

airspeeds above V5~0~ + 10 knots. No configuration change is permitted other than

operation of automatic devices, such as autcfeather. The bank angle used in the

steady equilibrium condition must not exceed 5 degrees and rudder and aileron

forces are to be within the stated limits with trim set for symmetric power

- : take—off.

3.3.9.3 Transient effects. Note that no response to the simulated engine

- 
- failure is permitted for at least 1 second.

3.3.9.4 Asymmetric thrust - rudder pedals free. This paragraph describes a

• maneuver utilized as an indication of the static directional stability in the worst

asymmetric condition. Trim is set for wings level steady heading flight at

maximum level flight airspeed with symmetric normal rated power. The critical

-
• engine is failed (the propeller may only be feathered if the automatic feathering

• system normally operate~ in the configuration under test). Then the pilot merely

frees the rudder pedals, decelerates slowly with longitudinal control inputs, and

- maintains steady heading by banking into the operative engine(s) and sideslipping.

- At all speeds above 1.4 V . ,  It must be possible to maintain a steady headin~g.

_  _
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3.4.9 Transients following failures. This paragraph refers to airplane motions

following any airplane system or component failure. Failures resulting in

asymmetric thrust are adequately covered under 3.3.9 and no additional

requirements are stated here.

3.4.10 Failures. The relevant requirement in this paragraph is that the pilot

shall be provided with immediatc and easily interpreted indications of a failure

resulting in asymmetric thrust. The requirement related to dangerous flying

qualities is covered in 3.3.9.

3.6.1.1 Trim for asymmetric thrust. This paragraph requires that in the worst —

• asymmetric case it shall be possible to trim elevator , aileron, and rudder forces to

zero at all level flight cruise speeds from best range speed for the engine-out

configuration to the maximum speed obtainable with normal rated thrust on the

functioning engine(s). 0i in other words, minimum trim speed should be less than

maximum range speed for the engine-out configuration.
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• - TRANSONIC -SUPERSONIC FLYING QUALITIES

INTRODUCTION

Airplanes designed to fly operationally at transonic and supersonic airspeeds

genera lly experience few of the instabilities which were encountered in the first

experimental supersonic types. Knowledge of the transonic-supersonic re~jim es has

been utilized to develop airplane conformations suited to the high Mach number
- 

- 
operating environment. Thus,these regimes are no longer ones to be entered only

inadvertently or with apprehension. Rather, the a i rplane capable of operating

transonica lly and supersonically with satisfactory stability and control

characteristics has obvious tactical, strategic, and logistics advantages.

The same standard test techniques presented previously may be utilized in the

transonic-supersonic testing environment. However, several pecul iar it ies of the

stability and control characteristics of the supersonic airplane must be understood in

order to effectively conduct a test program in this environment. Additionally, the

approach to transonic-supersonic fli ght testing may be somewhat different than the

approach to subsonic flight testing.
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THEORY

- • 
TRANSONIC-S UPERSONIC FLYING QUALITIES

GENERAL

Trans it ion From Subsonic to Supersonic Flight

Var ious components of the a irp lane structure are subject to local velocities
which may be lower or higher than the airplane velocity . As the airplane ’s airspeed
increases, a Mach number will be attained at whkh some component of the airplane

is subjected to local sonic veloci~y~ This free-stream Mach number at which a local
-
. Mach number of 1.0 is attained at any point on the airplane is called the critical

• Mach number (F igure 1). There exists a Mach number b~’nd within which regions of

both subsonic and supersonic flow are present on the airplane. This Mach number
- 

band is called the transonic region or transonic regime. The transonic region for a

part icular airplane obviously depends on its design characteristics; however , the
- 

transonic region is sometimes loosely defined as a Mach number band extending

-~ from 0.75 IMN to 1.20 IMN.

The flying qualities of airplanes operating in the transonic-supersonic flight

regime are generally characterized , to some degree, by var ious peculiarities not

normally encountered in subsonic flight. These peculiarities may be attributable to

one or more of the following factors :

1. Air compressibility effects.

2. Elastic deformation of the airplane structure.

V 11-2
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- 
- ,  3. Airplane conformation and mass distribution.

- 4. Reduction of air density at high altitudes.

Each of these factors, and its possible influence on flying qualities will be
- - discussed in turn.

AIR COMPRESSIBILITY EFFECTS

Compressibility is defined as that property of a substance which causes its
density to increase with increase in pressure. In aerodynamics, this property of air is

- 
part icularly manifested at high airspeeds. Compressing the air about an airplane may

generate buffeting, control surface buzz, tr im changes, and other phenomena not

ordinarily encountered at low airspeeds. These phenomena are commonly known as

compressibility effects and may be attributed to various peculiarities encountered at

- 
- transonic and supersonic Mach numbers.

Aerodynamic Center Movement

In the transonic region, the formation of shock waves on the wing surface and

the resulting separated flow (Figure 1) causes movement of the wing aerodynamic

center. The magnitude of the aerodynamic center movement depends on the design

parameters of the wing (Figure 2).

-
I

I 
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SUBSONIC FLOW
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FIGURE I
TYPICAL FLOW ABOUT A WING SECTION IN TRANSITIONING
FROM SUBSONIC TO SUPERSONIC FLOW
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• MACH NUMBER, M

FIGURE 2
AERODYNAMIC CENTER VARIATION WITH MACH NUMBER

The aft shift of the aerodynamic center results in an increase in longitudinal

stability at a con~tant Mach number or an increase in angle of attack stability. (The

aft shift of the aerodynamic center is analogous to moving the airplane

center-of-grav ity forward.) This change in stability can contrihute to several

characteristics which influence the fly ing qualities associated with transonic and

- 
. supersonic flight regimes. The most well-known of these characteristics is the

~r~n~~nic longitudinal trim chanoe. The transonic longitudinal trim change is

manifested by increasing longitudinal 2~JL forces and increasing trailing edge up
elevator deflection required to stabilize at higher transonic Mach numbers with a

constant longitudinal trim setting. This trim change also contributes to the common

increase in normal acceleratjon for a fixed longitudinal control pull force and

elevator deflection while d~~elerating through the transonic regime at a constant

longitudinal trim setting. 
—
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In the pure supersonic flight regime, the primary effect of the aerodynamic

center shift is simply the increase in longitudinal stability. This can contribute to

high longitudinal maneuvering control forces and/or the inability to obtain

max imum useable load factors (design limit normal acceleration) in supersonic

fl ight.

• Reduction in Lift and Change in Downwpsh

During accelerations through the transonic regime, a reduction of lift from the

• wing occurs because of the shock wave formation and subsequent airflow separation

(F igure 3). Since downwash behind the wing is a direct function of wing lift , a

reduction in downwash also occurs while accelerating through the transonic regime.

The reduction in downwash generates an ~ creased angle of attack at the horizontal

tai l, which requires the pilot to apply additional trailing edoe un elevator deflection

to maintain altitude. Therefo re, this factor also contributes to the transonic

longitudinal trim change.

SUPERSONIC ~_.-•~y:’21’ —, - -

FLOW 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

NORMAL
SHOCK WAVES

SEPARATED FLOW

FIGURE 3
TRAILING EDGE CONTROL SURFACE IN TRANSONIC FLOW
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Control Effectiveness and Hinge Moments

The effectiveness or control power of the conventional trailing edge control

surface (rudder, aileron, elevator) is particularly susceptible to transonic and

supersonic influence. In the transonic flight regime, the trailing e:{ge surface may be
- • operating in a region of separated flow behind the normal shock wave, since the flow

forward of the shock is supersonic. Thus, the control power, or the change in
• pitching, yawing, or rolling moment created per incremental change in control

deflection, may be decreased.

The control power of the conventional trailing edge Lontrol surface decreases

also at supersonic airspeeds. Because the flow over the wing, horizontal stabilizer , or

vertical stabilizer is supersonic, the deflection of a trailing edge control surface
generates little change in the aerodynamic loading over the wing or stabilizer (Figure

4). These phenomena have resulted in the use of the all-moving stabilizer , w ing

spoiler control surfaces , and irreversible power control systems on most modern

supersonic airplanes. The all-moving stabilizer control power also decreases

supersonically; however, the reduction is generally not as severe as for the trailing

- .5 
edge controt. -

TRAILIN~ EDGE CONTROL —

HINGE MOf~~NT COEFFICIENT

p.. TRAILING EDGE SURFACE
C- )NTRO( POW ER COEFFICIENT

— -— ~~~ 8UTION

I 2
MACH NUMBER, M

FIGURE 4
TYPICAL VARIATIONS OF CONTROL POWER AND HINGE

MOMENT COEFFICIENTS WITH MACH NUMBER
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Chanaes in Lift Curve Slope and Stability Derivatives

Diffe rences in subsonic and supersonic pressure distributions over wing,
horizontal tail, and vertical tail surfaces lead to significant ‘t~~ges in the
effectiveness of the surfaces. These changes are the result of the typical reduction in

-• lift curve slope at supersonic airspeeds (Figure 5). Essentially, the variation in lift
curve slope indicates that the aerodynamic surface becomes less sensitive to angle of
attack or sideslip changes at high Mach numbers. The implications are several and
significant:

1. The damping of the longitudinal short period and lateral-directional Dutch

roll motions may be decreased.

2. Control power of the all-moving stabilizer may be reduced.

3. Directional stability, Cn~ may be reduced drastically.

0z
4

- Cl)
-J w

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
MACH NUMBER, N

FIGURE 5
LIFT CURVE SLOPE VARIATION WITH MACH NUMBER
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The reduction of directional stability at high Mach numbers can be a particularly

serious phenomenon. Because directional control power, Cnó r, generally decays
- p with Mach number as does directional stability, C~~ , the rudder position variation

with sideslip angle, .çj~5j is not a good indication of the decay in directional stability.

The pilot may feel ~~rfectly secure with the ~~ gradient exhibited by the airplane,

although directional stability may be dangerously low (Figure 6). The directional

stability in supersonic flight decreases further with increasing lift coefficien t, angle

of attack, or normal acceleration (Figure 7). This is caused by:

1. A reduction in dynamic pressure at the vertical tail, due to the turbulent

wing and fuselage wake at high angles of attack.

- 

, 2. Strong vortex shedding from sharp-nosed fuselages at high angles of attack.

The decrease in lift curve slope and associated changes in stability derivatives

have contributed to the requirement for stability augmentation systems in most

modern supersonic airplanes.
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MACH NUMBER, M

FIGURE 6
POSSIBLE VARIATION OF DIRECTIONAL STABILITY AND CONTROL

POWER WITH MACH NUMBER

I-
-J

4

- 

MACH NUMBER

FIGURE 7
TYPICAL INFLUENCE OF INCREASING NORMAL ~~CELERATION

ON DIRECTIONAL STA8ILITY
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Miscellaneous Compressibility Phenomena

Miscellaneous phenomena which may be observed in the transonic flight regime
are:

- 
- • 1. Buffeting of fuselage, wings, and empennage due to separation induced by

- ~
:-
~ 

shock wave formation.

2. Abrupt lateral -directional trim changes due to asymmetric shock wave
formation on wings and aft fuselage.

• 
• 3. Unusual roll response to rudder inputs. The airplane may roll opposite to the

direction of rudder input because the forward moving wing will be subjec ted
to a slightly higher Mach number and, possibly, more shock-induced
separat ion. On a swept-wing airplane, the change of effective sweep angles in -:
sideslipping flight contributes to negative dihedral effect in the transonic
regime (Figure 8).

/3 RELATIVE WIND
- VECTORS

EFFEC~ VE P ANG~ I 
- 

EFFECTIVE ANGLE

CRITICAL MACH NUMBER ,/‘\\ \ T~
-
~N. CRITICAL MACH NUMBER

• IS INCREASED \ ~~~~~~~~~~~~~~~~~~ IS DECREASED
MORE SHOCK — INDUCED

SEPARATION

ROLLING MOMENT
/

FIGURE 8
POSSIBLE ROLLING MOMENT GENERATED BY SIDE -
SLIPPING A SWEPT-WING AIRPLANE AT TRANSONIC

MACH NUMBERS
VIl- il
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4. Unusual roll response to small lateral control inputs. The airplane may roll

opposite to the direction of lateral control input (for small lateral inputs). If
the airplane is equipped with spoiler -type lateral controls, this effect may be
attributed to boundary layer regeneration (vo rtex generator effect) for very
small spoiler deflection. The energizing of the boundary layer can reduce the

• magnitude of shock-induced separation, actually increasing the lift on the
wing.

5. Very high frequency control surface oscillations. These oscillations , generally
• 

- 
called control surface “buzz,” may be caused by control surface immersion
in separated flow behind the shock wave or by shock wave formation and
movement on the control surface. Prolonged, large magnitude, control
surface buzzing could conceivably result in structural failure of the control
surface.

ELASTIC DEFORMATION OF THE AIRPLANE STRUCTURE

Elastic deformation of the airplane structure , or aero-elastic effects , are likely to

have some influence on tránsonic and supersonic flying qualities. The flexible
structure of an airplane will bend or deform in response to applied moments so as to

tend to j~~uce the moments or “unload itself.” Thus, aero-elastic effects may be
manifested by a decrease in stabilizing influence of the horizontal and vertical tail.
This results in a reduction in damping of all perturbed motions, as well as a
reduction in static stability. An example of how elastic deformation can reduce
static directional stability is shown in Figure 9.

V II-12
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MACH NUMBER , M

FIGURE 9
POSSIBLE INFLUENCE OF ELASTIC DEFORMATION

DIRECTIONAL STARILITY

The most significant influence of aero-elasticity may be in the area of rolling

performance. Wing torsional deflections which occur with aileron usage may be

considerable. The result may be a drastic reduction in lateral control effectiveness at

high Mach numbers. This subject is more thoroughly discussed in the Rolling

Performance Theory.

It should be remembered that aero-elastic effects occur as a function of dynamic

pressure for a given Mach number. Therefore , high altitude flight at a given Mach

number w ill be relatively free of aero-elastic effects when compared to low altitude

flight.

AIRPLANE CONFORMATION AND MASS DISTRIBUTION

Peculiarities of the aerodynamic form and mass distribution of the supersonic

shape can generate some unusual stability and control characteristics. In particular ,

longitudinal flying qualities may be significantly influenced in many flight regimes

V Il .13
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- -- - - by the location of the horizontal tail. The low-mount~~ horizontal tail generally
generates more supersonic drag and operates in a region of disturbed flow from the
wing and fuselage at angles-of-attack below stall. Thus, its effectiveness may be

reduced and a more abrupt transonic longitudinal trim change may be encountered.
However , the high-mounted horizontal tail , which may yiel’l better longitudinal
flying qualities over much of the total flight envelope of the airplane , may

• prec ipitate severe “pitch-up” character istics at high angles-of-attack. A thorough

discussion of the influence of horizontal tail location on stall characteristics may be

found in the Stalls Theory section.

The supersonic airplane is characterized by a concentration of mass within a
relatively long, slender fuselage; this results in large inequities between yawing and
pitching moments of inertia, and the rolling moments of inertia. Thus, the influence

of inertia on airplane motion is generally more pronounced. The supersonic airplane

may be plagued by roll coupling tendencies which are compounded by reduced
longitudinal and directional stability at high Mach numbers. Roll coupling is
discussed more thoroughly in the Rolling Performance Theory section.

REDUCTION OF AIR DENSITY AT HIGH ALTITUDES

• The reduction of air d ensity at high altitudes leads to a marked reduction of the
damping moments generated by the airplane in opposition to perturbations. In
comparison, inertia moments are not directly related to air density and therefore

remain fairly constant with altitude increase. Thus; in supersonic, high alt .tude flight

regimes , the airplane may exhibit lower damping of longitudinal and

lateral-directional oscillations as well as lower roll damping. In order to counteract
these adverse tendencies, supersonic airplanes are normally equipped with stability
augmentation systems.
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TEST PROCEDURES AND TECHNIQUES
TRANSON IC-SUPERSONIC FLYING QUALITIES

PREFLIGHT PROCEDURES

Transonic and supersonic investigations must begin with extensive preflight
preparation. The ~~~~ and scope of the investigation must ‘ e clearly defined,
then a plan of attack or method of test can be formulated.

Preflight planning must start with research. The step-by-step process by which
Mach number and maneuvering envelopes of high performance airplanes are enlarged
during prototype flight testing is joint effort on the part of analytical and flight test
engineers. Abrupt, nonlinear effects often encountered may preclude increasing

Mach number or maneuvers by simple interpolation and extrapolation based on

previously attained conditions. Predictions of f lying qualities should be based on
wind-tunnel and theoretical data corrected as necessary by the results of inflight

~~~~~~~~~ For experimental or prototype flight testing programs, large scale analog or
digital computing equipment is probably essential to allow the necessary speed and

- 
- 

flex ibility of computation. For flight test programs within established flight
envelopes which have been demonstrated structurally and aerodynamically safe, the
sophisticated computing equipment may not be required. However, preflight
researc h should be no less thorough. The design of the airplane should be studied in
relat ion to its influence on stability and control characteristics. The flight control

system, including stability and control augmentation, should be closely scrutinized.
All available flight test, wind tunnel, and theoretical data shoul-’ be reviewed. Much
usefu l information may be gained from conferences with pilots and engineers

familiar with the airplane.
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The particular tasks to be investigated must be determined and clearly
understood by the flight test team. These tasks , of course, depend on the mission of

the airplane. The transonic region may be of relatively minor concern for airplanes
designed to operate exclusively at supersonic speeds; accelerations and decelerations
through the transonic regime would obviously require careful study, however. For
airplanes designed to operate for prolonged periods in the transonic regime and for
highly maneuverable airplanes capable of t~ctical transonic operations, the transonic
flying qualities should be of major concern. The tactical feasibility of maneuvering
in the transonic region in a close air-to-air engagement environment should be
established, if appl icable. Satisfactory transonic flying qualities for vigorous

• maneuvering tasks can prov ide a tactical advantage for defensive or offensive
- 

- purposes; the advantage may revert to the enemy combatant airplane if unacceptahie
transon ic characteristics exist.

The part icular mission task~ to be investigated dictate the test
conditions - configurations, centers-of-gravity, altitudes, gross weights, and trim
airspeeds. Test conditions should be commensurate as much as possible with the

mission environment of the airplane. However , the nature of transonic and

supersonic stability and control characteristics requires that the most critical

conditions be approached with due caution. Forward center-of-gravity positions

should be used for initial tests unless adverse longitudinal control problems for

• recovery from high speed dives, etc., are predicted. The maximum practical altitude
should be used for initial tests, to permit the attainment of high Mach numbers at

the lowest dynamic pressure . The amount and sophistication of instrumentation will
depend on the purpose and scope of the evaluation. Automatic recording
devices - oscillograph, magnetic tape, and telemetry - are essential in a long test
program of quantitative nature . Telemetering appropriate parameters to a ground
station is almost mandatory for tests on prototype or experimental models.
Qualified engineers, with communications to the test pilot , should continually
monitor the flight test records.
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Consideration must also be given to the airsoace to be utilized for transonic and
supersonic tests. Only designated areas may be used and the location and size of the

area can have a large influence on the flight test approach utilized.

The final step in preflight planning is the preparation of pilot data cards .
Example data cards presented previously for each area of investigation may be
utilized, or data cards may be constructed to meet the requirements of the

- 
--  individual test program. The data cards should list all quantitative information

desired, should be easy to interpret in flight, and should allow adequate space for

appropriate qualitative pilot comments.

FLIGHT TEST TECHNIQUES

General

The same test techniques described earlier in this manual may be employed in

the transonic and supersonic environment. However, the aooroach to this testing

environment will be somewhat modified because of various peculiarities of transonic

and supersonic flight.

Classically , the test pilot should desire the same satisfactory flying qualities at

transonic or supersonic speeds as are expected in the subsonic environment. Of

course, various characteristics not normally encountered at subsonic speeds may be

anticipated at transonic and supersonic speeds. However, these peculiarities should

not derogate flying qualities to a degree inconsistent with satisfactory mission

accomolishment.
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Due regard must be given to the following considerations in determining the

acceptability of various transonic and supersonic characteristics :

1. Whether the mission tasks will be performed in VFR and IFR conditions or

strictly VFR weather.

- 

2. The availability of an autopilot or automatic flight control system for pilot

- 
rel ief.

- p

3. If stability and control augmentation are installed, the consequences of their

failure.

The pace of the transonic and supersonic investigations depends upon the degree

of familiarity with the flight environment of interest. The pace of initial tests must

- 
be very slow and methodical. As familiarity increases , the pace may be quickened.

Preliminary Deceleration Test

The test pilot must ascertain the ability to d ecelerate from transoriic and

supersonic airspeeds prior to penetrating into these regions. Therefore , a

deceleration check should be performed at a Mach number just below the Mach

- number at which compressibility effects are noted. The effectivenss of all means of

deceleration-speed brake extension, power reduction, etc.-should be determined.

Both individual and simultaneous actuation of deceleration means or devices should

be performed. Large trim changes associated with actuation of deceleration devices

may generate adverse flying qualities during transonic and supersonic decelerations;
- 

— therefore , these trim changes should be noted during this preliminary test.
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Typical Transonjc Characteristics

-
~~ Stability and control characteristics which may be encountered exclusively in

the transonic flight regime include abrupt chaiges in longitudinal, lateral, and
directional trim as well as high frequency control surface “buzz.” The abrupt change
of longitudinal trim in a narrow range of transonic airspeed is manifested as the
“transonic longitudinal trim change” (Figure 10).

I--

IL

~J M~~~l Nt ’ER, M

T R I M

FIGURE 10

TYPICAL TRANSONIC LONGITUDINAL TRIM CHANGE

The severity of the longitudinal trim change increases with increasing angle of
attack, lift coefficient , or normal acceleration. This can create a sudden increase in

normal acceleration for a constant longitudinal control force and elevator position
while decelerating through the transonic region (Figure 11).
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Considcring the static -urvcs if th ’~ pilot deceleratedfrom poing “A” (2g) with a fixed control force and
position , the norma l ac.clcration would tend to increase
to 3~ at point “B” and 4g at point “C”.

FIGURE II
ABRUPT INCREASES IN NORMAL ACCELERATION MAY BE
ENCOUNTERED DURING TRANSONIC DECELERATION

Changes in airplane lateral trim transonically may be manifested in small abrupt

roll excursions not generated by lateral control inputs. These excursions may be

triggered by directional trim changes which result in small sideslip excursions. Roll
response to sideslip angles may indicate negative dihedral effect; this phenomenon
may be particularly noticeable on swept.wing designs.

High frequency control surface oscillations or control surface “buzz” are

sometimes encountered in the transonic regime.

Transonic Investigations (lnitiafl

If little or nothing is known about the transonic behavior of the airplane, the
pace of the transonic investigation will be very slow. After performing the
preliminary deceleration test, the transonic region may be penetrated as follows:
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1. At the highest practical altitude, establish the power or combat
configuration with military or maximum power at a Mach number just below

transonic influences. Full power is used so that altitude loss during the test

may be minimized and maximum initial deceleration may he realized with

power reduction.

2. Increase Mach number in steps of approximately 0.01 IMN until transonic

characteristics are first detected.

3. After encountering the initial transonic characteristics , increase Mach

number in steps of approximately 0.005 IMN. Longitudindl trim settings

should not be altered after penetrating the transonic region unless trimming
• is required to reach higher Mach numbers. (“Trimming into” the transonic

region may result in ~~cessive normal acceleration response during

deceleration or a lack of longitudinal resoonse when initiating deceleration.)

4. Stabilize at each incremental Mach number and note appropriate airplane
characteristics. The automatic recording devices are effectively utilized to

— quickly gather the airplane response or characteristics in the following
manner: 

-

a. Steady, straight stabilized flight.
- 

. b. Steady turns at ~~~~ increments of normal acceleration.

c. Small longitudinal doublet or pulse inputs.

d. Steady sideslips at ~j~~i increments in sideslip angles.

e. Small directional pulse inputs.

f. Small lateral control deflections.
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5. As familiarity with the transonic characteristics of the airplane is gained, the
maneuvers listed above may be methodically increased in magnitude.

6. At predetermined Mach number increments, the test pilot should check
deceleration characteristics. Slow decelerations using only slight power

reduction should be used initially; as familiarity is gained, faster
decelerations may be evaluated with simultaneous actuation of all

deceleration devices.

7. If control is lost or becomes marginal during the transonic investigation or if

unexpected characteristics are encountered, the test pilot should decelerate
to a subsonic condition and analyze the situation.

• Transonic Investigations (Proven Airplane)

After initial investigations of transonic behavior or for transonic investigations

on proven airplanes, a faster pace and more vigorous approach may be utilized. After
performing the preliminary deceleration test , the following procedures may be
employed: -

1. Perform an initial acceleration through the transonic region to obtain an

• overall picture of the characteristics exhibited. If longitudinal trim is
maintained constant at the setting for the subsonic starting point, the

transonic longitudinal trim change data may be obtained. The acceleration

may be performed by dJvin~ with full power or by a level acceleration with

full power for airplanes with the perfonnance capability. If automatic
— recording devices are available, the entire acceleration shoul’l be recorded for

later analysis.
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2. Perform a deceleration through the transonic region using only power

reduction. Note the Mach number at which an increase in normal
acceleration may be expected for a constant longitudinal control force and

elevator position. Record the deceleration with the automatic recording

- 

. - devices, if appropriate.

3. Begin a detailed assessment by stabilizing at predetermined Mach numbers in
the transonic region (0.02 to 0.05 IMN increments). At each stabilized trim
point, briefly investigate the following characteristics:
a. Longitudinal, lateral, and directional trimmability.

“ b. Longitudinal short period characteristics (smail doublet or pulse inputs) .

Note any tendencies toward pilot-induced oscillations.

c. Longitudinal maneuvering stability in steady turning flight. Use

approximately the same normal acceleration increment at each test point

(for example, l-3g), so that the variation of longitudinal control force

p
~ ..g with Mach number may be easily noted and presented.

d. Steady heading sideslips (
~rn~ii).

e. Lateral-directional oscillations (~rn.~JJ rudder pulses).
- • . f. Rolling performance with small lateral control inputs and small bank

angle changes.

If automatic recording devices are available, these maneuvers are easily and

quickly recorded for accurate quantitative information.

4. If desired, the maneuvers listed above may he gradually increased in

magnitude.
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5. Evaluate deceleration characteristics through the transonic region with

various combinations of deceleration means . speed brake extension, power

reduction, etc. In addition, the flying qualities exhibited during decelerations

at increasing values of normal acceleration should be carefully determined.

- 
- • 

Caution should be exercised during this phase of the test in order to avoid

exceeding structural limit normal acceleration.

6. For highly maneuverable airplanes capable of tactical transonic operation, a

qualitative investigation should be performed to determine the feasibility of

utilizing the transonic region during typical mission tasks.

- • 7. If control is lost or becomes marginal during the transonic investigation,or if

unexpected characteristics are encountered, the test pilot should decelerate
- • to a subsonic airspeed and analyze the situation.

Typical Supersonic Characteristics

At supersonic flight speeds, the following general peculiarities in airplane

stability and control characteristics may be encountered:

1. Increased longitudinal, lateral, and directional control deflections required in

all maneuvering, particularly if control surfaces are trailing edge type.

2. Increased longitudinal maneuvering control force gradient; reduction in

available normal accelerations with full trailing edge up longitudinal control

surface deflection.

3. Deterioration of transient behavior, i.e., reduced damping of longitudinal

and lateral-directional motions; particularly noticeable at high altitude for

airplanes without stability augmentation.
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4. Change in magnitude of the rolling motion in the Dutch roll oscillation

(roll-to -yaw ratio); particularly noticeable in airplanes with no stability

augmentation.

• 5. Weak static directional stability , particularly at high normal acceleration

values.

- 
~

- 6. Reduction of rolling performance.

7. Tendencies toward roll counling.

Supersonic Investigations

- • Supersonic investigations may be performed according to the same procedures as

presented for transonic investigations. For initial investigations , the pace must be

very slow and methodical. The operating envelope should be expanded with a

step-by-step process. Computer programs, systematically updated with acutal flight

test data, should accompany the test program.

After initial investigations,or for supersonic investigations on proven airplanes, a

faster nace and more vigorous aøøroach may be utilized. An initial acceleration to a

Mach number near the maximum operational Mach number should provide valuable .5

overall impressions which may be helpful in dividing the remainder of the test into

particular phases. Test techniques presented earlier in the manual are still applicable

to the supersonic flight regime; however , an adequate build-up program must be

utilized since exceeding limits of controllability at supersonic speeds could

precipitate catastrophic results.
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POSTFLIGHT PROCEDURES

As soon as possible after returning from the flight, the pilot should write a brief , ‘ 
.5

rough qualitative report of the transonic and/or supersonic flying qualities. This
report should be written while the events of the flight are fresh in the pilot’s mind.
Qualitative pilot opinion, appropriately related to the mission tasks under
evaluation, will be the most important part of the final report.

Appropriate data should be selected to substantiate the pilot ’s opinion. Data

presentation methods introduced earlier may be utilized for various characteristics

of interest. The transonic longitudinal control force gradients w i-Il probably be one
of the most relevant transonic characteristics to be illustrated (Figure 12).

v~ 15
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FIGURE 12
TRANSONIC CHARACTERISTICS

MODEL _______AIRPLANE

BuNo ____________

PILoT: _________________ GROSS wEIGHT: 16,700 LBS
CONFIGURATION: POWER CG: 23.0 % MAC
LOADING ALFA ALTITuDE: 40,000—30,000 FT
DATE: iB APRIL 1966 STAB AUG: ON
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- SPECIFICATION REQUIREMENTS
I,;-

Requirements for transonic and supersonic flying qualities are contained in

applicable paragraphs of Military Specification, MIL-F-8785B(ASG), of 7 August

1969, hereafter referred to as the Specification. Paragraph 3.1.7, Oneratk~ l FIkt~t

• Envelopes, should be used as a guide in determining the flight envelope within which
- the Specification is considered applicable.

Revelant exceptions for longitudinal flying qualities in the transonic flight

regime are stated in Specification pargraph 3.2.1.1.1, Relaxation in Transonic Flight.

and paragraph 3.2.1.1.2, Elevator Control Force Variations During Rapid Speed

Chanqes.

Vfl 27

.5 
1 H

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _  — -~~ - •   “•~~~~



.5 - .5 - .5 

T~~~~~~~

TRANSONIC-SUPERSON IC FLYING QUALITIES
GLOSSARY OF DEFINITIONS

CRITICAL MACH NUMBER - The free-stream Mach number at which a local Mach
number of 1.0 is attained at any point on the body under consideration.

TRANSONIC SPEED - Flow in which regions of both subsonic and supersonic
velocities are present .

SUPERSONIC - Of, pertaining to, or dealing with, speeds greater than the speed of

• sound.
~ 4

.

COMPRESSIBILITY - The property of a substance, such as air , by virtue of which
its density increases with increase in pressure.

COMPRESSIBILITY EFFECTS - Phenomena encountered by airplanes operating
at high Mach numbers which are attributable to air compressibility.

- 
:- AERO-ELAST IC EFFECTS - Effect of aerodynamic forces acting upon an elastic

body, such as an airplane.
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