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PORTANT NOTES:

1. All aerodynamic coefficients and derivatives are de-
fined in the stability axis system, unless stated to
the contrary!

2. All rate derivatives are with respect to:
(rate)E/ZU1 or (rate)b/2U1 depending on

whether they are longitudinal or lateral-
directional derivatives.

3. All speed derivatives are with respect to: u/U1
4. Appendices contain separate symbol listings.

1. GENERA YM

Symbol Definition Dimension
a average deceleration 2
during the groundrun ft/sec
ajat lateral acceleration ft/sec2
. . 2
Auert vertical acceleration ft/sec
A _ Wing aspect ratio = -----
Ah Horizontal tail aspect
.- ratio  —————
b wing span ft
bf flapped wing span ft
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wing mean geometric chord,
m.g.c. ft

specific fuel consumption lbs/lbs/hr

specific fuel consumption lbs/hp/hr

mean geometric chord of
the surface corresponding
to subscript area ft

gear cornering coefficient,

see page 417 lbs/deg
Zero lift drag coeffi-
cient

Airplane steady state drag
coefficient

Airplane drag-due-to-speed
derivative

Climb gradient rad
Hingemoment coefficient

Hingemoment coefficient at
zero angle of attack
Hingemoment derivative due

to angle of attack 1/rad

Hingemoment derivative due

to sideslip angle 1/rad

Hingemoment derivative due

to control surface defl. 1/rad

Rolling moment due to roll

rate derivative 1/rad

Rolling moment due to yaw

rate derivative 1/rad

Rolling moment due to

sideslip derivative 1/rad

Rolling moment due to

sideslip derivative in the

body axis system 1/rad

Rolling moment due to

aileron derivative 1/rad

Rolling moment due to cock-

pit controller derivative,

see Egn. (2.63) 1/rad

Rolling moment due to

rudder derivative 1/rad

Rolling moment due to

spoiler derivative 1/rad
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Airplane lift coefficient

level flight = =--=---
Airplane 1lift coefficient

at zero angle of attack -----
Airplane steady state lift
coefficient = --—-—-
Lift due to pitchrate
derivative 1/rad
Airplane lift curve slope 1/rad

Airplane 1lift due to control
surface deflection deriv. 1/rad

Airplane lift due to eleva-

tor deflection deriv. 1/rad
Lift coefficient of the

wing + fuselage @ = -----
section pitching moment
coefficient including flaps.,
about the section a.c. - -----
Pitching moment coefficent
about the wing/fuselage
aerodynamic center = -----

Airplane pitching moment
coefficient = --——-
Airplane pitching moment
coefficient at zero angle

of attack  —=—-—-
Airplane static longitu-

dinal stability deriv. 1/rad
Airplane pitching moment

due to control surface de-

flection derivative 1/rad
Airplane pitching moment

due to elevator deriv. 1/rad
Airplane pitching moment

due to pitchrate deriv. 1/rad
Yawing moment due to roll-

rate derivative 1/rad
Yawing moment due to yaw-

rate derivative 1/rad
Yawing moment due to

sideslip derivative 1/rad

Yawing moment due to
sideslip in the body fixed

axis system 1/rad
Yawing moment due to
aileron derivative 1/rad
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Yawing moment due to
rudder derivative 1/rad
Ride comfort index =  —--—---

Airplane steady state
thrust coefficient = = —-=-=---

Airplane thrust-due-to-
speed derivative == o-----

Sideforce due to rollrate

derivative 1/rad
Sideforce due to yawrate
derivative 1l/rad
Sideforce due to sideslip
derivative 1/rad

Sideforce due to
aileron deflection deriv. 1/rad

Sideforce due to
rudder deflection deriv. 1/rad

thrust moment arm in pitch
about the airplane c.g. ft

Airplane drag lbs

Oswald's efficiency factor-----
Endurance hrs

range factor, page 134 = -----
obstacle height factor,

see page 119  —-——-
Lateral cockpit

control force lbs
Directional cockpit

control force 1lbs
Longitudinal cockpit

control force 1bs

Sideforce component due
to thrust 1lbs

acceleration of gravity ft/sec

gearing ratio rad/ft
altitude ft
obstacle height for

landing ft
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obstacle height for

takeoff ft
Hingemoment ftlbs
Rolling moment of inertia 2
about the c.gq. slugft
Pitching moment of inertia 2
about the c.g. slugft

Pitching moment of inertia
about the main gear to

runway contact point slugft2
Yawing moment of inertia 2
about the c.gq. slugft

See Egn. (4.7), p.109 = -----
Gust parameter, see p.107 -----

Gust parameter, see pages

107 and 108  ——=—=
Proportionality constant for
cockpit control force coupling

of aileron to rudder and vice
versa lbs/rad

distance of the horizontal
tail aerodynamic center to
the airplane c.g. ft
Airplane 1lift lbs

Leading Edge @ -——=--
Lift acting on the hori-

zontal tail at the hor.

tail aerodynamic center 1bs
Gust length in y-dir. ft

Gust length in z-dir. ft
Lift acting on wing + fu-

selage at the wing/fuse-
lage aerodynamic center lbs

= 2
Cl qISb /ZIXXU1 1/sec

P

= 2
CquISb /ZIxxU1 1/sec
Rolling moment due to
thrust ftlbs
ClﬂqISb/Ixx 1/sec
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m=Ww/g airplane mass slugs

Mac Pitching moment about the
wf wing/fuselage aerodynamic
center ftlbs
M C_ q,Sc2/21_ U 1/se
q m_%1 yy 1 c
q
M C_ q,Sc/I 1/sec?
a maql vy
M. C_ q,Sc2/21_ U 1/sec
a maql yy 1
n load factor (L/W) -—-----
n load factor function,
see page 32 --===
n, load factor derivative
with respect to angle of
attack 1/rad
N, , 3 Numerator determinants defined
' in Table 2.1
ND Yawing moment due to
asymmetric drag ftlbs
- 2
Nr Cnrqlsb /2IZZU1 1/sec
NT Yawing moment due to
asymmetric thrust ftlbs
= 2
NB Canlsb/Izz 1/sec
p roll rate deg/sec
m Vertical reaction force
9 on the main gear 1bs
Pn Vertical reaction force
e on the nose gear lbs
Preqd Trequl/SSO, power reqd hp
Py Specific excess power ft/sec
a dynamic pressure psf
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Steady state pitch rate

Range
Rate of climb

Rate of descent
Rigid-to-elastic ratio
Loop radius

Turn radius

Air distance in landing
Landing fieldlength
Landing distance
Landing ground distance
Takeoff distance
Takeoff ground distance

wing area

Static margin, stick free

Surface area correspon-
ding to subscript area

time
installed thrust

Average thrust (p.117)
W/ (L/D), Thrust reqd

Roll time constant

Time to double amplitude
airplane forward accele-
ration, also:

bleed rate

forward speed

forward acceleration
Steady state speed

Speed
Approach speed

Symbols

rad/sec

nm or sm
ft/min or
ft/sec
ft/min or
ft/sec

sec
1bs

1bs
1bs

sec
sec
ft/sec2
ft/sec
ft/sec

ft/sec2
fps

fps
fps
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Stall speed fps

Stall speed in power

approach fps
Touchdown speed fps
Airplane weight lbs
Fuel flow rate lbs/sec

airplane aerodynamic cen-

ter location in fractions

of wing m.g.c. = -—-=-
horiz. tail aerodynamic

center location relative

to leading edge of the

wing m.g.c. ft
location of wing/fuselage
aerodynamic center rela-

tive to leading edge of

- wing m.g.c. ft

airplane center of gravity
location in fractions of

wing m.g.c.  —=——-
distance from nose gear

to leading edge of wing

m.g.c. ft
distance from main gear

to leading edge of wing

m.g.c. ft

lateral distance from the

main gear to the c.gq. ft

Lateral ground friction

force on nose gear 1lbs

Lateral ground friction

force on main gear lbs

Cyrqlsb/ZmU1 ' ft/sec
= 2

C qIS/m ft/sec

Yg

vertical distance from

drag force to the c.g. ft
vertical distance from the
c.g. to the main gear

to ground contact point ft
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2. GREEK SYMBOLS

B

Bng or mg

Ccross

Y

Qe

8cpt

Part VII

vertical distance from the

thrustline to the c.g. ft
= 2
-q,S(C + C, )/m ft/sec
1 La D1
angle of attack deg or rad

angle of attack on

the ground deg or rad
angle of attack effec-

tiveness due to control

surface deflection = -————-

sideslip angle deg or rad
crosswind induced

sideslip deg or rad
gear slip angle deg or rad
flight path angle deg or rad
rate of change of flight

path angle rad/sec
angle defined on p.121 deg or rad
angle defined on p.122 deg or rad

leading edge sweep angle deg or rad

control surface deflection
angle deg or rad

cockpit control deflec-

tion deg or rad
Denominator determinant

defined in Table 2.1,

also: incremental value of ...
downwash angle at the

horizontal tail deg or rad
ratio of dynamic pressure

at hor. tail to free stream  -----
pitch attitude angle deg or rad
taper ratio, also

engine bypass ratio === --=--
tire-to-ground friction

coefficient = =-==-=
see p.121 —-—==

air density slug/ft3
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in
lat
mc
mg
man
max
min
ng
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rms lateral gust velocity fps

rms vert. gust velocity
damping ratio

roll time constant,
also: TR

bank angle
thrust inclination angle

Airplane turnrate
Airplane crab angle
Nose gear steering angle

undamped natural freq.

Steady state

takeoff safety speed
speed at obstacle
aileron

absolute

climb
cruise
crosswind

elevator
end

front gear
horizontal tail
initial

lateral

minimum control
main gear
maneuver
maximum
minimum

nose gear

Symbols

fps

deg or rad
deg or rad

deg/sec or
rad/sec

deg or rad
deg or rad

rad/sec
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o} sealevel

r rudder
reqd required
rg rear gear

s stall, also: stability axes
sb speedbrake

t tab
tg tail gear

v vertical tail

w wing
wik wing + fuselage

Approach
Body axes
Dutch Roll
Empty

Fuel

Glide
Landing, also: Left
Phugoid
Payload

Roll

Also: Right
Spiral

Short Period
Throttle
Takeoff

o

(o

(o

HH%U) oo mow

(@)

4. Acronyms

AEO All engines operating

ASW Anti submarine warfare

BFL Balanced fieldlength

CGR Climb gradient

LOF Liftoff

NADC Naval Air Development Center
OEI One engine inoperative

P.D. Preliminary design

rms root mean square

SHP Shaft horsepower
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1. INTRODUCTION

The purpose of this series of books on Airplane
Design is to familiarize aerospace engineering students
with the design methodology and design decision making
involved in the process of designing airplanes.

The series of books is organized as follows:

Part I: PRELIMINARY SIZING OF AIRPLANES

Part II: PRELIMINARY CONFIGURATION DESIGN AND
INTEGRATION OF THE PROPULSION SYSTEM

PART III: LAYOUT DESIGN OF COCKPIT, FUSELAGE, WING
AND EMPENNAGE: CUTAWAYS AND INBOARD

PROFILES
PART IV: LAYOUT DESIGN OF LANDING GEAR AND SYSTEMS
PART V: COMPONENT WEIGHT ESTIMATION
PART VI: PRELIMINARY CALCULATION OF AERMYNAMIC,

THRUST AND POWER CHARACTERISTICS

PART VII: DETERMINATION OF STABILITY, CONTROL AND
PERFORMANCE CHARACTERISTICS: FAR AND
MILITARY REQUIREMENTS

PART VIII: AIRPLANE COST ESTIMATION: DESIGN,
DEVELOPMENT, MANUFACTURING AND OPERATING

In this part (Part VII) frequent use is made of most
other parts in this series on Airplane Design: Refs 1-7.

In Parts I and II so-called Class I methods for si-
zing airplanes to performance, stability and control re-
quirements were presented. These methods are compatible
with Preliminary Design Sequence I as outlined in Steps
1-16 in Part II. A flowchart which relates Class I me-
thods and P.D. Sequence I to Class II methods and P.D.
Sequence II is presented in Table 1.1,

The purpose of Part VII is to present Class II pre-
liminary design methods for determining stability, con-
trol and performance characteristics of airplanes. These
methods are compatible with Steps 17-36 of Preliminary
Design Sequence II as outlined also in Part II.

The objective of these methods is to assure that:

1. the mission requirements of the airplane (as sta-
ted in the mission specification) are satisfied

2. the airworthiness regulations (as stated in Refe-
rences 8, 9 and 10) are met

Part VII Chapter 1 Page 1



Table 1.1 Flowchart of the Preliminary Design Process

Mission Specification

Y

PART I Preliminary Sizing (—={Sensitivity Studies
W T A * Definition of
TO TO R and D Needs
max * Refinement of
WPL S (clean, Preliminary Sizing
TO and L)
Y
PART II |Preliminary Configuration| |* Initial Layout of
Layout and Propulsion Wing and Fuselage
System Integration * Class I: Tail
Sizing, Weight and
T Balance, Drag
Polar
Configuration Candidates L »* Initial Landing
Identified and One or More Gear Disposition
Selected for Further Study (PARTS III, IV, V
and VI)
P.D. STEPS 1-16 T
Sizing Iteration and
Reconfiguration
Refinement of Preliminary * Layout of Wing,
Configuration Fuselage and
* Empennage .
¢ Class II: Weight,
P.D. STEPS \7-306 Balance, Drag
Polars, Flap
Effects, Stability
and Control
¢ Performance
Verification
Y) * Preliminary
Preliminary Configuration Structural Layout
Design Finished * Landing Gear
Disposition and
Retraction Check
¢ Cost Calculations
(PARTS II through VIII)
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Airplanes must be controllable, maneuverable and
trimmable to be safe as well as useful. Chapter 2 pre-
sents methods for assessing the controllability, the ma-
neuverability and the trimmability capabilities of new
airplane designs.

Stability is a requirement for all airplanes*. Me-
thods for predicting the static and dynamic stability
characteristics of airplanes are found in Chapter 3.

To be useful most airplanes must possess ride quali-
ties such that the crew can carry out its functions and
such that passengers are not made uncomfortable. The
subject of ride qualities is taken up in Chapter 4.

All airplanes must satisfy specific performance ob-
jectives which are normally defined in a statement of
mission requirements. For an airplane to be airworthy,
it must also meet certain safety related performance re-
quirements. Methods for computing the performance capa-
bilities of airplanes are discussed in Chapter 5.

Airworthiness regulations have a major impact on the
design and development of airplanes. Therefore, the most
important aspects of civil and military stability, con-
trol and performance airworthiness requirements (regula-
tions) are presented in Appendices A and B.

Part VII is not intended as a textbook on airplane
performance, stability and control. It is designed as a
reference manual for students to ascertain that their de-
signs will meet mission performance as well as stability
and control requirements. For a detailed presentation of
airplane performance, stability and control theory and
methods References 11 and 12 are recommended.

Frequently, the mission specification of an airplane
will identify which regulations form the certification
base for an airplane. If that is not the case it is re-
commended that Table 1.2 be used to identify the type of
airplane which is being designed. With this information,
Table 1.3 can then be used to identify which regulations
apply to the design.

Stability can be satisfied in an open or closed loop
manner. If stability is satisfied 'open loop' it is
referred to as 'inherent stability’. If stability is
satisfied ’'closed loop'’ it is referred to as 'de facto
stability’.
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A most important aspect of airplane design is to en-
sure that the airplane has not only satisfactory perfor-
mance characteristics but also acceptable flying quali-
ties following one or more failures of flight crucial
components. To analyze the effect of failures of flight
crucial components, the regulations must be interpreted
in terms of the so-called airworthiness code as well as
in terms of minimum acceptable levels of flying quali-
ties. Appendix C contains a brief outline of the metho-
dology used in determining the required levels of flying
qualities in case of flight crucial failures.

1. Homebuilt Propeller 7. Transport Jets
Driven Airplanes 8. Military Trainers
2. Single Engine Propeller 9 Fighters
1

Driven Airplanes 0. Military Patrol, Bomb
3. Twin Engine Propeller and Transport Airplanes
Driven Airplanes 11. Flying Boats, Amphibi-
4., Agricultural Airplanes ous and Float Airplanes
5. Business Jets 12, Supersonic Cruise
6. Regional Turbopropeller Airplanes

Driven Airplanes

Airplane Type Passenger Weight Regulations

(See Table 1.2) Limit Limit
1 none none Experimental: FAR 21
2,3,4,5,11,12 <9 12,500 Normal Category:
FAR 23, Appendix A
3,6,7,12 {19 {19,000 Commuter Category:
FAR 23, Appendix A,
see page 207
5,6,7,11,12 >19 none FAR 25: Appendix A
8,9,10 none none Military: Appendix B
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2. CONTROLLABILITY, MANEUVERABILITY AND TRIM

The purpose of this chapter is to present Class II
methods for analyzing the controllability, maneuverabili-
ty and trimmability of a newly designed airplane. These
methods are compatible with Step 24 in Preliminary Design
Sequence II as outlined in Chapter 2 of Part II.

The objectives of the methods in this chapter are to
assure that:

1. the airplane has sufficient control power to
maintain steady state, straight line flight

2. the airplane can be safely maneuvered from one
steady state flight condition to another

3. cockpit control force levels are acceptable
under all expected conditions, including those
caused by configuration changes

4. the airplane can be trimmed in certain flight
conditions

The qualitative statements 1-4 are only one compo-
nent of what constitutes good flying qualities (handling
qualities) of airplanes. These gualitative statements
are translated in terms of guantitative requirements in
the airworthiness requirements of References 8 and 9.
These airworthiness requirements will be referred to as
the REGULATIONS.

Which regulations apply to a given new airplane de-
sign depends on the projected use of that airplane. Cer-
tification according to more than one regulation is pos-
sible at the option of the designer. Broadly speaking,
the regulations are applied as indicated in Table 1.3 of
Chapter 1.

The material in this chapter is organized as
follows:

2.1 Longitudinal controllability and trim

2.2 Directional and lateral controllability
and trim

2.3 Minimum control speed

2.4 Maneuvering flight (acrobatic maneuvers)

2.5 Control during the takeoff groundrun

2.6 Control during the landing groundrun

2.7 Roll performance

2.8 High speed characteristics

2.9 Aeroelastic characteristics
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is essential to gain insight into how the various
ry requirements for control, maneuvering and trim
the airplane design process. For that reason,
rial in most sections is presented in the follo-
eral sequence:

identification of the applicable airworthiness
regulation(s)

relationship to the stapility and control checks
performed as part of the preliminary layout de-
sign steps described in Chapter 2 of Part II:

P.D. Sequences I and II (mostly Steps 11 and 24)

presentation of a model for analyzing controlla-
bility, trimmability and/or maneuverability

a step-by-step procedure for determining whether
or not the airplane meets the control, trim and/
or maneuvering requirements of the regulations

this chapter, frequent use is made of the follo-

ms:
ontrol surface *trim
rim surface *trim diagram

initions of these terms are as follows:

Definition: A control surface is a surface used by

the pilot to attain airplane moment
equilibrium and/or to maneuver the air-
plane from one flight condition to an-
other flight condition.

Definition: A trim surface is a surface used by the

pilot to attain zero required cockpit
control force while retaining moment
equilibrium.

Definition: When an airplane is in moment equili-

brium while the cockpit control force is
zero, the airplane is trimmed.

Definition: A trim diagram is used to determine

the conditions for which moment equili-
brium (not necessarily with zero cock-
pit control forces) can be attained.

For detailed discussion(s) of airplane stability and

control

Part VII

characteristics Reference 12 should be consulted.
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2.1 NGITUDINA ROL LA AND TRIM
2.1.1 A icab R ati
Civil: FAR 23.143, 23.145, 23.161, FAR 25.143,
FAR 25.145, 25.161,
see: Appendix A.

Military: Mil-F-8785C, Par.3.2, see Appendix B.

2.1.2 Relationship to Preliminary Design

See Part II, Chapter 2 (in particular Step 24),
Chapter 8 and Chapter 11.

2.1.3 Mathematical Mod in ongitudinal
Controllability and Trim

The regulations essentially require that any air-
plane, when trimmed in a given flight condition at a
given airspeed:

A. can be maneuvered gsafely and easily to another
speed

B. can be coritrolled safely and easily when a con-
figuration change is made

The words 'safely'’ and 'easily' as used here are
defined in the regulations in terms of control forces
which may not be exceeded and/or in terms of control

power levels which must be available.

The words ‘configquration change' are meant to imply

any of the following events:

1. Change in center of gravity location

2. Change in thrust (or power) setting (voluntary
or failure)

3. Hard-over failure of any control or trim surface

4, Change in landing gear position (up or down)

5. Change in flap position (up, take-off, approach
or landing)

6. Change in speed brake position (retracted or
deployed)

7. Store release (i.e. bomb or payload drop): sym-
metrical and asymmetrical

8. Weapons firing (i.e. moment due to recoil force)

9. Combat damage

Whether or not these events must be assumed to occur

Part VII Chapter 2 Page 17



simultaneously is stated in the applicable regulations!

For purposes of Class II analyses, longitudinal con-
trollability is considered satisfied if:

1. Sufficient control power is available to cope
with all required configuration changes

2. Sufficient control power is available to allow
the airplane to be maneuvered from one flight
speed to another

3. Cockpit control forces required in the use of
control power to satisfy controllability are
within the limits prescribed in the regulations

_ Figure 2.1 depicts the forces and moments which act
on an airplane in a symmetrical, wings level, steady
state, straight line flight condition.

The following three equations of motion apply to
this case:

1. The D Equati
CLlsiny = CD1 + Tcos(gp + a) (2.1)
2. The (One-g) Lift Equation:
C; cosy = {C; + C; a + (2.2)
Ll Lo La
i=1 -
+ fEE(CLs Sctrli} + (T/qS)sin(gp + a)
ctrl.
1
3. The Pitchi Moment E tio
i=1 - =
0 = (C +C_ a + Sum(C ) } + (Tdm/gSc) (2.3)
Mo Mg f=n M ctrl; T

ctrli

For any given flight condition (i.e. known a) at any
given thrust setting (i.e. known T) the usual variables
in these equations are:

a, v and one of the i control surface
deflections, &
ctrli'
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The numerical solutions for these variables must be
'tested’ against acceptability criteria. These accepta-
bility criteria normally consist of allowable bounds on
the numerical values of a, v and actrli' Acceptability

criteria are presented in Subsection 2.1.4.
Methods for computing airplane drag coefficient, CD

and installed thrust, T in Egn.(2.1) are given in Chap-
ters 4 and 6 of Part VI. The reader is reminded of the
fact that the drag coefficient in Egn.(2.1) is the so-
called 'trimmed’ drag coefficient! That means: CD inclu-

des the drag effect of all control surface deflections
necessary to achieve moment equilibrium and trim.

Methods for computing the stability and control de-
rivatives in Equations (2.2) and (2.3) are provided in
Chapter 10 of Part VI.

The reason for using the ’'Sum’ terms in Equations
(2.2) and (2.3) explicitly is to recognize the fact that
many airplanes use two (or more) different types of lon-
gitudinal controls. Frequently, one of these controls is
used for primary longitudinal control while the other is
used for longitudinal trim.

A detailed justification for Equations (2.1) through
(2.3) is given in Reference 12 (Chapter 5).

In preliminary design, the following assumptions are
made to enable a rapid resolution of the controllability
issue:

1. The drag equation (2.1) is inherently satisfied.

For any given desired flight path angle, y this
means that the throttles are set to balance the
drag equation.

2. The flight path angle, y is small enough to use:
cosy = 1.0.

The consequence of these assumptions is that only
Equations (2.2) and (2.3) are needed to determine con-
trollability! This can be done with the help of the air-
plane trim diagram. The trim diagram allows a graphical
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solution of Equations (2.2) and (2.3) while accounting
for all eight configuration changes mentioned before. A
method for constructing airplane trim diagrams is presen-
ted in Part VI, Chapter 8.

Class II analysis of longitudinal trim is usually
accomplished by writing an equation for the cockpit con-
trol force required to hold the aerodynamic controls in a
position such that Egns (2.2) and (2.3) are satisfied.
Such an equation is called the stick- (or wheel-) force
equation and it takes the following form:

Fg = G(HM) + Fg (2.4)
artificial

where: G is the control system gearing ratio. For a dis-
cussion and definition of control system gearing
ratios, see Part IV, Chapter 4 and Reference 12,
Chapter 5. Typical numerical values for gearing
ratios are given in Table 4,1 of Part VI.

HM is the control surface hingemoment, normally
expressed in ftlbs and computed from:

HM = Chq(SC)control surface (2.5)

where: Ch is the control surface hingemoment
coefficient. This hingemoment coeffi-
cient depends on the detail design of
the control surfaces of the airplane.
Section 10.4 of Part VI contains methods
for estimating hingemoment coefficients

and their derivatives.

Fg is the incremental cockpit control
artificial force due to such items as: down-
springs, bobweights and other 'feel’-
systems. For a discussion of such
devices, see Reference 12, Chapter §
and Part IV, Chapter 4.

In these Class II methods the mathematical coupling
which exists between Equations (2.1) through (2.4) is
neglected. For an exact approach to the question of
controllability and trim the reader is referred to the
generalized matrix approach to trim as described in
Section 5.6 of Reference 12.
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2.1.4 Step-by-Step Procedure for Analyzing Longitudinal
Controllability and Trim

The following step-by-step procedure is suggested to
determine the longitudinal controllability and trim cha-

racteristics

of an airplane during preliminary design:

Step 1: Determine which regulations apply to the

Step 2:

Step 3:

tep 4:
tep 5:
Part VII

design: see Table 1.3 and Subsection 2.1.1,

The regulations define pairs of flight con-
ditions so that the airplane must be con-
trollable and maneuverable within each pair.
Tabulate these flight conditions.

The regulations define for which airplane
weights the various controllability and trim
requirements must be met. Tabulate these
weights.

Note: It is important to also determine the
airplane configuration and/or change in con-
figuration associated with each pair of
flight conditions: see items 1-9 on page 7.
Tabulate the airplane configurations and/or
the change in configuration as stipulated by
the regulations.

For the flight conditions and configurations
defined in Steps 2 and 3 determine and tabu-
late: Mach number, M, dynamic pressure,

q and center of gravity location(s), Xcg'
Note: the center of gravity location asso-
ciated with any given configuration follows
from the weight/c.g. envelope developed with
the method of Chapter 10 in Part II. A ty-
pical example of such a weight/c.g. envelope
is shown in Figure 2.2,

For the conditions defined in Steps 2, 3 and
4 construct the airplane trim diagram. This
can be done with the help of Section 8.3 in
Part VI. Chapter 12 of Part VI should also
be consulted. Figure 2.3 shows an example
trim diagram for a conventional airplane.

Notes: 1.) Before the trim diagram can be

constructed, a decision must have been made
relative to the type and size of longitudi-

Chapter 2 Page 12
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Step 6:

Part VII

nal control surfaces to be employed!

2.) The method for constructing air-
plane trim diagrams in Part VI applies to
conventional, pure canard as well as three-
surface airplanes.

3.) The c.g. location associated with
the vertical Cm=0 line in Figure 2.3 is nor-

mally selected to be the one for a typical
'design' mission of the airplane.

4.) The boundaries of the trim-trian-
gle as shown in the example of Fig.2.3 are:

a) the Cm=0 lines for the most forward and

for the most aft c.g. locations which in
turn follow from the weight/c.g. envelope
of Figure 2.2.

b) the ¢ ax locus. This locus follows from
either the airplane stall angle of attack
or from the airplane angle of attack for
which the stick pusher is set to trigger.

5.) Make sure that the effect of con-
figuration changes 2-9 of page 7 are taken
into account. This is particularly impor-
tant in the case of thrust-induced-pitching-

moment coefficient TdT/ESE and flaps.

Configuration events 2-9 (page 7) can be in-
terpreted as a change in Cm and/or CL .
o o

From the trim diagram of Step 5 determine
whether or not equilibrium flight is possi-
ble within each pair of flight conditions.

This is accomplished by first computing the
airplane lift coefficient for the initial
and for the end flight condition associated
with each pair of flight conditions from:

C, = Wq;S (2.6)
in
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and from:

CLend = W/QapngS (2.7)
Second, in Figure 2.3 enter these 1lift coef-
ficients into the trim diagram at the appro-
priate center of gravity line.

Step 7: Determine whether or not the results of
Step 6 are acceptable. Criteria for accep-
tability can be:

1. the control surface deflections are with-
in the control power capabilities desig-
ned into the airplane. Typical control
deflection ranges may be found in various
issues of Reference 13.

2. the angle of attack (or the lift coeffi-
ient) is below airplane stall.

3. the tail and/or the canard are not stal-
led inside the ’'trim-triangle’.

NOTE: if one or more of these acceptability
criteria are violated, the design must
be adjusted until they are satisfied.
Such design adjustments may consist of
increases in control surface sizes, a
change in airfoil(s) and/or rebalan-
cing of the configuration.

In marginal cases a decision to scrap
the design and start from scratch may
be the only good choice!!

Step 8: Determine whether the flight control system
of the airplane is of the reversible or ir-
reversible type.

If reversible, proceed to Step 9. If irre-
versible, proceed to Step 12.

Note: airplanes with ‘irreversible flight control
systems usually require artificial control force feel
systems. The design and analysis of such systems is be-
yond the scope of this text. Chapter 5 of Reference 12
may be consulted for further information on this subject.
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Step 9: Using Egns (2.4) and (2.5), compute the trim
surface deflection required to set the cock-
pit control force equal to zero for the ini-
tial flight condition.

To do this requires that a preliminary deci-
sion as to the sizing and location of trim
control surfaces has been made. If not, now
is the time to make this decision.

An example of how the trim control surface
deflection for F_ =0 may be computed will

be given for the case of an airplane with

an elevator as the primary control surface
and an elevator tab as the trim control sur-
face. The reader will have to adjust this
analysis to suit his own control system.

For an airplane with an elevator as the primary
control surface and an elevator tab as the trim control
surface the stick force equation (2.4) may be specialized
to:

F.=F + G—n S E [C + Cn, {a(1 - de/da) +
Sartificial dMh~e"e ho ha

+ ih - e} + Ch )
)

o e Ch8 St] (2.8)

e t
Setting F, equal to zero the required tab deflection

to trim the airplane is found from:

6t = (2.9)

[{-F /(Gq: .mnS.c. )} -IC. + Cp {a (1 - de/da) +
artificial dinh%e%e ho ha

+ lh - eo} + Ch8 Se]]/Ch8
e t
where: a and 8  both follow from the trim diagram,
Figure 2.3 at the appropriate value

of C;  and at the appropriate com-
in

bination of c.g. location and air-

plane configuration!

G, the gearing ratio depends on the detail
design of the flight control system. Ty-
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pical values are found in Table 4.1 of
Part IV.

ih is the stabilizer incidence setting, fixed

or vaiable, depending on the design of
the control system.

all hingemoment coefficients in Egns (2. 38)
and (2.9) can be computed with the methods
Section 10.4, Part VI.

the value of F depends on the de-
artificial

tail design of the flight control system. 1In

airplanes without artificial feel gadgetry

such as a bobweight, a downspring, a spring-

tab or a feel system, this force should be

set equal to zero.

Note: The tab deflection magnitude as determined
from Egn. (2.9) should not exceed 25 degrees!

If the airplane is equipped with a different type of
flight control system than that assumed in this example,
the reader must redevelop Equation (2.8) accordingly. A
detailed treatment of the many possible types of flight
control systems is beyond the scope of this text. The
reader is referred to Part IV, Chapter 4 for many prac-
tical examples of different primary and trim control sys-
tems. A general analytical treatment of the cockpit con-
trol force behavior of various types of systems is given
in Reference 12, Chapter 5.

Step 10: For the final (end) flight condition find
the cockpit control force with Eqgn. (2. 8),

PROVIDED: q i
ROVIDED CLend and deng are used instead

of C and ain’ to find e and ae!

Lin

NOTES: 1.) The value for Gt in this case is that ob-

tained exactly from Egn.(2.8) if the regulations do not
allow retrimming of the airplane between the two flight
conditions!

2.) The cockpit control force required to co-
pe with one or more configuration changes (listed as 2-9
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on page 7) may also be computed from Eqgn. (2.38).

Step 11: Check the cockpit control force against the
magnitude allowed by the regulation(s). If
the cockpit control force exceeds the value
allowed, a redesign of the flight control
system may be required. Methods for ’'tai-
loring control forces by tabs, balances and
control surface design are discussed in
Part III, Chapter 3 and in Reference 12,
Chapter 5.

NOTE: The method presented here neglects coupling
between Equations (2.1) through (2.4). For purposes of
preliminary design this method is usually adequate. For
a more complete approach to the solution of airplane trim
problems the reader should consult Section 5.5 of Ref.12,

t 12: Document the results obtained, including
any design changes made as a result of not
meeting (or exceeding!) any of the airwor-
thiness regulations.

i
%K PIVOT POINT

—
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2.2 DIRECTIONAL AND TERAL NTRO AND TRIM

2.2.1 Applicable Regulations

Civil: FAR 23.143, 23.147, 23.161, FAR 25.143,
FAR 25.147, 25.161, see: Appendix A.

Military: Mil-F-8785C, Par.3.3, see Appendix B.

2.2.2 Relationship to Preliminary Design

See Part II, Chapter 2 (in particular Step 24),
Chapter 8 and Chapter 11.

2.2.3 Mathematical Model for Analyzing Directional and
Lateral Controllability and Trim

The regulations essentially require that any air-
plane, when trimmed in a given flight condition at a
given airspeed:

A. can make turns at a specified bank angle into and
away from one or more inoperative engines

B. can make sudden changes in heading while keeping
the wings approximately level

The magnitudes of required bank angles and changes
in heading angle are specified differently in each regu-
lation, depending on the type of airplane.

In addition, the regulations specify the airplane
configuration for which directional and lateral control-
lability must be satisfied. Configuration definitions
usually include such items as:

Center of gravity location

Thrust or power setting (voluntary or failure)
Hard-over failure of any control or trim surface
Landing gear position (up or down)

Flap position (up, take-off, approach or landing)
Speed brake position (retracted or deployed)
Weapons loading (mostly asymmetrical loadings)
Weapons firing (mostly asymmetrical firing)
Combat damage

C oAU & W H

The regulations determine the various combinations
of these configuration items which must be considered.

For purposes of Class II analyses, directional and
lateral controllability is considered satisfied if:
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1, Sufficient control power is present to perform
the required turns and heading changes in all
required configurations

2. Cockpit control forces required in the use of
control power to satisfy controllability are
within the limits prescribed in the regulations

The making of turns and changes of heading is assu-
med to place at such a slow rate that controllability can
be verified by examining:

a. the numerical values of the lateral-directional
motion variables: B, &6_ and &
a r
and:

b. the numerical values of the lateral-directional
cockpit control forces

for 'before’ and 'after’ flight conditions (initial and
end).

The following three equations of motion apply to
this case:

-C singcosy = (F, )/gS + C B +C 8 +C_ &  (2.10)

T Y y a Y
4 B 8a 5r
0 = (LT)/qu + Cl B+ cl sa + Cl Sr (2.11)
8 5 8
a r
0 = (NT + ND)/qsb + Cnﬁﬁ + Cns Sa + Cn6 Sr , (2.12)
a ‘ r

The numerical solutions to these equations must be
‘tested’ against acceptability criteria. These accepta-
bility criteria normally consist of allowable bounds on
the numerical values of the motion variables in these e-
quations. These acceptability criteria are given in Sub-
section 2.2.4.

For any given flight condition (i.e. known a) at any

given thrust setting (i.e. known F_ , L., N, and N_.) the
Y T T D

usual variables in these equations are:

B, Sa and Sr. which assumes that the bank angle, o

is determined by the 'initial’ and 'end’ conditions of
the turns and/or the associated heading changes if the
latter are to be made within a specified time.
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The numerical solutions to these equations must be
'tested’ against acceptability criteria. These accepta-
bility criteria normally consist of allowable bounds on
the numerical values of B, 8a and Sr. Acceptability

criteria are presented in Subsection 2.2.4.

Methods for computing the stability and control de-
rivatives which appear in Equations (2.10) - (2.12) are
presented in Chapter 10 of Part VI.

Methods for computing installed thrust (from which

Fy » L and Np may be found) are presented in Chapter 6
T

of Part VI.

The yawing moment due to drag, ND is found from the

drag due to windmilling powerplants. Drag coefficients
for windmilling jet engines and propellers may be compu-
ted with the method of Chapter 4, Part VI.

The lateral-directional cockpit control forces may
be found from the following equations:

F

a ) + Kasr (2.13)

ay

Gaqsaca(ch8 5, * ch8 5

a at

F = GrquCr(Ch8 8r + Ch8 Srt + Ch B) + KrSa (2.14)
g

t

r r

The hingemoment derivatives in Equations (2.13) and
(2.14) may be found with the methods of Ch.10, Part VI.

The reader should assume that the B-hingemoment de-

rivative in Eqn. (2.14) is similar to the a-hingemoment
derivatives of Chapter 10, Part VI. Likewise, the sa—

and Sr—hingemoment derivatives in Egns (2.13) and (2.14)

are similar to the 6-hingemoment derivatives of Chapter
10, Part VI.

Typical values for the gearing ratios, Ga and G, may
be found in Table 4.1 of Part 1IV.

The rudder-aileron interconnect terms, Ka and Kr are

normally present only in airplanes with unsatisfactory
control behavior. Ideally these terms should be zero.
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2.2.4 -b

- ure Analvyzi Directiona

and Lateral Controllabjlity and Trim

Directional and lateral controllability can be veri-
fied with the following step-by-step procedure:

Step 1:

Step 2:

Part VII

Determine which regulations apply to the
design: see Table 1.3 and Subsection 2.2.1.

The regulations define flight conditions
for which it must be possible to carry out
turning and sudden heading change maneuvers.
Identify these flight conditions.

When changes of bank angle are involved from
positive to negative (right to left) wvalues,
identify one as the 'initial’ and the other

as the 'end’ flight condition.

Note: It is important to also determine the

airplane configuration and/or change in con-
figuration associated with each flight con-

dition: see items 1-9 on page 19.

Tabulate the flight condition and airplane
configuration data as stipulated by the re-
gulations.

For the flight conditions defined in Step 2,
determine: Mach number, M, dynamic pressure,

a and center of gravity location, Xcg‘ See

the note under Step 4 in Subsection 2.1.4.

For the conditions defined in Steps 2 and 3
determine the stability, control and other
airplane characteristics required to solve
the lateral-directional equations of motion:
(2.10) - (2.12).

Notes: 1) methods for calculating stability
and control derivatives are given in Ch.10
of Part VI. Methods for determining instal-
led thrust (or power) are given in Ch.6 of
Part VI.

2) which engines are to be considered
inoperative is defined in the regulations.

The magnitude and sign of FYT, LT’ NT and ND
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depend on which engines are inoperative!!

Step 5: From solutions to Egns (2.10) - (2.12) as
defined by Egns (2.15) - (2.17) in Table 2.1
determine whether or not turning maneuvers
can be made which satisfy the regulations.

Note: The regulations may be considered to
be satisfied if the magnitudes of the follo-
wing variables are within acceptable bounds:

1. lateral control surface deflection(s), 8a

2. directional control surface deflection(s), Gr

3. sideslip angle, B

For a control surface deflection to be 'ac-
ceptable’ means that it must be within the stall limits
of that surface. Typical acceptability criteria are:

Lateral: Iaal < 25 deg.

Directional: Iarl < 25 deg. for single hinge rudder
< 35 deg. for double hinge rudder

For a sideslip angle to be 'acceptable' it
must be sufficiently small so that the airplane drag is
not significantly increased and so that the directional
stability of the airplane has not significantly deterio-
rated due to vertical tail stall. Typical acceptability
criteria are:

Sideslip angle for drag: [gl < 5 deg.

Sideslip angle for
directional stability: Il < 12 deg.

NOTE: If one or more of these acceptability criteria
are violated, the design must be adjusted until they
are satisfied. Such design adjustments may consist
of increases in control surface sizes, addition of
other types of control surfaces and/or a change (si-
ze and/or location) of the vertical tail.

In marginal cases a decision to scrap the design and
start from scratch may be the only good choice!

Step 6: Determine whether the flight control system
of the airplane is of the reversible or ir-

reversible type.
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Table 2.1 Solutions for Egns.(2.10) - (2.12) of Page 20

g = Nl/A Sa = N2/A Sr = N3/A
(2.15) (2.16) (2.17)
with:
-(C. singcosy + F /a S) C C
Ly Ty, t Y Y
a r
N, = | -L. /q,Sb C C
1 T 1 1 1
1 Sa 8: (2.18)
(-N,, - N. )/q,Sb C C
T1 D1 1 ng ng
a r
C -(C, singcosy + F /EIS) C
YB Ly Tyl yﬁr
N, =|C -Lp /q,Sb Cy (2.19)
B 1 8
r
C -(N,, + N, )/q,Sb C
nﬁ T1 D1 1 ng
r
C C -(C, singcosy + F /a S)
y y L T 1
g 8a 1 Y,
Ny =|C; Cy ~Lq /4,Sb (2.20)
B 8 1
a
C C -(N,, + N. )/q,Sb
nﬂ Ng T1 D1 1
a
C C
a r
A =]C C C (2.21)
lB l6 l8
a r
C C C
ng ng ng
a r

NOTE: The subscript 1 indicates steady state flight!
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If reversible, proceed to Step 7. 1If irre-
versible, proceed to Step 10.

Note: airplanes with irreversible flight control
systems usually require artificial control force feel
systems. The design and analysis of such systems is be-
yond the scope of this text. Chapter 5 of Reference 12
may be consulted for further information on this subject.

Step 7: Using Egns (2.13) and (2.14), compute the

trim surface deflections, & and & requi-
3t Ty

red to set both cockpit control forces,

F_ and F equal to zero for the 'initial’

a
flight condition.

Acceptable values for the trim-tab deflecti-
ons are: /

ls
(a or r)t

For the ’'end’ flight conéition(s). use Egns
(2.13) and (2.14) to compute the cockpit
control forces, Fa and Fr‘

| < 20 degrees

Note: be sure to use the trim surface values
obtained from Step 7!

Check the cockpit control force values a-
gainst the magnitudes allowed by the regula-
tion.

If any cockpit control force exceeds the va-
lue allowed, a redesign of the flight con-
trol system may be required. Methods for
tailoring control forces by tabs, balances
and control surface design are discussed in
Part III, Chapter 3 and in Reference 12,
Chapter 5.

Step 10: Document the results obtained, including

any design changes made as a result of not
meeting (or exceeding!) any of the airwor-
thiness regulations.

NOTE: The method presented here neglects coupling
between Equations (2.10) through (2.14). A generalized
approach to the solution of airplane trim problems is

presented in

Part VII

Chapter 5 of Reference 12,
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2,3 MUM NTR EED

2,3.1 Applicable Regulations

Civil: FAR 23.149, FAR 25.149, see Appendix A.

Military: Mil-F-8785C, Par. 3.3.9.2, see Appendix B.

2.3.2 Relationship to Preliminary Design

See Part II, Chapter 2 (in particular Step 24),
Chapter 8 and Chapter 11.

2.3.3 Ma matic od nalyzin inimum Contro

Speed

The regulations essentially require that any air-
plane, when experiencing failure of its most critical
engine:

1. can be brought under control in such a manner
that straight line flight is possible with zero
sideslip or with a bank angle of no more than
five degrees toward the operating engine

2. does not require more than:
civil airplanes: 150 1bs of rudder pedal force

military airplanes: a) 180 lbs of rudder pedal
force

b) the roll control force

specified in Table X of

Par.3.3.4.3, Appendix B

3. can do so at a speed called the minimum control
speed, Vmc which must satisfy the following con-

ditions:
For take-off with one engine inoperative
civil airplanes: Vmc < 1.2VS
military airplanes: Vmc < VminTO' where in
preliminary design: V_. = 1.1V

Rl o STo
Fo andin ith one o o_endines inoperati

civil airplanes: Vmc > VA
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military airplanes: Vmc > 1'4vmin’ where Vmin is

defined in Section 6.2 of Appendix B

In addition, the regulations specify the airplane
configuration for which the minimum control speed capabi-
lity must be satisfied. As a general rule, configuration
changes and/or power (thrust) changes are not allowed.

For purposes of Class II analyses, controllability
is considered satisfied if:

1. Sufficient control power is present to cope with
the stated requirements

2. Cockpit control forces required in the use of
control power to satisfy controllability are
within the limits prescribed in the regulations

Equations (2.15) through (2.17), see Table 2.1, are
normally used to determine the magnitude of sideslip an-
gle, rudder angle and aileron angle needed to keep the
airplane in straight line flight and with a favorable
bank angle of 5 degrees.

Equations (2.13) and (2.14) are used next to deter-
mine the cockpit control forces needed to keep the rud-
der and aileron deflections at the values required by
Equations (2.15) through (2.17).

2.3.4 Step-by-St Procedure r Determining the Minimu
Control Speed

In preliminary design the minimum control speed ca-
pability of an airplane can be verified with the follo-
wing step-by-step procedure:

Step 1: Determine which regulations apply to the
design: see Table 1.3 and Subsection 2.3.1.

Step 2: The regulations define flight conditions
and airplane configurations for which the
regulations apply. Identify these flight
conditions and configurations and determine
the corresponding airplane weight, W.

Step 3: For the flight conditions and configurati-
ons of Step 2, determine: Mach Number, M,

dynamic pressure, a, lift coefficient, CL
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and center of gravity location, xcg‘

Step 4: For the conditions defined in Steps 2 and 3,
determine the required stability and control
derivatives as well as the asymmetric engine
side force, rolling moment and yawing moment
(including any drag induced effects): see
Equations (2.10) - (2.12).

Step 5: Using Equations (2.15) through (2.17), find
the values of sideslip angle, aileron angle
and rudder angle required at Vmc' The regu-

lations allow the use of a bank angle of no
more than 5 degrees toward the operating en-
gine(s).

Step 6: Determine whether or not the results of
Step 5 are acceptable.

Criteria for acceptability can be:

1. The sideslip angle, B must not be so
large that the added drag due to sideslip
would cause the airplane to violate the
minimum climb requirements of Section 5.3

2. The aileron and/or rudder deflection an-
gles are less than those values for which
wing and/or vertical tail stall might re-
sult. Typical maximum acceptable angles
are:

Ailerons: < 25 degrees or whatever cor-
responds to no more than 75
percent of available lateral
control power in the flight
condition and airplane confi-
guration being considered

Rudder: < 25 degrees for single hinge-
line rudders

< 35 degrees for double hinge-
line rudders

If the airplane violates any of these acceptability
criteria, the design must be adjusted until the regulato-
ry requirements are satisfied. This may involve changing
control surface sizes, changing vertical tail size and
location and/or re-arranging the most critical engines.
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In marginal cases the decision to scrap the design
and start from scratch may be the appropriate choice!!

If the airplane is equipped with a reversible flight
control system in the roll and yaw axes proceed to Step
7. 1If not, proceed to Step 10.

Step 7: Determine the hingemoment coefficients and
derivatives contained in Equations (2,13)
and (2.14).

Step 8: Calculate the lateral and directional cock-
~ pit control forces needed to hold the aile-
- ron and rudder surfaces at deflection values
corresponding to those obtained in Step 5.
Use Equations (2.13) and (2.14).

Note: the values for the trim-tab deflections must
be those corresponding to the trimmed flight condition
prior to engine failure.

Step 9: Determine whether or not the roll control
and rudder control forces of Step 8 are ac-
ceptable. The rudder control forces are
normally the most critical ones!

Criteria for acceptability are given in the
applicable regulations. A summary of the
allowable rudder pedal forces is given un-
der Subsection 2.3.3.

Step 10: Document the results obtained, including
any design changes made as a result of not
meeting (or exceeding!) any of the airwor-
thiness regulations.

NOTE: The method presented here neglects coupling
between Equations (2.10) through (2.14). A generalized
approach to the solution of the lateral-directional trim
problem is given in Chapter 5 of Reference 12.
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2.4 MANEUVERING FLIGHT
2,4.1 icable ti

Civil: FAR 23.151 (acrobatic and utility category
only), FAR 23.155, see Appendix A.
Note: there are no sustained maneuvering
requirements in FAR 25!

Military: Mil-F-8785C, Par. 3.2.2.2, see Appendix B.
2.4,2 R tionshi imina Desi

Maneuvering flight requirements are accounted for in
the initial sizing process to assure that:

1. The powerplant installation can overcome the ex-
tra drag incurred during maneuvers: see Part I,
Chapter 3. f

2. The maximum trimmed lift capability of the air-
plane is consistent with the maneuvering demands.
See Part I, Chapter 3 and Part II, Chapter 7.

Note: these maneuvering requirements are of great
importance to the design of fighters and acrobatic and
utility category airplanes.

2.4.3 Mat atical Mod in uvering Flight
The regulations essentially require that:

1. the airplane must be able to attain certain
specified load factors: instantaneous or sus-
tained.

2. the longitudinal cockpit control force per unit
load factor increase (stick-force per 'g’) shall
be bounded by maximum as well as by minimum al-
lowable values. Reversal in the stick-force per
'g' gradient is not allowed.

To satisfy the first item requires that the airplane
be capable of achieving a value of maximum lift coeffi-
cient which is consistent with the required load factor.
There are two types of required load factors:

A) Instantaneous load factors

and
B) Sustained load factors.
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A) Instantaneous load factors

and

where:

where:

Three conditions must be satisfied to achieve a
specified instantaneous load factor, nreqd:

Al) The available 1lift condition,
A2) The available control power condition

A3) The cockpit control force condition.

Al availab ift ¢ it \

The available 1lift condition is:

n < C gS/w (2.22)
reqd Lmax

is the load factor which must be attained
according to the mission specification and/
or according to the applicable regulation.

nreqd

CL must be interpreted as the maximum trimmed
max

lift coefficient of which the airplane is capable

in the given flight condition. The magnitude of

CL depends on the wing design and on the type
max

and size of flaps used, on the type of longitudi-

nal control used and on the center of gravity lo-

cation. Methods to estimate maximum trimmed lift

coefficients are given in Section 8.3 of Part VI.

A2) The available control power condition

The available control power condition is:

) = 8 + (85 _/dn)n (2.23)
ereqd Ctrim € reqd
6e is the elevator deflection required to trim
trim
the airplane in the steady state flight condition
before the maneuver was initiated. It is computed
with the procedure of sub-section 2.1.4.

a&e/an is the elevator versus load-factor gra-
dient. It may be computed from:
aae/an = (2.24)

— 2.—
{-C Cm (cg/2U1 )n - Cm CL

(. C -C c_)
Laq e 1 Lam
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2.4 MANEUVERING FLIGHT

2.4.1

ab

Civil: FAR 23.151 (acrobatic and utility category

only), FAR 23.155, see Appendix A.
Note: there are no sustained maneuvering
requirements in FAR 25!

Military: Mil-F-8785C, Par. 3.2.2.2, see Appendix B.

2.4.2 Relationshi imina De

Maneuvering flight requirements are accounted for in
the initial sizing process to assure that:

1.

The powerplant installation can overcome the ex-
tra drag incurred during maneuvers: see Part I,
Chapter 3. '

The maximum trimmed lift capability of the air-
plane is consistent with the maneuvering demands.
See Part I, Chapter 3 and Part II, Chapter 7.

Note: these maneuvering requirements are of great
importance to the design of fighters and acrobatic and
utility category airplanes.

2.4.3 Mat atical Mod in uvering Flight

The regulations essentially require that:

1.

the airplane must be able to attain certain
specified load factors: instantaneous or sus-
tained.

the longitudinal cockpit control force per unit

load factor increase (stick-force per 'g’) shall
be bounded by maximum as well as by minimum al-

lowable values. Reversal in the stick-force per
'g' gradient is not allowed.

To satisfy the first item requires that the airplane
be capable of achieving a value of maximum lift coeffi-
cient which is consistent with the required load factor.
There are two types of required load factors:

A)
and

B)
Part VII

Instantaneous load factors

Sustained load factors.
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A) Instantaneous load factors

and

where:

where:

Three conditions must be satisfied to achieve a
specified instantaneous load factor, nreqd:

Al) The available lift condition,
A2) The available control power condition

A3) The cockpit control force condition.
Al availab ift ¢
The available 1lift condition is:
< C qs/w (2.22)

nreqd L oax

is the load factor which must be attained
according to the mission specification and/
or according to the applicable regulation.

nreqd

CL must be interpreted as the maximum trimmed
max

lift coefficient of which the airplane is capable

in the given flight condition. The magnitude of

CL depends on the wing design and on the type
max

and size of flaps used, on the type of longitudi-

nal control used and on the center of gravity lo-

cation. Methods to estimate maximum trimmed lift

coefficients are given in Section 8.3 of Part VI.

A2) The available control power condition

The available control power condition is:

) = 3§ + (88 _/dn)n (2.23)
ereqd Ctrim € reqd

se is the elevator deflection required to trim
trim

the airplane in the steady state flight condition

before the maneuver was initiated. It is computed

with the procedure of sub-section 2.1.4.

ase/an is the elevator versus load-factor gra-
dient. It may be computed from:
ase/an = (2.24)
— 2 —
{—CL Cm (cg/2U1 )n - Cm CL }/(CL Cm - CL Cm )
e q a 1 a

) 8 a
e
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where:

*{C

L

1

with: n n for symmetrical pull-up maneuvers

(1 + 1/n2) for turning maneuvers

=N
]

The stability and control derivatives in
Eqn. (2.24) may be computed with the methods
of Chapter 10, Part VI.

nreqd is defined under Eqgn. (2.22)
Note: the condition: Se < ae must
reqd available
always be satisfied, where: &
available
is that value of elevator deflection which
is geometrically available: also called the
maximum available elevator throw.
A3) T i ont ce conditio

This condition demands that the level of required
cockpit control force needed to perform an instan-
taneous maneuver must be less than values speci-
fied in the regulations:

Fs = FSl + (an/an)n
Fs is the cockpit control force required to
1 'hold' the steady state. If the airplane is
in complete trim in the steady state, Fs = 0.
1

reqd (2.25)

nreqd is defined under Eqgn. (2.22)

The 'stick-force-per-g’, aFS/an is found from

an equation, the terms in which depend strongly on
the type of control system employed. For an air-
plane which uses an elevator for primary control,
and no bobweight, Ref.12 shows that the following
equation determines the stick-force per 'g’':

= pu p *
ane/an ntheceGe (2.26)

2
. /Cm8 ) (SMe o) *+ (91,/0, )(Cha - C . .
e e e

h

where: lh is the distance of the horizontal tail aerody-
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namic center to the airplane center of gravity

is the static margin stick free which may

SM
free be determined from:

SMfree = xacA - xcg + (2.27)

+ {(Cms Cha)/(CLa Ch8 )} (1 - de/da)
e A e
where: all terms are defined in the list of symbols.
They may be determined with the help of Part VI.

Note: For an airplane which uses another type of
primary longitudinal controller (other than an elevator),
the reader should re-develop the appropriate equations in
this Section to reflect the actual control system used.

B) Sustained load factors

Four conditions must be satisfied to achieve a
specified magnitude of sustained load factor:

Bl) The available 1lift condition,

B2) The available control power condition,

B3) The cockpit control force condition
and

B4) The available thrust condition.

Conditions B1 through B3 are identical to
conditions Al through A3 which were discussed before.

4) T i ust conditi

This condition is discussed in Section 5.7.

2.4.4 Step-by-st o} e Determini
Flight Ability

The following step-by-step procedure is suggested to
check maneuvering flight ability in preliminary design.

Step 1: Read the regulations and determine which
regulations apply to the design.

Step 2: The regulations define flight conditions
and airplane configurations for which the
regulations apply. Identify these flight
conditions and configurations and determine
the corresponding airplane weight, W.
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Step 3:

Part VII

For the flight conditions and configurati-
ons of Step 2, determine: Mach Number, M,

dynamic pressure, a. lift coefficient, CL

and center of gravity location, xcg.

This step concerns the available 1lift con-
dition as given by Al) or B1l) in sub-section
2.4.3.

For the flight conditions and for the con-
figurations of Steps 2 and 3 determine the
maximum achievable load factor from:

n =C gs/w (2.28)
max Lmax

The maximum lift coefficient, CL in

max
Egn. (2.28) is that ‘trimmed’ value which ap-
plies to the airplane configuration (flaps
up or down) as well as to the flight condi-
tion (particularly the Mach number) being a-
nalyzed. Methods for determining trimmed
maximum lift coefficients are presented in
Section 8.3 of Part VI.

Compare N ax from Egn. (2.28) with n from

reqd
Egn. (2.22) and determine whether or not the
airplane can satisfy its maneuvering requi-
rements from a maximum lift viewpoint.

This step concerns the available control po-
wer condition, as given in A2) or B2) in
sub-section 2.4.3.

For the conditions defined in Steps 2 and 3,
determine the required stability, control
and hingemoment derivatives as well as other
terms identified in Egns (2.23) and (2.24).

Part VI contains methods for estimating all
required parameters.

Compute the amount of elevator required to

attain the specified load factor from Egns
(2.23) and (2.24).
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Part VII

The amount of elevator deflection required
to attain the specified load factor should
not exceed the available elevator travel,
nor should it exceed that amount which would
cause the tail to stall.

This step concerns the required cockpit
control force level as given in A3) or B3)
in sub-section 2.4.3.

For the conditions defined in Steps 2 and 3,
determine the required stability, control,
hingemoment derivatives as well as other
terms identified in Egns (2.25) and (2.26).

Compute the stick-force required to pull the
specified load factor from Eqns (2.25) and
(2.26). Compare the computed magnitude of
stick-force with those specified in the re-
gulations.

This step concerns the available thrust con-
dition of B4) in sub-section 2.4.3.

Using the methods of Section 5.7, determine
whether sufficient thrust is available to
maintain (sustain) the required load factor.

Determine whether or not the results of
Steps 4, 5, 6 and 7 are acceptable. If not,
inspect the applicable equations for ’‘clues’
as to what design changes may be needed to
'fix' the problem. It may very well be that
major changes in the design of the wing and/
or the flight control system are required!

If the available thrust condition of Step 7

is not met, an increase in thrust may be re-
quired. This could cause a major change in

the design of the airplane!

Document the results obtained, including
any design changes made as a result of not
meeting (or exceeding!) any of the mission
specifications and/or regulations.
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2.5 NTR DUR THE TAKEQFF GROUNDRUN

2.5.1 A icab R ations

Civil: FAR 23.143, 23.51, 23,231, 23.233 and
23.235, see Appendix A.

FAR 25.107, 25.143, 25.149, 25.231,
25.233, 25.235 and 25.237, see Appendix A.

Military: MIL-F-8785C, Section 3.3 (in particular
3.3.7 and 3.2.3.3), see Appendix B.

2.5.2 Relationship to Preliminary Design

See Chapter 11, Part II.

2.5.3 Mathematical Model for Analyzing Control During
e _Takeoff oundrun

The regulations essentially require that any air-
plane shall be safely controllable and maneuverable du-
ring take-off ground operations.

The words 'safely’ and 'easily' as used here im-
ply the following:

1. Sufficient control power must exist to effect
take-off rotation: this applies to airplanes with
tricycle as well well as to airplanes with tail-
dragger landing gears.

2. Sufficient control power must exist to lift the
tail early in the takeoff run for airplanes with
tailwheels. Following this, there must be suffi-
cient control power to effect lift-off.

3. Directional control and lateral control must be
sufficient to allow for straight line taxiing as
well as for straight line takeoff runs in cross
winds as specified in the regulations.

4, The control forces required to accomplish 1,2 and
3 shall be sufficiently small. Also, nu unusual
pilot control technique shall be required.

The regulations also imply that these characteris-
tics be satisfied under the most adverse conditions of:

1. center of gravity location
2. power setting (voluntary or failure)
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3. flap position as required for takeoff
4. weapons or payload disposition as required by
the airplane mission

Class II analysis of control during takeoff is nor-
mally accomplished by uncoupling the longitudinal control
problem from the directional/lateral control problem:

2.5.3.1 Mathematical model for analyzing longitu-
dinal control during the takeoff groundrun

2.5.3.2 Mathematical model for analyzing directional
and lateral control during the takeoff

groundrun
2.5.3.1 Mathematical model for analyzing longitudinal
control duri e takeoff oundrun

Figure 2.4 shows the forces and moments which act on
an airplane during the take-off run. Note the difference

between:

a) Tricycle Gear Configurations
b) Taildragger Gear Configurations
c) Tandem Gear Configurations

The following mathematical model is presented for
airplanes with conventional (that is tail-aft) configu-
rations and with a tricycle landing gear.

NOTA BENE: The reader should modify this mathemati-
cal model to reflect the actual airplane configuration
and landing gear layout of his airplane.

The following example applies to conventional air-
planes equipped with a tricycle landing gear. Figure 2.5
defines all forces, moments and moment arms.

NOTA BENE: All aerodynamic quantities in Figure 2.5
must be determined in the presence of ground effect! See
Part VI for methods to do this.

The longitudinal equations of motion which govern
the controllability of the airplane on the ground are:

Tcos(ag + ﬂT) - “g(ng + Png) - D = (W/g)u (2.29)

Ts1n(ag + ﬂ&) + wa + Lh + P + P -W =20 (2.30)
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Macwf - T(zmg —zT) - W(xmg - xcg) + Png(xng + xcg) +

+ wa (xmg - xacwf) + D (zmg - zD) + (W/g)uzmg +

-L (x.. -x_ ) =I_ 6 (2.31)
h acy mg yymg

where: T is the installed thrust during the take-off run.
It varies with speed during the take-off run and
is determined with the method of Part VI, Ch.6.

e is the angle of attack during the
g groundrun. This angle is usually very small
except at the instant before liftoff.
#_ is the thrust inclination angle

p_ is the wheel-ground rolling friction coeffi-
9 cient. During take-offs use:

for concrete or asphalt: g = 0.02
for hard turf: g = 0.04
for short grass: pg = 0,05
for long grass: "g = 0.10
for soft ground: p. = 0,10 to 0.30

9

Note: these values are recommended for use on
civil airplanes. For military airplanes
consult Appendix B.

ng and P are the ground reaction forces. It
is assumed that the nosewheel is no
longer in touch with the ground (i.e.
Png=0), at the instant that the ro-

tation has been initiated.
D is the airplane drag in ground effect:
D = (Cy)as (2.32)

with: CD the drag coefficient on the ground.
This drag coefficient follows from
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the airplane drag polar on the ground
as discussed in Part VI, Chapter 4.

E is the dynamic pressure. It varies during
the take-off run.

W is the weight. This is not necessarily the air-
plane maximum take-off weight. It is up to the
designer to determine the most critical combina-
tion of weight and center of gravity location,
xcg' The weight versus c.g. diagram of Ch.10

of Part II should be used.
u is the forward acceleration along the runway.
wa is the wing-fuselage lift in ground effect:

L .=C. gS (2.33)
wf wa

with: C the airplane lift coefficient du-

wf ring the ground roll, in ground
effect. 1Its value will be con-
stant before initiation of the ro-
tation. The methods of Pt VI,
Chapter 8 can be used to determine

this 1lift coefficent.

L

NOTE: The relative location of wa to the main landing
gear is important. If it too far forward, the airplane
will have a tendency to rapidly autorotate after the pi-
lot has initiated the rotation by pulling the cockpit
control aft. This autorotation is caused by the rapid
increase in L,¢ as the angle of attack begins to in-
crease. The designer should attempt to locate wa as
close as possible to but forward of the main gear!

Lh is the tail 1lift during the ground roll:

Ly = CthhSh (2.34)
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with: CL the horizontal tail lift coeffi-
h cient during the ground roll. It
must be evaluated in ground effect.
It will be constant (and usually
negative due to the preset negative
incidence angle on the stabilizer)

before jnitjation of rotation.
Upon jinitiation of rotation the

tail lift coefficient becomes large
and negative. The negative tail

lift in ground effect may be com-
puted with the methods of Part VI,

Chapter 8.

ah is the dynamic pressure at the horizontal tail.
It varies during the take-off roll and is rela-

ted to q by: q, = n,q (2.35)

The dynamic pressure ratio at the tail, n
is found from Part VI, p.269.

Moc is the wing-fuselage pitching moment about
wf the wing-fuselage aerodynamic center in

ground effect and with the flaps in the
take-off position:

M = C gSc (2.36)
ac m
wf acwf
with: Ch the wing-fuselage pitching
ac_ ¢ moment coefficient about the

wing-fuselage aerodynamic
center and with the flaps in
the take-off position. This
coefficient may be determined
with the methods of Part VI,
Chapter 8. It must be compu-

ted in ground effect.

If the reader does not wish to
employ the rather laborious
methods of Part VI, the follo-
wing approximation may be em-
ployed:

Cm = 1.1(bf

ac
wf

/b)c (2.37)
macf
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where: the factor 1.1 accounts for ground
effect

bf/b is the flap-span to wing-span
ratio

Ch is the airfoil pitching moment
ac¢ coefficient with the flap down
(in this case in the take-off
position). Methods for deter-
mining the effect of flaps on
airfoil ch are given in sub-
ac
section 8.2.2.1 of Part VI.

z is defined in Figure 2.5.
is defined in Figure 2.5.
xmg is defined in Figure 2.5.

xcg is defined in Figure 2.5.
X is defined in Figure 2.5.
ac_ ¢

zp is defined in Figure 2.5. It is usually taken
at the wing-fuselage aerodynamic center.

X is defined in Figure 2.5.
acy
I is the pitching moment of inertia about the
yymg main gear contact point. It may be computed
from:
I = (2.38)
YYmg
2 2
Iyy + (W/g){zmg + (xmg xcg) }

with: I the airplane moment of inertia as
determined from Part V, Chapter 3
or, more appropriately for Class
IT methods from Part V, Chapter 10

8 is the pitch angular acceleration at the instant

of initiation of rotation. 1In preliminary de-
sign it is suggested to use:
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6 to 8 deg/sec2

For large transports: )

8 to 10 deg/sec2

For small transports: ©

For light airplanes |
and for fighters: 0

10 to 12 deg/sec2
Equations (2.29) through (2.31) are normally solved

for the amount of horizontal tail area required to achie-
ve take-off rotation at the rotation speed, V _ ,:

-zrT+zpD+ W(xmg —Xcq +ugzmg)—LMc(xmg ~Xac,f +ygzmg)—CdeMfg 21',0,52+I”.mg®

Gror (xmg ~Xacp, T Hglmg )Cl;m

(2.39)

The rotation speed is defined relative to the stall
speed in the regulations: Appendix A or Appendix B.

Values for maximum lift coefficient for the
horizontal tail depend on the tail design and on the
ground effect (ground proximity) of the tail during the
rotation process. If the reader does not wish to employ
the rather laborious methods of Part VI to estimate

CL it is suggested to use:
hmax
c, = -0.35(a)"/? for fixed stabilizer with 30
hmax percent chord elevator

-0.8 for a controllable stabilizer with a
fixed elevator at zero deflection

-1.2 for a controllable stabilizer with a
30 percent chord elevator deflected
for maximum down 1lift

Note: higher values for maximum downlift on the tail

are possible with negative camber, negative slots and/or
blowing over the lower surface.
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2.5.3.2 Mathematical model for analyzing lateral-direc-

o contro i ake- und

The regulations essentially require that controlla-
bility during the take-off run is such as to ensure that:

1) Positive steering is possible
2) Wing-over is impossible
3) The airplane does not slide off the runway

Wet and/or slick runway surfaces coupled with strong
crosswinds can cause anyone of these problems. The regu-
lations specify the magnitude of crosswinds which each
airplane category must be able to cope with.

Figure 2.6 shows the forces and moments which are
important to these ground operation problems. To satis-
fy items 1), 2) and 3) it is necessary for the designer
to show that the following three runway constraints are
satisfied:

Runwa onstraint 1:

The lateral ground friction force on the nosegear
should not reverse sign. For positive sideslip due to
crosswind (as shown in Figure 2.6), it is required that:

Yng >0 (2.40)

If condition (2.40) is violated, nosewheel steering
becomes ineffective.

Runwa onstraint 2:

The normal force (= vertical ground reaction) on ei-
ther main gear should not become zero. For positive si-
deslip due to crosswind it is required that:

P > 0 and P >0, (2.41)
mg. mgp
where:
P + P = P (2.42)
mg. mgp mg

If either of the conditions (2.41) is violated, the
airplane will start to ’'wing-over’.

Runway Constraint 3:

The sum of all lateral ground friction forces should
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not reverse sign. For positive sideslip due to crosswind
it is required that:

Y +Y +Y > 0 (2.43)
ng = “mg;  mgp

If condition (2.43) is violated, the airplane will
begin to slide off the runway.

Note: As soon as the take-off rotation process as
described in sub-section 2.5.3.1 is completed, the runway
constraints loose their validity: the airplane is flying.

The magnitudes of the lateral gear forces, Y and

ng
Ym , depend on the values of the vertical gear
9(L or R)
reactions: Pn and P and on the so-called

™ (L or R)
gear cornering coefficient.

The vertical gear reactions, Png and ng (and the

airplane forward acceleration, a) may be computed from
from Equations (2.29) through (2.31) by setting:

a) Thrust equal to takeoff thrust
b) Lh to a value corresponding to the primary

longitudinal control deflection used during the
take-off roll (prior to initiation of rotation!).

L4

c) 6 =0

The relationship between the lateral gear forces,
Yn and Ym » the so-called cornering coeffi-
g 9(L or R)
cient, Cq and the vertical gear reactions, Png and
ng are normally writtent as follows:
(L or R)

Yng = CBPng (2.44)

Y = c,P (2.45)
M (L or R) B M9 (1, or R)

The cornering coefficient itself is a function of

the gear slip angles, Bng or mg which are defined in
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Figure 2.7. They can be expressed as:

for the main gear: Bmg = Y (2.46)

for the nose gear: Bng = VA + Usteer (2.47)

where: VA is the airplane crab angle.

Y<teer iS the nosegear steering angle.

Note: These relations assume a steerable nose-
gear and a non-steerable main gear!

In preliminary design it is conservative to write:

F urfa

for the main gear: Cg = 0.025(pA (2.438)
for the nose gear: CB = 0.025(qA + vsteer) (2.49)
Fo ick surfaces:

for the main gear: cg = 0.005¢, (2.50)
for the nose gear: cp = O'OOS(VA + ?steer) (2.51)

For purposes of preliminary design it is acceptable
to assume that the maximum possible value for the corne-
ring coefficients are:

c 0.70 for dry surfaces

B

0.15 for slick surfaces

In checking the runway constraint conditions (2.40)
and (2.43) these maximum allowable values should be kept
in mind!

Figure 2.7 illustrates the relationships between the
cornering coefficients and the gear slip angle.

To find the actual values of the lateral gear for-
ces, the lateral-directional equations of motion are nee-
ded. The steady state lateral-directional equations of
motion for a straight line track along the runway are:

{(Cyﬂ)(ﬂcross 7 Cy8 a Y

a r

+ Y + Y = 0 (2.52)
mIL MR

8, *C, 8.1qS + Y+
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COBNERING COEFEFE

{(ClB)(Bcross ~ 9 Cl8 8. ¥ C18 8, 1asb + ngLymg *
a r

- P - Y - (Y + Y =0 2.53
ngymg ng®ng mg ng)zmg ( )

{(CnB)(Bcross - WA) + Cna 8a + Cn8 Sr]qu +
a r

+ Yng(xng + xcg) - (YmgL + Yng)(xmg - xcg) =0 (2.54)

The x- and z- distances in these equations are defi-
ned in Figure 2.6. They are consistent with Figure 2.5.

== I R e
GEAR SLIP ANGLE ~ ﬂ"% —

‘4 DIRECTION OF MOTION

A (cEAB SLIP ANGLE)
nq oh Mh%

CORVEBING FORCE

Y,
WHEEL CENTERLINE l ‘ng oF w4
Figure 2.7 Gear Slip Angle, Gear Steering Angle, and

Cornering Coefficients
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Assumptions made in setting up these equations are:

1. The airplane does not bank (gear is rigid in the
vertical direction).

2. All gears are rigid in torsion.

3. The tire induced torque on the gears can be ne-
glected.

4. The engine induced torque in roll and in yaw can
be neglected.

5. The dynamic pressure is a constant value between
zero and that value corresponding to liftoff.

The change in dynamic pressure during the takeoff
groundrun is accounted for by solving Equations
(2.52) - (2.54) for a range of values of dynamic
pressure.

By using Equations (2.42), and (2.44) through (2.49)
it is possible to cast Equations (2.52) - (2.54) in the
following, more tractable form:

{(cyﬁ)(ﬁcroSS -y ¢ cy6 5, + cy8 8 }gs +

A r

)P + O.OZSQAng =0 (2.55)

* 0'025(?A * vsteer ng

{(Clﬁ)(ﬁcross - ?A) + C15 5a + C15 5r}qu +
a r
* 2ngLymg " Prng¥mg 0.025(9, + ?steer)Pngzng
- O.OZSVAngng =0 (2.56)

{((c_ ) 5_ + C ar}ESb +

cross ?A) *Ch

n a n
B 8a 6r
+ 0.025((,1A + wsteer)Png(xng - xcg) +
- O.OZSQAng(xmg + Xcg) =0 (2.57)
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The following observations are in order:

A. The crosswind, V is specified by the mis-

cross’
sion specification and/or by the regulations.
From the crosswind and the airplane speed along
the runway, U,

B = arctan(Vv /0,) (2.58)

cross cross 1
B. The variables in Equations (2.55) - (2.57) are:

1. The runway crab angle, vA

2. The left vertical main gear reaction, ng
L

3. The lateral control deflection angle, Sa

4., The rudder deflection angle, Gr

5. The nosegear steering angle, Vsteer

There are five variables and three equations. Thus,
two variables must be specified. Usually the assumption
is made that the pilot will select the nosegear steering

angle, and the aileron deflection angle, &_ to ob-

Wsteer a

tain the desired straight line track along the runway
without winging over. The other variables are then com-
pletely determined by Egns (2.55)-(2.57). Based on assu-
med values for and Sa, and the solved variables

vsteer

qA’ P and 8 _ the designer must then make sure that the
mg r

constraints 1 - 3 are not violated. Subsection 2.5.4
contains a procedure for these calculations.

2.5.4 Step-by-Step. Procedure for Analyzing Control

During the Take-off Groundrun
2.5.4.1 Step-by-ste ocedure fo nalyzi ongitudina

control during ;ge take-off groundrun

The following step-by-step procedure is suggested to
verify the longitudinal controllability of an airplane
during take-off:

Step 1: Read the regulations and determine which
regulations apply to the design.
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Step 2:

Step 3:

The regulations define the speeds at which
take-off rotation must be possible. Deter-
mine these speeds.

The mission of the airplane defines the

most severe field conditions in terms of al-
titude, temperature and surface conditions.
This determines the atmospheric density to
be used in the analysis. The field condi-
tion also deter mines the wheel-ground rol-
ling friction coefficient, Mg which should

be used: see page 40 for guidelines.

Determine the most critical weight versus
c.g. locations for which take-off rotation
must be possible.

Determine all forces and coefficients needed
to find the horizontal tail area required to
rotate, from Egn.(2.39). Make sure that
ground effect is accounted for!

NQTE: If the airplane is not a conventional tricycle
gear airplane it will be necessary to rewrite Equations
(2.29) through (2.31)!

Step 6:

Part VII

Using Eqgn. (2.39), find Sh as a function

of speed, plot this relationship and mark
the desired take-off rotation speed. Next,
perform a sensitivity analysis to determine
the sensitivity of the solution to such pa-
rameters as:

b4 the vertical thrustline location.

T!
cmac , the pitching moment coefficient of
wf wing-fuselage with flaps in the
take-off position. Determine the
effect of flap type and flap size

on the solution for Sh‘

C , the maximum available lift coeffi-
h cient of the horizontal tail.
Compare the value of Sh required for takeoff

rotation with the value required from other
considerations such as: control, trim and

Chapter 2 Page 52



stability). Decide on a course of action.

IMPORTANT NOTE: It turns out that the horizontal
tail of many airplanes is determined by the take-off
rotation requirement rather than by stability or by trim

requirements.

If that is the case a sensitivity analysis

will allow for rapid decision making relative to changes
in the design to bring this tail sizing requirement in
better balance with the other tail sizing requirements.

Step 7: Document the results obtained, including

any design changes made.

2.5.4.2 Step-by-ste dure for analvzin ateral-di-

rectional control during the take-off groundrun

Step 1:

Read the regulations and determine which
regulations apply to the design.

The regulations define the crosswind magni-
tudes which the airplane must be able to
cope with. Note these!

Compute the stability and control derivati-
ves identified in Egns (2.55) - (2.57). The
methods of Part VI can be used to do this.
For a range of speeds between zero and Vrot
determine the vertical gear reactions, Png
and ng from Egns (2.29) - (2.31) but using

conditions a,b and ¢ as stated on page 47.

Note: The nosegear reaction depends strongly on the
longitudinal control deflections used during
the take-off roll. The longitudinal trim
control (usually the stabilizer incidence
angle) must be set at an angle consistent
with the requirement for take-off rotation:
this usually means a negative angle!!

The primary longitudinal control deflection
may be assumed to be that giving the most
favorable steering (usually full nose down).

Step 5: With the help of the specified crosswind

Part VII

determine the crosswind angle, Bcross from

Equation (2.58). This must be done for a
range of speeds consistent with Step 4.
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Step 6:

Select values for the nosegear steering
angle, vsteer and for the aileron angle, Ba.
With the help of Egns (2.55) - (2.57) deter-
mine the airplane crab angle, WA’ the left

vertical gear reaction, ng and the rudder
L

angle, sr.

With the results of Step 6, compute all gear

reactions which appear in the runway con-

straint conditions 1, 2 and 3. See whether

or not these constraints are satisfied.

If not, different initial assumptions for vA

and Ba may be tried as long as these new

values are feasible. It may be, that the
airplane cannot cope with the required cross
wind conditions. 1In that case, possible de-
sign solutions are:

1. A larger vertical tail: more directional
stability and perhaps more rudder control
power.

2. Larger values for ymg (larger distance

between the main gears. This can have
major redesign implications!

3. Incorporate a crosswind main gear into
the airplane. See Part IV, Chapter 2 for
implications!

4, Sometimes a smaller crosswind capability
has to be accepted despite the fact that
this will hurt the operational flexibili-
ty of the airplane.

Document the results obtained, including
any design changes made.

Part VII
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2.6 CONTROL DURING THE LANDING GROUNDRUN
2.6.1 Applicable Regulations:

Civil: FAR 23.231, see Appendix A.
FAR 25.231, 233, 237, see Appendix A.

Military: MIL-F-8785C, Section 3.3 (inparticular
3.2.3.3), see Appendix B.

2.6.2 Relationship to Preliminary Design

See Chapter 11, Part II.

2,6.3 Mathematical Model for Analyzing Control During
andin 0 run

The mathematical model to be used in this case is
essentially that of Section 2.5.3 with the following
additions:

1. The thrust, T should be investigated for flight
idle as well as for reversed thrust if the air-
plane is equipped with a thrust reverser system.

2. Application of brakes should now be considered.
The rolling friction coefficient, ug encountered

during braking depends on brake design. For ty-
pical values, consult Part IV, pages 60 and 61.

3. Application of wing mounted spoilers can reduce
the wing-fuselage lift very considerably thus
changing wa in Egns. (2.30) and (2.31),

4. The airplane may touch down in a ’‘crabbed’ posi-
tion. The crab-angle, VA depends on the value of

crosswind and on the touchdown speed, VL:

VA = arctan(VcrOSS/VL) (2.59)

5. The longitudinal control deflections are those
most favorable for positive nosegear steering.

2.6.4 Step-by-Step Procedure for Analyzing Control
Duri e Landij ound

Use the procedures of Section 2.5.4 with the excep-
tion, that airplane speed ranges from VL down to zero.
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2,1 ERF E

2,7.1 Applicable Regulations
Civil: FAR 23.157 and FAR 25.147, see Appendix A.

Military: MIL-F-8785C, Section 3.3, see Appendix B.
2,7.2 ionshi o) imina Desi

Part II, Chapter 2 (see Step 24), and Chapter 6.
2,7.3 t tic Mo or Analyzi o) Performance

The regulations essentially require that any air-
plane, when trimmed in a given flight condition at a gi-
ven airspeed and in a given configuration:

1. can be maneuvered safely and easily from one
bank angle to another (rolled) within some speci-
fied time period (Except FAR 25.147)

2. has roll time constant values which are within
certain limits (Military only)

The words ’'safely’ and ’'easily’ as used here are de-
fined in the regqulations in terms of lateral cockpit con-
trol forces which may not be exceeded while achieving the
bank angles and roll rates which must be obtained within
some specified amount of time. In addition, the regula-
tions imply that reversals in bank angle and roll rate
may not occur outside well defined boundaries.

The words 'airplane configuration’ imply one or more
of the following as defined in the regulations:

center of gravity location

power setting (voluntary or failure)

landing gear position (up or down)

flap position (up, take-off, approach or landing)

Note: in some instances asymmetric flap deploy-
ment has to be considered.

. asymmetric fuel distribution

6. asymmetric weapons or payload disposition

S W R
L] L] .

W

When in doubt about the specific meaning of civil
roll performance requirements, the author suggests to use
the corresponding military specification.

Class II analysis of roll performance is normally
accomplished with solutions of the so-called single-de-
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gree-of-freedom differential rolling equation:
F=Lg+L, - (2.60)
pg 5cpt cpt

where: Z is the bank angle in rad

’

2 = p is the roll rate in rad/sec

L_ 1is the dimensional roll damping derivative,
which is defined as:

_ =2
L, = (clpqu )/(21XXSU1> (2.61)

in which: C1 is the dimensionless roll damping
p derivative. Part VI, Chapter 10
gives a method for estimating Cl
p
S is the wing area in ft2

b is the wing span in ft
U, is the steady state speed in fps

IXx is the rolling moment of inertia

S
in slugft2 in the stability a-
xis system. Methods for compu-
ting the moments of inertia in
an arbitrary body axis system
are provided in Chapters 3 and
10 of Part V. Transformation of
airplane moments of inertia to
the stability axes system can be
accomplished with the help of
Appendix D.

L is the dimensional roll control power
cpt derivative. It is defined as:

L = (C qsb) /1 (2.62)
8cpt ) XXg

is the lateral control power derivative.
scpt Read on to see how it may be computed.
6c t is the lateral cockpit control deflection in
P degrees, in radians or in inches depending on
the type of cockpit controller in use. The
cockpit controller is normally geared to the
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lateral control surfaces. Many airplanes em-
ploy more than one type of lateral control
surface. If an airplane uses both ailerons
and spoilers and if a linear gearing is assu-
med between the cockpit controller and the
lateral control surface it is possible to

write:
C 3 =C S + C 8 (2.63)
1 cpt 1 a 1 s
6cpt max Sa max Gs max
where: C is the aileron control power deriva-

8 tive in 1/deg or in 1/rad. It may be
computed with the method of Chapter 10
in Part VI.

Sa is the maximum available aileron
max deflection in degrees or in radians

is the spoiler control power deriva-
8 tive in 1/deg or in 1/rad. It may be
computed with the method of Chapter 10
in Part VI.

ss is the maximum available spoiler de-
flection in degrees or in radians.

represents the maximum available
max deflection of the lateral cockpit
controller in inches or in radians.
This quantity follows from the de-
tail design of the cockpit as dis-
cussed in Chapter 2 of Part III.
Maximum allowable deflections for
sticks and wheels are defined in
Chapter 2, Part III. Once 3

8cpt

CPt nax

has been determined, Eqgn. (2.63) can
be used to solve for Cl .

cpt

It must be possible for the pilot to move the late-
ral cockpit controller (stick, wheel or other) to a posi-
tion consistent with the required roll performance. This
means that the accompanying cockpit control force should
not exceed the capabilities of the pilot. The magnitudes
of allowable lateral control forces are defined in the
regulations. - The lateral cockpit control force may be
estimated from:
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F
S

lat

where: Gi

HM

F

]

lat

= Sum (G,HM.) + F (2.64)
i S1at
artificial
is the gearing ratio in rad/in or in rad/ft as-

th

sociated with the i lateral control surface

is the hingemoment in ftlbs associated with

the ith lateral control surface. Such hinge-
moments may be estimated from:

HM; = Chiqsici (2.65)

where: Ch. is the hingemoment coefficient as-
i
sociated with the ith lateral con-
trol surface. Methods for estima-
ting hingemoment coefficients are
given in Chapter 10 of Part VI.

S. is the reference area of the ith
lateral control surface

is the m.g.c. of the ith lateral
control surface

(o]

is the lateral cockpit controller
force produced by the lateral for-
ce-feel system. For a discussion
of force-feel systems, see Ref.12,
Chapter 5.

artificial

2.7.4 Step-by-Step Procedure for Analyzing Roll
Performance

In preliminary design, the roll performance capabi-
lities of an airplane can be verified with the following
step-by-step procedure:

Step 1: Read the regulations and determine which

regulations apply to the design.

Step 2: The regulations define flight conditions and

Part VII

airplane configurations for which certain
roll performance standards are to be met.
Identify these flight conditions.

Note: Also determine the airplane configu-
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ration for which the regulations apply.

Step 3: For the flight conditions defined in Step 2,
determine: Mach number, M, dynamic pressure,

a and the rolling moment of inertia (in sta-
bility axes!).

Step 4: For the conditions defined in Steps 2 and 3

determine the roll damping derivative, Cl .

P

NOTE: for airplanes subject to aeroelastic
deformations, read Section 2.9!

Step 5: For the conditions defined in Steps 2 and 3
determine the roll control power derivative

due to lateral cockpit control, Cl
)

cpt
This derivative depends on the type of roll
control system used. For an airplane which
uses ailerons and/or spoilers, Egn. (2.63)
may be used. If a differential stabilizer
is used, the appropriate term must be added
to Egn. (2,63). Methods for estimating con-
trol power derivatives due to ailerons,
spoilers and differential stabilizer are gi-
ven in Chapter 10 of Part VI.

Acceptable values for control surface deflections
depend on aerodynamic considerations. Suggested
'not-to-exceed’ values for lateral control surfa-
ce deflections are:

Ailerons: 8a { 25 degrees
max

Spoilers: 8 < 60 degrees
max

Differential stabilizer: 81 < 15 degrees
h
NOTE: for airplanes subject to aeroelastic defor-
mations, read Section 2.9!

Step 6: Determine the roll angle performance capabi-
lity of the airplane from:

) = {(-L

Jt/L_} + (2.66)
cpt t P

Sep

[(Lg y231(elpt - 1)
cpt p
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where: #(t) is the bank angle reached at t seconds after
full movement of the lateral cockpit control-
ler, scpt' Note that Egn. (2.66) is based on
the assumption that the control input can be
thought of as a 'perfect’ step input.

t is the time elapsed from full movement of the
cockpit controller, scpt to the time at which

the bank angle is to be measured.

IMPORTANT NOTE: in most regulations, the values for
#(t) and the corresponding value of t are given. There-
fore, Egn.(2.66) can be used by the designer to solve for
that value of the control power derivative, L which

cpt

is needed to satisfy the regulation. With that informa-
tion the designer can decide how to change the lateral
control surface sizes and locations until the regulation
is satisfied.

Step 7: Calculate the airplane roll time constant,

TR from:

TR = —1/Lp (2.67)

where Lp is found from Equation (2.61).

If the airplane is to have acceptable roll perfor-
mance, the roll time constant must be below some ma-
ximum allowable value. Maximum allowable values for
the roll time constant are presented in the military
regulations: Appendix B, Table VII, page 297.

Important Note: The civil regulations do not requi-
re specific values of the roll time constant. Accepted
design practice in the U.S.A. is to use the appropriate
military specifications (Airplane class, flight phase and
handling quality level) whenever the civil regulations
fail to provide specific design guidance.

Step 8: Document the results obtained, including
any design changes made.
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2.8 H PEED CHARACTERISTICS

2.8.1 Applicable Regulations
Civil: FAR 23.253 and FAR 25.253, see Appendix A.

Military: MIL-F-8785C, Section 3.2, in particular
Sub-sections 3.2.3.6 and 3.2.3.7, see
Appendix B.

2.8.2 Relationship to Preliminary Design
Part II, Chapter 8, in particular Step 8.4.

2.8.3 Mathemati Mod or Analyzin i eed
Characteristics

The regulations essentially require that any air-
plane, when inadvertently placed in a flight condition
between the maximum allowable operating speed and the
design dive speed, must be able to be recovered to a
normal operating flight condition without the use of
exceptional pilot skills and without exceeding reasona-
ble cockpit control force levels.

To satisfy these requirements it is usually suffi-
cient in preliminary design to show that no reversals
occur in control force versus speed gradients within the
speed range prescribed in the regulations.

Calculation of the control force versus speed gra-
dients can be done with the method of Section 3.1.3 with
the proviso that all derivatives and coefficients must
be evaluated at the high Mach numbers required by the re-
gulations. This cannot normally be done without the a-
vailability of windtunnel data and/or advanced aerodyna-
mic panel codes.

Note: Another way around the high speed handling
problem is to prevent the airplane from becoming exposed
to certain Mach number ranges. This can be done by the
addition of 'flight envelope protection'’ systems, such as
on the Airbus 320.

2.8.4 Step-byv-Step Procedure for Analvzing Hi Speed
Characteristics

The step-by-step procedure for analyzing high speed
characteristics is similar to that of Section 3.1.4. All
stability derivatives and coefficients must be evaluated
at the high Mach numbers required by the regulations.
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2.9 AEROELASTIC CONSIDERATIONS

The analysis methods and procedures presented in
Sections 2.1 through 2.8 are based on the assumption that
designer has available ALL values for aerodynamic coeffi-
cients, control power derivatives and stability derivati-
ves which reflect the ACTUAL airplane behavior in a par-
ticular flight condition.

In Sections 2.1 through 2.8 frequent reference is
made to the methods for estimating aerodynamic coeffi-
cients, control power derivatives and stability derivati-
ves in Part VI. The reader MUST keep in mind that these
methods are VALID ONLY for RIGID airplanes. Most high
performance airplanes, including fighters and transports
are often far from rigid: they exhibit significant aero-
elastic behavior!

Therefore it becomes necessary to evaluate the aero-
dynamic coefficients., the control power derivatives and
the stability derivatives not only as a function of Mach
number, but also as a function of dynamic pressure. It
is the dynamic pressure which (at any combination of an-
gle of attack and Mach number) determines the severity of
aeroelastic distortions.

Calculating aeroelastic effects requires rather de-
tailed knowledge of the airplane structural properties:
in particular the EI (bending stiffness) and GJ (torsio-
nal stiffness) distribution about the airplane elastic
axes. In the early design phase such knowledge may not
yet be available. Therefore, in the early preliminary
design phase, use is made of so-called elastic-to-rigid
ratios. These ratios are used to 'guestimate’ the ELAS-
TIC AIRPLANE value of a coefficient (or derivative) from
a known value of that coefficient (or derivative) for the
corresponding RIGID AIRPLANE. A typical example is:

CL = (Re/Rr)CL (2.68)

%elastic arigid
where: C is the lift-curve slope of the rigid

Lari id airplane as computed with the me-
g thods of Part VI.

Re/Rr is the elastic-to-rigid ratio which may
be computed with the methods of Ch. 8,
Reference 12, provided the required
structural stiffness information and
elastic axes locations are available.
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In preliminary design, these ratios are
frequently 'guestimated’ on the basis
of computed data on similar configura-
tions. Chapter 8 of Reference 12 pro-
vides examples of elastic airplane ver-
sus rigid airplane derivatives. The
reader may use these to arrive at an
'educated’ guestimate of Re/Rr for a

newly designed airplane. Care must be
exercised in doing this: the data in
Reference 12 apply to transport air-
planes only!

Figure 2.8 shows an example application of these
ideas.
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3. STABILITY: STATIC AND DYNAMIC

The purpose of this chapter is to present Class II
methods for analyzing the static and dynamic stability
characteristics of airplanes. These methods are compati-
ble with Step 24 in Preliminary Design Sequence II as
outlined in Chapter 2 of Part II.

The designer must decide at the outset whether his
airplane should be designed with:

1. Inherent stability OR WITH: 2. De-facto stability.
Definition 1: Airplanes with ’‘inherent stabjility' do not

require any form of ’‘closed loop' stability augmentation.

The Cessna 172 and the Fokker F-50 are examples of
such airplanes.

As a general rule, low to moderate performance air-

planes are designed with inherent stability.

Definition 2: Airplanes with 'de-facto stability’' re-
quire static and/or dynamic stability augmentation.

The F-18 and the X-29 are examples of such airpla-
nes. Both are inherently unstable and rely on a feed-
back system to achieve theirs de-facto stability: they
cannot be controlled without feedback!

As a general rule very high performance airplanes

are designed with de-facto stability.

Most moderate to high performance airplanes (B-727,

DC-10, C- 141) have inherent static stability but are de-
ficient in inherent dynamic stability. Such airplanes
are typically equipped with feedback systems to assure
that they have de-facto dynamic stability.

The B-727 and the DC-10 have yaw dampers to assure
that the dutch roll damping ratio is sufficiently large.
The C-141 also has a pitch damping system to assure that
the short period damping ratio is sufficiently large.

QUESTION: What drives airplane designers toward
de-facto (or artificial) stability?

ANSWERS: 1. For fighters: Enhanced maneuverability!
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2. For transports: Savings in tail areas
and weight as well as savings in drag!
These savings must be traded against
greater complexity of the flight con-
trol system and its sensors.

Reliability and maintainability issues also play an
important role in the design decision making process be-
tween inherent and de-facto stability.

IMPORTANT COMMENT: The choice between inherent sta-
bility and de-facto stability is made by the designer
(together with the customer) and NOT by the regulations!

The objective of the methods in this chapter is to
assure that the airplane meets all the regulatory static
and dynamic stability requirements which are placed on an
airplane. These regulatory requirements are placed on an
airplane to ensure that it is airworthy. Airworthiness
in this case implies that the airplane possesses safe,
'minimum’ handling characteristics.

To ensure safe, minimum handling characteristics the
civil and the military regulations specify certain mini-
mum allowable frequency, damping, time constant and res-
ponse parameters.

A problem with many civil stability regulations (see
(Appendix A) is that they are frequently cast in language
which is not easily translated in numerical statements.
This makes them difficult to use by designers!

However, the military regulations (see Appendix B)
are written in terms of very specific numerical design
objectives. For that reason, the military regulations
are commonly used in the preliminary design process of
BOTH civil and military airplanes.

The military regulations (Appendix B) define static,
dynamic and control-response characteristics in three
levels. These levels can be summarized as follows:

LEVEL 1: Flying qualities which are clearly adequate
for any given mission flight phase.

LEVEL 2: Flying qualities which are adequate to com-
plete the mission flight phase but some in-
crease in pilot workload or degradation in
mission effectiveness, or both, exists.

LEVEL 3: Flying qualities such that the airplane can
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be controlled safely, but pilot workload is
excessive or mission effectiveness is in-

adequate, or both. HOWEVER: the airplane

b a a .

MPORTANT DESIGN DE ES FOR CI AND FOR
MILITARY ATRPLANES:

1. Inherently stable airplanes must be designed to
LEVEL 1 requirements.

2. De-facto stable airplanes must be designed to
LEVEL 1 requirements with the feedback augmen-
tation system in the normal state.

3. After failures occur in the flight control sys-
tem the degraded handling quality levels which
are tolerated depend on the probability, P (per
flight) with which the failures occur.

HANDLING QUALITY

LEVEL which Civil Military
is tolerated: Airplanes Airplanes
LEVEL 2 p ¢ 104 for P < 1072
LEVEL 3 p ¢ 1078 for P ¢ 1074

The airplane designer must be aware of the fact that
a penalty paid for ’'de-facto’ stability is that stability
augmentation systems use control power to achieve their
objective. It is up to the designer to assure that the
required levels of control power are indeed designed into
the airplane during the preliminary design process.

The material in this chapter is organized as
follows:

Static longitudinal stability

Static lateral and directional stability
Dynamic longitudinal stability

Dynamic lateral-directional stability
Dynamic coupling

Stall characteristics

Spinning

Aeroelastic considerations

WWwwwwweww
e e o e o
0N\ & WN

Reference 12 can be used as a source for derivati-
ons and applications of the theory of airplane static and
dynamic stability and control: open and closed loop.
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3.1 STAT NGITUD TA
3.1.1 icable ulati

Civil: FAR 23.171, 23.173, 23.175, and
23.253, see Appendix A.

FAR 25.171, 25,173, 25,175, 25.253,
and 25.255, see Appendix A.

Military: Mil-F-8785C, Sub-section 3.2.1 and Para-
graph 3.2.2.2, see Appendix B.

3.1.2 Relationship to Preliminary Design

See Part II, Chapter 11.

3.1.3 Mathematical Mod or Analyzi tatic Longitu-
dinal Stability

The regulations essentially require that the
airplane must possess the following characteristics:

1.) With the airplane trimmed at speeds which are
specified in the regulations, a PULL must be re-
quired to obtain AND maintain speeds below the
trim speed. Conversely, a PUSH must be required
to obtain AND maintain speeds above the trim
speed.

2.) The speed must return to within some specified
percentage of the trim speed if the cockpit con-
trol is released from the push or pull conditi-
on(s) implied by 1.).

3.) The stick-force speed gradient must not be less
than that specified in the regulations.

Figure 3.1 illustrates these concepts.

It is clear that a mathematical model for analysis
of these characteristics must relate the stick force to
speed relative to any given trim speed. Since the mathe-
matical relationship between stick force and speed de-
pends on the type of control system employed (as shown in
Eqn. (2. 8)) the designer must decide on the type of flight
control system to be used in his airplane.

In the following it is assumed that the airplane is

equipped with an elevator as the primary longitudinal
controller. The stabilizer angle is assumed to have the
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stick force trim function. 1In that case, Reference 12,
Chapter 5 shows that the following relations hold:

1. For the stick force needed to maintain a speed U,
relative to a given trimspeed, U

trim’
FS = nhGSece(W/S)x (3.1)
2
e e
2. For the stick-force-speed-gradient at the trlm—
speed:

xntheEem/S)(ch5 /C ) (S.M. )

&
e e

free

where: S.M. is the stick-free static margin of
the airplane. This quantity may be

found from the following approxi-

free

mation:
S.M.free = xaCA - xcg + (3.3)
+ (Cms /CL )(Ch /Ch ) (1 - de/da)
a a )
e e
with: zac the airplane aerodynamic center

A as found from Part VI, Sub-secti-
on 8.2.5.2
_c the airplane c.g. location in
9 fractions of the wing m.g.c.

All other quantltles have been previously
defined.

NOTE 1: As long as the hingemoment derivative Ch
&

e

has the normal (negative) sign, the stick-force as found
from Equation (3.1) and the stick-force-speed-gradient as
found from Equation (3.2) have the correct sign, provided
the airplane has a POSITIVE STATIC MARGIN!

NOTE 2: The reader should modify these equations if
the flight control system of his airplane is different
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than the one

assumed here. For guidance on how to do

this the reader should consult Chapter 5 of Reference 12,

3.1.4 Step-by-St Pro e for Analvyzi tatic Longi-

tudinal Stability

Step 1:

Step 2:

Step 3:

Step S5:

Step 6:

Determine which regulations apply to the
design: see Table 3.1 and Subsection 3.1.1.

The regulations define the flight conditi-
ons and the airplane configurations for
which the stability requirements must be
met. Tabulate these flight conditions and
these configurations.

For the flight conditions and for the air-
plane configurations of Step 2 determine the
Mach number, the dynamic pressure and the
center of gravity locations.

For the flight conditions and for the air-
plane configurations of Steps 2 and 3 deter-
mine all derivatives and coefficients used
in Equations (3.1) through (3.3).

Calculate the stick-force-speed gradient
from Egn. (3.2) and check its value against
that allowed in the applicable regulation.
If the required gradient is not achieved,
determine which parameters need to be adjus-
ted. Note: in many cases a satisfactory
gradient can be achieved only by moving the
aft allowable center of gravity forward!
This has obvious implications to the utility
of the airplane!

Document the results obtained, including
any design changes made.

Part VII
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3.2 STAT ATERAL AND DIRECTIONA TAB
3.2,1 icab Re ati
Civil: FAR 23.171 and FAR 23.177, see Appendix A.
FAR 25.171 and FAR 25.177, see Appendix A.

Military: Mil-F-8785C, Sub-section 3.3.6, see
Appendix B.

3.2.2 Relationship to elimina Desi

See Part II, Chapter 11.

3.2.3 Mathematical Model for Analyzing Static Lateral
d Directional Stabili

The regulations essentially require that the
airplane must possess the following characteristics:

1.) When the airplane is put in a sideslip (skid)
condition it shall have the tendency to return
to the original (zero sideslip) condition.

2.) The rudder pedal force required to put the air-
plane in a sideslip condition shall be such
that the pedal-force-gradient is does not rever-
se its sign.

3.) When the airplane is put in a positive sideslip
(skid), it must have the tendency to raise the
right wing.

Figure 3.2 illustrates these concepts. The condi-
tions for which these requirements are satisfied are now
presented.

1.) This condition is referred to as the condition
for positive directional stability:

a) For irreversible control systems:

C > 0 (3.4)

The directional stability derivative, C may

B

be computed with the method of Section 10.2.4
of Part VI. From those methods it will be
clear that directional stability strongly de-

n
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pends on the size and shape of the fuselage
and on the size, shape and location of the
vertical tail.

b) For reversible control systems:

CnB = CnB + (3.5)
free fixed
+ C (C /C )
ng hs hy
r \4 r
where: C = C. of Egn.(3.4)
s s
fixed
Cn is the rudder control power deriva-

8 tive. It may be computed with the
method of Section 10.3.8 of Part VI.

h is the rudder hingemoment derivative
B.. due to sideslip. It is physically
equivalent to the elevator hingemo-
ment derivative due to elevator de-

flection, Ch and may be computed

)
e

with the help of Sect.10.4 of Pt VI.
Ch is the rudder hingemoment derivative
8 due to rudder deflection. It is
physically equivalent to the eleva-
tor hingemoment derivative due to
elevator deflection, Ch and may be
)
e

computed with the method of Section
10.4 of Pt VI.

2.) This condition is satisfied if:
aFr/aﬁ > 0 (3.6)

It is shown in Chapter 5 of reference 12 that

this in turn is satisfied if:

CnB > 0 (3.7)
free

Note therefore that for this type of airplane
the detail design of the flight control system becomes
(again) important!
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3.)

This condition is satisfied as long as:

C 0 (3. 8)
1g

The lateral stability derivative, C, may be

B -
determined with the method of Section 10.2.4 of
Part VI. The method makes it clear that this
derivative depends mainly on three factors:

a) wing geometric dihedral angle
b) wing position on the fuselage (high or low)
c) wing sweep angle and lift coefficient

3.2.4 Step-by-Step Procedure for Analyzing Static Lateral
and Directional Stability

Step 1: Determine which regulations apply to the

design: see Table 1.3 and Subsection 3.2.1.

Step 2: The regulations define the flight conditions

and the airplane configurations for which
the static lateral-directional stability re-
quirements must be satisfied. Tabulate
these flight conditions and these configu-
rations.

Step 3: For the flight conditions and for the air-

plane configurations of Step 2 determine the
Mach number, the dynamic pressure and the
center of gravity locations.

Step 4: For the conditions and configurations of

Steps 2 and 3 determine the derivatives used
in Equations (3.4) through (3. 8).

Step 5: Using Equations (3.4) through (3.8) determi-

ne whether or not these stability conditions
are satisfied. If not, determine how the
design must be modified to meet the require-
ments.

NOTE: It may very well be that the airplane
needs a larger vertical tail or that the ge-
ometric dihedral angle of the wing will have
to be changed to meet the regulations.

Step 6: Document the results obtained, including

Part VII

any design changes made.
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3.3 DYNAMI NGITUDINA TAB
3.3.1 A icable Regulati
Civil: FAR 23.181 and FAR 25.181, see Appendix A.

Military: Mil-F-8785C, Par.3.2.2, see Appendix B.

3.3.2 Relationship to Preliminary Design

See Part II, Step 24 in Chapter 2. Also, read
Chapter 11 in Part II.

3.3.3 Mathematical Mo or Analvzi Dynamic

Longitudinal Stability

The civil regulations in Appendix A are vague about
specific requirements for frequency and damping charac-
teristics. For that reason the military regulations of
Appendix B are used to check whether or not a civil air-
plane design meets the intent of the civil regulations.

The civil and military requirements for dynamic sta-
bility must be met with the cockpit controls held fixed
as well as with the cockpit controls kept free. The ana-
lysis of dynamic stability with the controls held free is
beyond the scope of preliminary design since it requires
detailed design data on the flight control system. For
that reason, only the ’'controls fixed' case is considered
here. An analytical approach to the analysis of dynamic
stability with controls free is given in Reference 12.

The military regulations (Appendix B) specify ranges
of acceptable values for the following dynamic stability
parameters of the airplane phugoid (P) and short-period
(SP) modes of perturbed motion:

1., Undamped natural frequency: 0
SP
2. Damping ratio: {P and ESP

Because phugoid frequency is primarily determined by
airplane speed, there is no requirement for it.

The required numerical magnitudes for frequency and
damping behavior of airplanes depends on:

1. Airplane Type: this is recognized by classifying air-
planes in four classes:

Class I, II, III or IV: see Appendix B.
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2. Flight Phase: this is recognized by classifying flight
conditions into three flight phases:

Phase: A, B, and C: see Appendix B.
The following characterization is typical of the

modal breakdown for most airplanes in most flight
conditions:

Mode Undamped Damping Most Important
Natural Ratio Motion Variables
Frequency
Phugoid Low Low Speed and Pitch
Attitude Angle
Short High Moderately Angle of Attack,
Period High Pitch Attitude Angle

The damping characteristics of the phugoid mode of
motion primarily affects the pilot's ability to control
airspeed with the longitudinal controls. The phugoid
damping ratio must not be too low.

The frequency and damping characteristics of the
short period mode of motion primarily affects the pilot's
ability to control pitch attitude angle. The short pe-
riod frequency must not be too low, nor too high. The
short period damping ratio must not be too low.

The phugoid and short period frequencies and damping
ratios can be found from a solution of the three-degree-
of-freedom, small perturbation equations of motion of an
airplane. General methods (so-called Class III methods)
for solving such equations are presented in Chapter 6 of
Reference 12, 1In preliminary design it is acceptable to
employ approximations for the phugoid and for the short-
period behavior of an airplane. The Class II methods to
be presented next are based on such approximate methods.
The justification for these Class II methods is also dis-
cussed in Chapter 6 of Reference 12.

3.3.3.1 Class 11 method for analysis of phugoid

characteristics

The following Class II method is suggested for Je-
termining phugoid undamped natural frequency and damping
ratio:
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mnp = (1.414g/U,) (3.9)

¢, = {g/(2C. U,w_ )1}(C + 2C - C - 2C ) (3.10)
P Ly 1np " Dy 1 X x
where: U, is the steady state speed for the flight
condition for which the dynamic stability
of the airplane is being analyzed.

p is the air density for the flight condition
being analyzed.

CL is the steady state lift coefficient in
1 the flight condition being analyzed.

C and CT are the drag-due-to-speed and

u x . thrust-due-to-speed derivatives.

These derivatives may be compu-

ted with the methods of Ch.10 of

Part VI.

D

C and CT are the steady state drag and

thrust coefficients. These may
be computed with the methods of
Ch.10 of Part VI.

Observe that the phugoid frequency depends only on
airplane speed! = The phugoid damping ratio depends on the
steady state drag and thrust as well as on the variation
of drag and thrust with speed (Mach number!). Also ob-
serve, that the phugoid damping ratio is inversely pro-
portional to the airplane lift-to-drag ratio, C /CD .

1

1

3.3.3.2 Class II method for analysis of short pericd
characteristics

The following Class II method is suggested for de-
termination of the short period undamped natural frequen-
cy and damping ratio:

1/2

w = [(Zan/UI) - Ma} (3.11)

Ngp

= -IMq + (Za/Ul) + M&]/Zm (3.12)

<4
SP nSP

where: the dimensional derivatives: Za. Ma. Ma and Mq

are all defined in the list of symbols. These de-
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rivatives are functions of several dimensional de-
rivatives which can be determined with the methods
of Chapter 10, Part VI.

U, is the steady state speed corresponding to the
flight condition for which dynamic stability is
being analyzed.

1

It turns out that for many airplanes, in many flight
conditions, the combination (Zan/Ul) in Egn. (3.11) is

small compared to M, The significance of this is that

the short period undamped natural frequency is determined
mostly by the magnitude of the derivative M-

IMPORTANT OBSERVATION ON EQN.(3.11):

The derivative M, depends directly on the center of

gravity location of the airplane, because:

C = C. (x - X ) (3.13)
m, L, “cg ac,

Therefore: the short period undamped natural fre-
quency of an airplane depends primarily on the distance
between the center of gravity and the airplane aerodyna-
mic center (stick-fixed neutral point!). -

The reader is reminded of the fact that the c.g. lo-
cation at any given airplane weight depends on the loa-
ding state of the airplane as reflected by the airplane
weight-c.g. excursion diagram of Chapter 10 in Part II.

IMPORTANT OBSERVATION ON EQN. (3.12):

This equation predicts that the short period damping
ratio of an airplane will always be positive! This
is NOT correct. If this equation predicts the dam-
ping ratio to be less than 0.1, the reader is advi-
sed to use the Class III method of Chapter 6 of Re-
ference 12.
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3.3.4 ep-by-Step Procedure for Ana ing Dynamic
ongitudina tabilit

Step 1: Determine which regulations apply to the
design: see Table 1.3 and Subsection 3.3.1.

Step 2: Determine from the description of airplane
Classes in Appendix B which airplane Class
(I, II, III or IV) best 'fits' the design.

Step 3: Determine for which flight conditions and
for which airplane configurations the dyna-

mic stability must be verified. Determine
which flight phase category (A, B or C) is
associated with each flight condition. The
definition of flight phase categories is gi-
ven in Appendix B.

Tabulate this information.

For inexperienced readers the following guidelines
may be useful:

Flight conditions:

For purposes of preliminary design, the most criti-
cal flight conditions may be determined from the 'design’
flight envelope. Figure 3.3 gives examples of ’‘design’
flight envelopes for a civil and for a military airplane.
The 'design’ flight envelope normally follows from the
airplane mission specification and from the Class II per-
formance calculations which have been performed as part
of Step 28 as described in Chapter 2 of Part II. Methods
for Class II performance calculations are presented in
Chapter 5.

Figure 3.3 shows the most critical flight conditions
for which the dynamic stability should be verified at the
early design stage.

Airplane configurations:

For purposes of preliminary design, the most criti-
cal airplane configurations occur at the most forward and
at the most aft center of gravity locations. These c.g.
locations follow from the weight-c.g. excursion diagram
of Chapter 10 in Part II.

To decide on other critical configuration effects,

the reader should check items 1-9 on page 7 and determine
which of these effects apply to his design.
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Step 4: For the flight conditions and for the air-
plane configurations defined in Step 3, cal-
culate the derivatives and other parameters
which appear in Egns (3.9) through (3.12).

Since the allowable short-period frequency
ranges in Appendix B depend on the load-fac-
tor-to-angle-of-attack derivative n,.

also compute:

/W (3.14)
These 'input’ data should all be tabulated!

Step 5: Decide whether the airplane being designed
is to be 'inherently stable' or 'de-facto’
stable.

Definitions for these types of stability are
given on page 65.

If the airplane is to be 'inherently stable’
proceed to Step 6.

If the airplane is to be 'de-facto stable’
proceed to Step 8. -

The choice between 'inherent’ and 'de-facto’
stability is made by the designer and not by
the regulations!

Step 6: Determine the phugoid damping ratios associ-
ated with the flight conditions and airplane
configurations of Step 3. Use Egn. (3.10).

Determine the LEVEL 1 phugoid damping ratio
requirements from Paragraph 3.2.1.2, in Ap-
pendix B.

Decide whether or not the airplane meets the
LEVEL 1 requirements. If not, determine
from Egn. (3.10) what (if any) design changes
should be made to satisfy the LEVEL 1 requi-
rements OR put the airplane in the 'de-fac-
to' stable category and proceed to Step 8.

Note: in most cases it will be found to be imprac-
tical to modify airplane phugoid damping through airplane
design changes. The reasons are that phugoid damping de-
pends mostly on drag and on installed thrust characteris-
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tics. These in turn are normally dictated by performance
considerations! Therefore, airplanes with deficient in-
herent phugoid damping are usually equipped with speed-
to-thrust-feedback, speed-to-speedbrake feedback and/or
with pitch-attitude-feedback. Chapter 13 of Reference 12
contains detailed discussions of such systems.

Step 7: Determine the short period frequencies and
damping ratios associated with the flight
conditions and airplane configurations of
Step 3. Use Egns.(3.11) and (3.12).

Determine the LEVEL 1 short period frequen-
cy and damping ratio requirements with the
help of Figures Bl through B3 and Table IV
in Appendix B. Compute n, with Eqn. (3.14).

Decide whether or not the airplane meets the
LEVEL 1 requirements. If not, use Eqgns
(3.11) and (3.12) to determine what design
changes should be made to the airplane.

Note 1: By performing a derivative sensitivity ana-
lysis on Equations (3.11) and (3.12) the reader will find
that the short period frequency is very sensitive to Cm

a
(thus, according to Egn.(3.13) to c.g. location!). It is
also found that for a given short period frequency, the
short period damping ratio is very sensitive to Cm (in

other words to tail moment arm as shown in Section 10.2.7
of Part VI!).

Note 2: From a practical viewpoint, the only deriva-
tive over which the designer has much influence at this
stage of the design is Cm . Egn.(3.13) shows that this

a
derivative may be altered by changes in the center of
gravity location. The designer may therefore wish to
‘taylor’ the c.g. range of the airplane such as to bring
the short period frequency range ’'in line'’ with the re-
quirements. Such c.g. range ‘tailoring’ will result in
modification of the weight and balance of the airplane as
discussed in Chapter 10 of Part II.

Another option is to put the airplane in the
'de-facto stable’ category and proceed to Step 9.
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Step 8: Carry out the instructions in the first two

Part VII

paragraphs of Step 6: the result is the in-
herent phugoid damping ratio, EP. Note from

Appendix B, Par.3.2.1.2 that the Level 1,
minimum required phugoid damping ratio is:
EP = 0.04, If the inherent phugoid damping

ratio is insufficient, augmentation can be
accomplished with speedbrake or throttle
(i.e. thrust) feedback to speed. The requi-
red feedback gains can be found as follows:

1, For speed feedback to a speedbrake:

Compute the required increment in the speed-
damping derivative, CD from:
u
AC., = {(0.08C. U,w_ )/g} - C. - 2C. +
u Ly 1mp Dy 1

+C + 2C (3.15)

Compute the speedbrake feedback gain from:

ku/8 = ACD /(U1CD ) (3.16)
sb u 6sb

The magnitude of this gain should not exceed
a value of 150 degrees of speedbrake deflec-
tion per unit of u/Ul.

The drag-due-to-speedbrake derivative CD
)

sb
may be computed using the ’'spoiler drag’' me-
thod of Sub-section 4.12.1 in Part VI.
Fo ed feedback to throttle:

Compute the required increment in Cp from:

X
u

AC = - {(0.08C. U,w_ )/g} - C, =- 2C. +
< L, 1°n, D, D,

+ C + 2C (3.17)
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Compute the throttle feedback gain from:

k = ACq, /(U1CT ) (3.18)
T X )

u T
The magnitude of this feedback gain should
not exceed a value which corresponds to more
than 15 percent increase in thrust for a
sheargust of 25 fps.

The thrust-coefficient-due-to-throttle deri-

vative, CT follows from taking the slope
8T

of thrust coefficient versus throttle posi-

tion of the engine. remembering that:

C., = T/gS (3.19)

T

where: T is the installed thrust of the en-
gine. It may be found with the me-
thod of Chapter 6 in Part VI.

For more detailed methods of synthesizing
speed-damping feedback systems, refer to
Chapter 13 of Reference 12,

Step 9: For the appropriate flight conditions and
for the airplane configurations of Step 2
AND for the n_  values of Step 3, find the

allowable short period frequency values from
Figures B.1 through B.3 in Appendix B.

Decide which frequency levels the airplane
should have for each flight condition. Such
a frequency level is called: 0
SPde—facto
Compute the 'de-facto’ level of static sta-
bility at which the airplane should operate

from:
(Cma)de—facto = (3.20)
2 — —
{((z M /U,) - (I
Mg U, (wnSP )7} yy/ch)
de-facto
Find the angle-of-attack feedback gain, ka
from:
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k, = {(cma)de_facto - Cp }/cm8 (3.21)

where: C is the inherent value of the static lon-
e gitudinal stability derivative of the
airplane. This value will normally be
positive (unstable) for a ’'de-facto' sta-
ble airplane!

The value for ka should not be larger than 5 degrees

of elevator deflection per degree of angle of at-
tack. 1If ka does not satisfy this condition, the

longitudinal control power level, Cm must be in-

creased until it does. 6e

Note: if the feedback is around the stabilizer in-

stead of around the elevator, replace the elevator deri-
vative by the stabilizer derivative in Equation (3.16).

C

k

Step 10: For the appropriate flight conditions and
for the airplane configurations of Step 3,
find the minimum allowable damping ratios
at which the airplane should operate by u-
sing Table IV in Appendix B. This damping
ratio level is called: §SP

de-facto

Compute the 'de-facto’ level of Cm at

q
which the airplane should operate from:

= {-(2
My (- wnSP éSPd s ) +
- *de-facto de-facto e-facto
- =72
(Za/Ul) - Ma}(2lyyul)/(ch ) (3.22)
Compute the pitchrate feedback gain from:
{(Cm - Ch )(c/2U1)]/Cms (3.23)
93e-facto e e

The magnitude of this gain should not ex-
ceed 2 deg/deg/sec. If it does., the air-
plane needs more control power.

Step 11: Document the results obtained, including
any design changes made.

Part VII Chapter 3 Page 86



3.4 DYNAMI ATERAL-DIRECTION. TABILITY
3.4.1 A icable Re ations
Civil: FAR 23,181 and FAR 25.181, see Appendix A.

Military: Mil-F-8785C, Par.3.3.1, see Appendix B.

3.4.2 Relationship to Preliminary Design

See Part II, Step 24 in Chapter 2.

3.4.3 Mathematical Mod or Analvzing Lateral-

Directional Dynamic Stability

Because the civil regulations in Appendix A are va-
gue about specific requirements of frequency, damping and
time-constant characteristics it is customary to use the
military regulations of Appendix B to verify whether or
not a new civil airplane design meets the intent of the
regulations.

The civil and military requirements for dynamic sta-
bility must be met with the cockpit controls held fixed
as well as with the cockpit controls kept free. The ana-
lysis of dynamic stability with the controls held free is
beyond the scope of preliminary design since it requires
detailed design data on the flight control system. For
that reason, only the ’‘controls fixed' case is considered
here. An analytical approach to the analysis of dynamic
stability with controls free is given in Reference 12.

The military regulations (Apppendix B) specify ran-
ges of acceptable values for the following dynamic stabi-
lity parameters:

For the spiral mode: minimum allowable time-to-dou-
ble the amplitude, T,
S
For the dutch roll mode: minimum allowable undamped

natural frequency, o
Tp

minimum allowable damping
ratio, éD

minimum allowable real root
part value: wnDéD
For the roll mode: see Section 2.7.

The following characterization is typical of the
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modal breakdown for most airplanes in most flight
conditions:

Mode Undamped Damping Time Most Important
Natural Ratio Constant Motion Variables
Frequency

Spiral N.A. N.A. Large, Heading and bank

Unstable angles

Dutch Moderately Low N.A. Sideslip and

Roll High bank angles

Roll N.A. N.A. Small Bank angle

Note: Roll mode requirements are discussed in Section 2.7

The spiral behavior primarily affects the pilot's
ability to maintain wings level flight, particularly when
in IFR conditions.

The dutch roll behavior tends to make passengers
sick if it is undamped. If the dutch roll mode has a
high degree of bank angle participation, it can inter-
fere with a pilot's ability to carry out rapid rolling
maneuvers and/or bank angle tracking maneuvers. -

The spiral and dutch roll mode behavior can be ob-
tained from a solution of the three-degree-of-freedom,
small perturbation equations of motion of an airplane.
General methods (so-called Class III methods) for solving
such equations are given in Chapter 6 of Reference 12.

In preliminary design it is acceptable to employ approxi-
mations for the spiral and for the dutch roll behavior of
an airplane. The Class II methods to be presented in
Subsections 3.4.3.1 and 3.4.3.2 are based on such appro-
ximate methods. The justification for these Class II
methods is also discussed in Chapter 6 of Reference 12.

3.4.3.1 ss II method for analysis of the iral

characteristics

There is no requirement for a stable spiral roct.
In fact, too much spiral stability is considered undesi-
rable in most airplanes. An acceptable Class II condi-
tion for spiral stability is:

LBNr - NBLr > 0 (3.24)

If this spiral stability condition is violated (as
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is often the case), an acceptable Class II method for
predicting the time-to-double the amplitude in the spi-
ral mode is:

T = (L,1n2)/(N

Zs B Lr - L Nr) (3.25)

B B

All dimensional stability derivatives in Equations
(3.24) and (3.25) are defined in the list of symbols.
The corresponding dimensionless derivatives may be compu-
ted with the methods of Chapter 10 in Part VI.

3.4.3.2 Class II method nalysis o e dutc oll
characteristics

The following Class II method is suggested for the
calculation of the dutch roll undamped natural frequency
and damping ratio:

/2

- _ 1
® = [{Y Nr + N (U1 Yr)}/Ull (3.26)

ny B B

= N, + (Y /U }/20 S (3.27)

g
D B D

All dimensional stability derivatives in Equations
(3.26) and (3.27) are defined in the list of symbols.
The corresponding dimensionless derivatives may be compu-
ted with the methods of Chapter 10, Part VI.

IMPORTANT OBSERVATION ON EQUATION (3.27):

This equation predicts that the dutch roll damping
ratio will always be positive. This is NOT correct!
The problem is that this dutch roll approximation ignores
the effects of the derivatives C1 , Cl and Cn .

B P P

If this equation predicts the damping ratio to be
less than 0.05, it is suggested that the reader use the
Class III method of Chapter 6, Reference 12 to predict
the actual dutch roll damping ratio.
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3.4.4 Step-by-Step Procedure for Analyzi Dynamic

teral-Directional Stabilit

Step 1:

Step 2:

Determine which regulations apply to the
design: see Table 1.3 and Subsection 3.4.1.

Determine from the description of airplane
Classes in Appendix B which airplane Class
(I, II, III or IV) best ’'fits’' the design.

Determine for which flight conditions and
for which airplane configurations the dyna-
mic stability must be verified. Determine
which flight phase category (A, B or C) is
associated with each flight condition. The
definition of flight phase categories is gi-
ven in Appendix B.

Tabulate this information.

NOTE: Be sure to read the guidelines stated under
Step 3 in Subsection 3.3.4 (pages 80-81)!

Step 4:

Step 5:

Step 6:

Part VII

For the flight conditions and for the air-
plane configurations defined in Step 3, cal-
culate the derivatives and other parameters
which appear in Egns. (3.24) through (3.27).
Decide whether the airplane is to be 'in-
herently' stable or 'de-facto’ stable.

Definitions for these types of stability are
given on pages 65-67.

If the airplane is to be 'inherently stable’
proceed to Step 6.

If the airplane is to be 'de-facto’ stable,
proceed to Step 8.

The choice between 'inherent’ and 'de-facto’
stability is made by the designer and not
by the regulations!

Determine whether or not the airplane is
spirally stable with the help of Egn. (3.24).

Case 1: Stable spiral

If the airplane is found to be spirally sta-
ble, it may in fact be too spirally stable!
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Since specific levels of spiral stability
are not required by the regulations, the de-
signer should check how much of a change in
the derivative LB (i.e. Cl ) is needed to

B
obtain neutral spiral stability. The requi-
red change in L’3 can normally be achieved

through a change in the wing geometric dihe-
dral angle. The required change in the wing
geometric dihedral angle can be obtained
with Egn. (10.34) on p.392 of Part VI. Re-
calculate LB as required!

ase 2: Unstable spiral

If the airplane is found to be unstable in
the spiral mode, use Egn. (3.25) to find the
spiral 'time-to-double’ the amplitude.

From the regulations determine whether or
not the Level 1 requirements are met. If
not, use Egn.(3.25) to determine that value
of LB (and Cl ) for which the Level 1 re-
B

quirement is met. Use Egn.(10.34) on p.392
of Part VI to determine the change in wing
geometric dihedral angle needed to get the
required Level 1 value of T2 . Recalculate

Lﬁ as required! S

IMPORTANT NOQTE: When it is decided to change the
wing geometric dihedral angle, make sure that the lateral

landing gear

clearance criterion of Figure 9.1b, page 221

of Part II is not violated!

Step 17:

NOTE 1:

Part VII

Use Equations (3.26) and (3.27) to find the
dutch roll characteristics of the airplane.

From the regulations determine whether or

not Level 1 requirements are met. If not,
use Egns. (3.26) and (3.27) to find ‘compa-
tible' values for Nr and NB so that the

Level 1 requirements are met.

The reader will usually find that the undam-
ped natural frequency of Eqgn. (3.26) is 'dri-
ven' by NB' while the damping ratio of Eqgn.

(3.27) is 'driven’' by Nr‘
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NOTE 2: from Part VI, Equations (10.43) and (10.88)
the reader will be able to verify that N
and Ng BOTH depend on: r
Vertical tail size
Vertical tail moment arm
Vertical tail lift-curve-slope and therefore on
vertical tail planform geometry

'Compatible’ values for Nr and NB are re-

quired because of these relationships.

(O

Make the necessary changes in the design and
check that the spiral condition has not been
significantly affected. 1If it has, an ite-

ration between Steps 6 and 7 will be needed.

Step 8: Using Equations (3.25) - (3.27) determine
the spiral and dutch roll characteristics of
the airplane. Check these characteristics
against the requirements of Appendix B, Ta-
bles VI and VIII and determine the level
of handling qualities for the airplane.

It will now be necessary to determine what type of
feedback is required to 'augment’ the airplane such that
it meets the Level 1 requirements. When it does, it is
referred to as a 'de-facto’' stable airplane. The follo-
wing requirements for feedback may arise:

1) sideslip angle feedback: this changes Cy ’ Cl and Cn
B B B

2) yawrate feedback: this changes Cy , Cl and Cn
3) rollrate feedback: this changes Cy ’ Cl and Cn

The usual procedure is:

Step 8.1: Find those values of Nr, NB and LB
which meet Level 1 requirements for the
dutch roll and spiral characteristics as
expressed by Equations (3.25) - (3.27).

NOTES: 1) Use Egn. (3.26) to find the value of NB which
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meets Level 1 frequency requirement
2) Use Egn.(3.27) to find the value of Nr which

meets Level 1 damping requirements: using
the ’'new' frequency value!

3) Use Egn.(3.25) to find the value of Lﬁ which
meets Level 1 time-to-double-spiral-amplitude.
Step 8.2: By subtraction, determine the ’'increment’,
(A = de-facto - inherent) in each de-
rivative which must be generated by the
feedback system.

Step 8.3: Estimate the feedback gains and judge them
by an acceptability criterion.

The feedback gains may be estimated from:

kﬁ/sr = (Cnﬁ - CnB )/Cns (3.28)
de-facto inherent r

kr/5r = (Cnr - Cnr )b/(2U1Cn8 ) (3.29)
de-facto inherent r

kB/8a = (ClB - ClB )/C16 (3.30)
de-facto inherent a

Gains estimated from Egns. (3.28) - (3.30) are judged
acceptable in preliminary design if they satisfy the fol-
lowing inequalities:

(k )B < 0.3% (3.31)
ﬁ/51‘ expected available

(k )r < 0.3% (3.32)
r/8r expected L.vailable

(k )B ' < 0.3% (3.33)
B/f’a expected Qavailable

The 'expected values of the sideslip and yawrate
perturbations in Equations (3.29) - (3.32) depend on the
type of airplane being designed. The following guideli-
nes are suggested:
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Airplane Type Bexpected rexpected

Transports 5 deg 10 deg/sec
Fighters 10 deg 20 deg/sec
Light airplanes 10 deg 20 deg/sec

The reader is referred to Chapter 6 of Reference 12
for the development of the theory behind these gain esti-
mations.

If the gain acceptability criteria are violated, the
airplane does not have sufficient control power to be
augmented to Level 1 requirements. The designer should
incorporate the necessary design changes to increase the
appropriate control power levels. Control power
equations in Section 10.3 of Part VI should be used to
determine which design changes are feasible. 1In some
cases it will be found necessary to introduce new control
surfaces and/or to scrap the design and start from
scratch!

Step 9: Document the results obtained, including
any design changes made.

“AREA RULED"”
FUSELAGE

VARIABLE
SWEEP WING

MIDSHIP, DUALED,
UNDERWING NACELLE

EDGE CONTOUR
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3.5 DYNAMI PLI
3.5.1 A icab R ati

Civil: There are no specific regulations governing
dynamic coupling phenomena. However, the
FAR's can be interpreted as requiring that no
dynamic coupling phenomena may exist which
make normal piloting difficult.

Note: the only type of civil airplanes which
conceivably might encounter dynamic coupling
phenomena are aerobatic type airplanes.

Military: Mil-F-8785C, Par.3.4.3, see Appendix B

Notes: 1) Roll-rate coupling into pitch and
yaw degrees of freedom occurs in fighter type
airplanes during combat roll rate maneuvers.

2) Pitch-rate coupling into the late-
ral-directional degrees of freedom occurs in
fighter type airplanes during rolling pull-up
or during rolling push-over maneuvers.

3.5.2 Relationship to Preliminary Design

Dynamic coupling was not addressed in Part II.

3.5.3 Mathematical Model for Analyzing Dynamic Coupling

Two types of dynamic coupling phenomena will be
addressed:

3.5.3.1 Roll-rate coupling

3.5.3.2 Pitch-rate coupling

3.5.3.1 Roll-rate coupling

As shown in Chapter 7 of Reference 12, when roll-ra-
te coupling is divergent, violent excursions in angle of
attack and/or in sideslip angle may occur during combat
roll-rate maneuvers. These excursions can be so violent,
that structural failure occurs.

A theoretical model for determining whether or not
an airplane will experience roll-rate coupling induced
instabilities is discussed in Chapter 7 of Reference 12.
Based on this mathematical model the following condition
for stability can be derived:
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2
[{(Mqu/Ma) + D1 + (NB/Ma)CI] +

- 4C1D1(N /M )] <0 (3.34)
a

B
where: all dimensional derivatives are defined in
the list of symbols.

C1 = (Ixx - Izz)/Iyy (3.35)

(1 - I )/I (3.36)

D1 vy XX zz

The moments of inertia in Egns (3.35) and
(3.36) must be determined in the airplane
stability axes system!!

3.5.3.2 Pitch-rate coupling

No suitable Class II mathematical model is available
for the analysis of pitch-rate coupling into the lateral-
directional degrees of freedom. For a Class III method,
the reader is referred to Chapter 7 of Reference 12,

3.5.4 Step-by-Step Procedure for Analyzing Roll-rate

Coupling
Step 1: Read the applicable regulation, see 3.5.1.

Step 2: From the operational flight envelope of
the airplane, determine the flight conditi-
ons and airplane configurations for which
roll-rate coupling must be analyzed.

Note: flight conditions which are critical
for roll coupling are usually those
at moderate to high altitude.

Step 3: For the flight conditions and airplane con-
figurations of Step 2 determine the dimensi-
onal derivatives which occur in Egn. (3.34)

Note: for a highly augmented airplane, these
derivatives must include the effect of the
stability augmentation system.

tep 4: Using Egn. (3.34) determine whether or not
the airplane has roll-rate coupling instabi-
lity. If not, proceed to Step 8, otherwise
proceed to Step 5.
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Step 5: Determine the minimum roll-rate for which
roll-rate coupling instability instability
occurs from the method of Chapter 7, Ref.12.

Step 6: Determine the maximum roll rate of which
the airplane is capable from:

lp_ ..l = 1-(L, & ) /L_| (3.37)
max éa A ax P
where: all dimensional stability derivatives
are defined in the list of symbols.

If the airplane maximum roll rate from Egn. (3.37) is
less than that of Step 5, proceed to Step 8, if not,
proceed to Step 7.

Step 7: Investigate with the help of Eqgn. (3.34) what
values the derivatives must have to assure
that the airplane is stable against roll-
rate coupling. These new values are the so-
called 'augmented’ (or 'de-facto’) values
which these derivatives must have to prevent
roll coupling instability.

With the help of Equations (3.28) - (3.30),
determine the required feedback gains.

Next, using the acceptability criteria as
expressed by Egns (3.31) - (3.33) determine
whether or not sufficient control power is
available in the airplane. 1If not, intro-
duce the necessary design changes.

Step 8: Document the results obtained as well as any
design changes made.
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3.6 STALL CHARACTERISTICS
3.6.1 ica e

Civil: FAR 23.201, 23.203, 23.205 and 23.207, see
Appendix A.

FAR 25.201, 25.203, 25.205 and 25.207, see
Appendix A.

Military: Mil-F-8785C, Par.3.4.2, see Appendix B

3.6.2 Relationship to Preliminary Design

See Step 6 in Preliminary Design Sequence I, p.1l2,
Chapter 2 in Part II. Also see Chapter 7 in Part II and
Subsection 5.1.4 in Part III.

3.6.3 Mathematical Mod or Analyzi tall
Characteristics

Stall characteristics must be shown to satisfy the
regulations for stalls starting from the following types
of flight condition:

1. Wings level flight

2. Turning flight, including accelerated stalls-

3. Engine-out stalls

The regulations essentially require that the airpla-
ne possess the following desirable tendencies when put in
an approach to any of these stalls:

A. No sudden, uncontrollable pitch-up

B. Adequate roll control and no more wing drop
than specified in the regulations

C. Adequate directional control

D. Adequate stall warning

E. Resistance to spin departure.

There are no closed form Class II methods for assu-
ring satisfactory stall characteristics, with the excep-

tion of item E.

The following fundamental characteristics will nor-
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mally lead to acceptable stall behavior relative to A-D.

1'

Spanwise lift distributions which are conducive
to wing root stall instead of to wing tip stall.
Read the suggestions on wing design in Chapter 4
of Part III.

Wingtip mounted roll control devices when used
to 25 percent of maximum available should not
produce wing tip stall.

The location of the horizontal tail relative to

the wing should satisfy the ’'no-pitch-up'’ design
criteria of Subsection 5.1.4 in Part III, or if

not., the appropriate stick-shaker and stick pu-

sher systems must be installed.

The rudder should not be blanked by a stalled
wing wake emanating from the wing root or from
any other sources of separated flow (such as from
nacelles or from leading edge strakes). Read the
suggestions on empennage design in Chapter 5 of
Part III.

Methods for determining spanwise lift distributions
are presented in References 14 and 15.

As for item E, an airplane has been found to be re-
sistant to spin departure as long as its so-called Cn
is positive: den

C

n
den
- (Iz /Ixx )C

= {c_+
n
BB

(tane)lcosae > O (3.38)
B

1

2 B B

3.6.4 Step-by-Step Procedure for Analyzing Stall
Characteristics

Step 1: Read the applicable regulations, see

Table 1.3 and Section 3.6.1.

Step 2: From the regulations determine the flight

conditions and airplane configurations for
which satisfactory stall characteristics
must be shown.

Step 3: For the flight conditions and airplane con-

figurations of Step 2 determine the spanwise
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Part VII

lift distribution for a range of angles of
attack. Also determine the spanwise vari-
ation of section (= airfoil) maximum lift
coefficient. Be sure to account for the
effect of Reynold'’s Number!!

This is readily done with the method of Sub-
sub-section 8.1.3.4 (pages 256-257), Pt VI.

1. The span location where tangency occurs
between the two spanwise distributions
is the span location where the wing will
begin to stall. This span location must
be close to the wing root for satisfac-
tory stall characteristics.

If stall occurs close to the tip, the
wing design should be changed. Possible
design changes are:

a) addition of twist (or wash-out)

b) change to airfoils capable of higher
maximum lift coefficient values at
the appropriate Reynold'’'s Numbers.

c) a variation of b) is to add leading
edge droop to the outboard wing.

2. The angle of attack where tangency of i-
tem one first occurs is the value of WING
angle of attack for which the stall will
occur. Remember that the airplane angle
of attack differs from the wing angle of
attack by the wing incidence angle!

3. If the decision is made to 'live’ with
outboard wing stall, a stick-shaker and/
or a stick-pusher may have to be instal-
led. 1In such an event., the value of 1lift
coefficient corresponding to that at
which the stick-pusher is triggered must
be used as the effective value of wing
maximum lift coefficient.

Determine the airplane pitch-up characteris-
tics with the guidelines of Subsection 5.1.4
of Part III. 1If a stick-pusher is required,
see item 3.) under Step 3.

Determine whether directional control at the

stall is available by sketching in the loca-
tion of the separated wing-root wake at the
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tail location of the airplane: see Fig.5.13
in Part III.

Step 6: For the conditions of Step 2, compute the
body axis directional and lateral stability
derivatives as well as the moments of iner-
tia in Egn. (3.38) and verify whether the
corresponding spin departure resistance cri-
terion is met. If not, introduce the requi-
red design changes.

Note: these design changes can take the form
of a larger or relocated vertical tail (or
tails), a change in wing geometric dihedral
and/or a change in mass distribution.

Step 7: Document the results obtained as well as any
design changes made.
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3.7 IN CHARACTERISTICS

3.7.1 Applicable Regulations
Civil: FAR 23.221, see Appendix A.

Military: Mil-F-8785C, Par.3.4.2.2, see Appendix B
3.7.2 ationshi o Preliminary Design
See Chapter 5 in Part III!

3.7.3 Mathematica od or Analvzin in

Characteristics

There is no suitable mathematical model for Class I1
design analysis purposes. A method for predicting aero-
dynamic forces and moments on a spinning airplane is gi-
ven in Reference 16.

3.7.4 Step-by-Step Procedure for Analyzi i
Characteristics

Step 1: Read the applicable regulations, see
Table 1.3 and Section 3.7.1.

Step 2: From the regulations determine the flight
conditions and airplane configurations.for
which satisfactory spin characteristics
must be shown.

Step 3: Read the sections on aircraft spin and cor-
responding design guidelines in Stinton, Re-
ference 17, pages 464 - 490. Check the de-
sign of the airplane in terms of the ’'Stin-
ton’' approach and make design adjustments
where required.

Step 4: Document the results obtained as well as any
design changes made.

3.8 AEROELASTIC CONSIDERATIONS

All stability derivatives used in determining dyna-
mic stability characteristics in this chapter are subject
to aeroelastic effects. The method of Section 2.9 can be
applied to all stability and control derivatives of Ch.3.
Highly elastic airplanes, such as very large transport
airplanes, are also subject to acceleration/mass induced
aeroelastic effects. Acceleration/mass effects are dis-
cussed in detail in Chapter 8 of Reference 12.
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4., RIDE AND COMFORT CHARACTERISTICS

The purpose of this chapter is to provide methods
and guidelines for the analysis and selection of those
design aspects which influence the ride and comfort cha-
racteristics of airplanes. These characteristics are
important for the following reasons:

1., If ride and comfort are not acceptable to passen-
gers, they are unlikely to return for another
flight. This hurts the commercial viability of
an airplane!

2. If ride and comfort are not acceptable to crew-
members, they may not be able to carry out their
duties thus negatively affecting safety and/or
mission effectiveness!

The following aspects of ride and comfort can be im-
portant, depending on such factors as time exposure and
the requirement to perform duties:

1. Airplane response to atmospheric turbulence:
High levels of vertical and lateral accelerations
are uncomfortable to passengers and may make it
difficult (sometimes impossible) for crew members
to carry out their duties.
Additional factors to be considered here are:

a) distance to the center of gravity
b) flexible (elastic) behavior of the structure

2. Cabin interior noise and temperature
3. Cabin (or cockpit) interior dimensions
4. Seat dimensions and seat comfort

References 18 through 23 should be consulted for de-
tailed information (and further references) on the impor-
tance of these factors to ride and comfort.

Neither military nor civil regulations contain spe-
cific numerical design guidelines for the above factors.
The design guidelines given in this chapter cover only
turbulence induced accelerations as experienced by the
crew and by the passengers. These design guidelines,
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augmented with the use of 'common sense’ and the use of
'standard’ design practice in the other areas should suf-
fice during the preliminary design evaluation of a new
airplane.

The material in this chapter is organized as
follows:

4.1 Relationship to preliminary design

4.2 Mathematical model for analyzing ride
characteristics

4.3 Step-by-step procedure for analyzing ride
characteristics

4.1 RELATIONSHIP TO PRELIMINARY DESIGN

Selection of wing loading (W/S), wing planform (A,
'Ale’ A), fuselage and cockpit interior dimensions and

seating arrangement all affect the ride and comfort of
passengers and crew members. Having said that, it is
sobering to reflect on the following statements:

1. The airplane sizing process described in Part I
results in a choice of wing-loading without even
considering ride characteristics!

2. The decisions made in P.D. Sequence I, Step§ 4
and 6 (Part II) came about without specific refe-
rence to comfort and ride!

As a result of the ride analysis and ride criteria
presented in Section 4.2, the designer may wish to modify
some of these early design decisions. However, the ef-
fect of such design changes on performance and/or on sta-
bility and control must be assessed!

For some airplane missions, flight through moderate
to severe turbulence may be necessary. Examples are:

1. Low altitude attack missions
2. Pipeline spotting missions

In such cases, designing the basic airplane and its
wing for reasonable ride quality levels at the crew sta-
tion, turns out to be not feasible. 1In such cases it may
become necessary to employ a so-called ’'ride-control sys-
tem’. The B-1 bomber has such a ride control system. A
schematic of this type of system is shown in Figure 4.1.
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4.2 MATHEMATICAL MQODEL FOR ANALYZING RIDE AND COMFQORT
CHARACTERISTICS

Two ingredients are required for analyzing the ride
characteristics of a new design:

1. A ride characteristic rating scale (metric)

2. A formula which relates vehicle design parameters
to that metric.

Two models will be presented:

4.2.1 A model for the prediction of ride comfort from a
passenger viewpoint (civil and military)

4.2.2 A model for the prediction of ride comfort from a
crew station viewpoint (civil or military)

4.2.1 A Model for the Prediction of Ride Comfort from a
Passenger Viewpoint (Civil or Military)

The following model was distilled from Reference 18.

The relative ride-comfort will be measured in terms
of a ride comfort index, Cride which is related to pas-
senger satisfaction in Figure 4.2. 1In this section,_only
the effect of vertical and lateral accelerations on this
ride comfort index will be accounted for.

The effect of airplane vertical and lateral accele-
rations (in response to atmospheric turbulence) on the
ride comfort index, Cride may be estimated from:

Cride =2 + 18.9aVert + 12.1alat (4.1a)
which applies for Avert > 1'6alat’ and:

Cride = 2 + 1.62aVert + 38.9alat (4.1b)
which applies for Avert < 1.6alat
where: the accelerations Auert and a) ¢ are measured in

relative 'g’'-level ('g'/fps of vertical or lateral
rms gust). They are measured at the center of
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gravity of the airplane and can be found from:
Avert (O.SpUl)(CLa)(cw)/(W/S) (4.2)
ang:

a = (O.SpUl)(Cy )(av)/(W/S) (4.3)

lat 8

where: the derivatives CL and Cy are for the
a B

entire airplane (in 1/rad). Part VI con-
tains methods for their estimation. For

elastic airplanes, the method of Section

3.8 should be used.

L and o, are the rms of gust (or turbulen-
ce) velocities induced by the atmosphere.
Their values depend on altitude, terrain
and probability of occurrence. Figure 4.3
can be used to determine these gust wvalues.

4.2.2 A Model for the Prediction of Ride Comfort from a
Crew Station Viewpoint (Ciwvil or Military)

In preliminary design it is acceptable to use the
following criterion for the acceptability of turbulence
response at the crew station:

A < 0.005 (4.4)

where: A is the ’'rms g-level' per fps gust input at the
crew station. This gust (or turbulence) respon-
se may be computed from:

A = (O.SPUlCL )K1K2/(W/S) (4.5)
(]

with: K1 = 0,66 + (0’39/C)lcrew (4.6)

where: c is the wing m.g.c. in ft

lcrew is the distance from the crew
station to the leading edge of
the wing m.g.c., in ft

CL is the airplane liftcurve slope

a
in 1/rad. Aeroelastic effects on
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this derivative may have to be
accounted for: see Section 3. 8.

K, the gust response factor, is found from:
Figure 4.4.

Notes: 1.) In Figure 4.4, Lv or w iS the so-

called gust length. 1In prelimi-
nary design it is acceptable to
use: L = 2,500 ft

vV or w

2. Also in Figure 4.4:
K = 4W/(32.2npSc (4.7)

To give the reader a 'feel’ for the meaning of ride
criterion (4.4), consider the following. Table 4.1 lists
a subjective crew rating of how rms vertical accelerati-
ons are perceived by pilots.

If an airplane with an A value of 0.005 at sealevel, en-
counters a rms vertical gust at sealevel of 10 fps (P =
0.001), the crew would feel a 0.05 rms 'g’' level.

Table 4.1 Subjective Ratings of Vertical Acceleration

Pilot's Description of RMS Vertical Acceleration
Turbulence in 'g’

Negligible (Data from: 0.05

Slight Ref.20) 0.10

Moderate 0.10 - 0.15
Moderately Heavy 0.20 - 0.30

Severe 0.30 - 0.60

Extreme 0.60

4.3 STEP-BY-STEP PROCEULURE FUR ANALYZING RIDE AND COMFORT
CHARACTERISTICS

Step 1: For those flight conditions and configurations
for which ride qualities are a concern, list:

Weight, Mach Number (and Speed), altitude and
configuration (flaps, power, loading, etc.).

Step 2: For the flight conditions of Step 1, determine:
a) the derivatives Cy and CL

B a
Note: include the effect of aeroelasticity
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Step 3:

Step 4:

when necessary!
b) the atmospheric density
c) the wing loading, W/S

d) the gust (turbulence) rms values from
Figure 4.3. 1In preliminary design a pro-
bability level of 0.01 or 0.001 is usually
appropriate.

Using Egns. (4.2) and (4.3) compute the relative
accelerations and using Egn. (4.1) determine the
comfort index. Use Figure 4.1 to determine the
percentage of satisfaction with the ride.

This percentage of satisfaction should be about
80. If it is less, a design change should be
considered.

From Egns.(4.1)-(4.3) it is evident that the
wing loading, W/S and the vertical tail size
and shape are the only available design para-
meters. The real problem is, that these para-
meters are probably already 'fixed’ on the ba-
sis of previous design considerations. If that
is the case, a ride control system should be _
considered. For the design of such systems,
References 26 and 27 are suggested. Figure 4.1
shows an example of such a system.

Determine the additional parameters needed to
estimate A in Equation (4.4), then compute A.

If A does not meet criterion (4.4) a design chan-
ge is in order. Most likely, the only practical
alternative is a ride control system, such as
shown in Figure 4.1. For synthesis methods of
such systems, see References 26 and 27.

Document the results obtained, including any
design changes made.
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5. PERFORMANCE

The purpose of this chapter is to present Class II
methods for predicting the performance characteristics of_
airplanes. These methods are compatible with Step 24 in 29
Preliminary Design Sequence II as outlined in Chapter 2
of Part II.

The performance characteristics of airplanes must
meet the following requirements:

1) Mission performance requirements

2) Airworthiness performance requirements (perfor-
mance regulations)

The mission performance requirements are normally
dictated by the customer, civil or military. The air-
worthiness performance requirements (referred to in this
text as the REGULATIONS) are set by government agencies
such as the FAA (civil) or one of the armed forces: USAF,
USNavy, USMC or USArmy (military).

To provide the reader with insight into where a gi-
ven performance characteristic fits into the airplane
preliminary design process, the material in each section
is organized to provide the following information:

1) identification of the applicable airworthiness
regulation(s)

2) relationship to the performance sizing process
of Part I of this series of books

3) presentation of a model for analyzing the per-
formance

4) a step-by-step procedure for determining whether
or not an airplane meets the mission and airwor-
thiness performance requirements

An important assumption made in this chapter is that
the airplane can be considered to be a so-called point-
mass model. For the point-mass model to be valid, the
stability and control characteristics of the airplane (as
discussed in Chapters 3 and 4) must satisfy the corres-
ponding regulations. 1In addition, the airplane is assu-
med to be in complete moment equilibrium: any drag polars
used in this chapter MUST be the TRIMMED DRAG POLARS!
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The material in this chapter is organized in the
following manner:

5.1 Stall 5.7 Maneuvering
5.2 Takeoff 5.8 Descent and glide
5.3 Climb 5.9 Landing
5.4 Cruise, range and 5.10 Mission profile
payload-range analysis
5.5 Endurance and loiter 5.11 Productivity
5.6 Dive 5.12 Presentation of
airplane perfor-
COURTESY . CANADAIP\ mance data

R e

o y
PN B st Sty o i A
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5.1 STALL

5.1.1 Applicable Regulations

Civil: FAR 23.45, 23,49, FAR 25.101 and 25.103,
see Appendix A.

Military: MIL-C-005011B, Par.3.4.2.3 or AS-5263,
Par.3.5.2.3, see Appendix B.

5.1.2 Relationship to Preliminary Design

See Part I, Section 3.1 and Chapter 7, Part II.

5.1.3 Mathematical Model for Analvzi Stall

Figure 5.1 depicts the forces acting on the airplane

in a 1-g stall in steady, level, symmetrical flight.
following equations of motion apply:

Tsin(ae + ﬂr) + L =W (5.1)

T + )
cos(a ,@r
At the stall, the airplane is flying at:

C. =2C and o = a . Therefore, the stall
L L C
max Lmax

speed follows from:
_ . . 1/2
vV, = [2{W - Tsin(a, + Q})}/{pCL St]

S
L max
max

D (5.2)

(5.3)

where: W is the weight at which the stall speed is

to be determined

T is the thrust setting used in the stall ma-

neuver. This will normally be equal to

zero (power-off stall). Since thrust does
depend on speed, an iterative solution to

Egn. (5.3) is required if T is not zero.

Note: If the thrust is derived from a pro-
peller instead of from a jet engine, it may

be computed from:

T = (550npSHP)/Vs (5.4)

where: np is the propeller efficiency

(
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Figqure 5.1 Forces Actin i ro e in a 1-g Stall
In Steady, Level symmetrical Flight
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SHP is the shaft horsepower delive-
red by the engine(s)

V_. is the stall speed as found from
Equation (5.3). Note that an i-
terative solution of Eqgn. (5.3) is
required if SHP is not zero,

c is the angle of attack at the stall
L
max

ﬁr is the thrustline inclination, see Fig.5.1
Therefore, Egn. (5.3) applies to vectorable
thrust airplanes. For most airplanes it
is acceptable to assume f = 0.

p is the air density corresponding to the al-
titude at which the stall is to be done

C is the trimmed maximum lift coefficient

max of the airplane. As explained in Ch.2
of this text as well as in Section 8.3
of Part VI, its value depends strongly
on center of gravity location AND on
controllability and pitch-up behavior.

NOTE WELL: For high speed airplanes the
maximum lift coefficient is also depen-
dent on Mach number. This dependency
is discussed in Chapter 9 of Part VI.

The dependency of maximum lift coeffi-
cient on Mach number is very important
in defining the stall boundary of the
airplane flight envelope. This is dis-
cussed further in Section 5.11.

S is the (reference) wing area

If T = 0 and AT = 0, Equation (5.3) reduces to its
classical form:

v, = ((2W)/ (s, s))1/2 (5.5)
\ max

IMPORTANT COMMENT: The 1-g stall speed as determined
from this method is somewhat conservative in view of the
manner in which the regulations define the stall speed as
determined by certification flight tests. The conserva-
tism usually amounts to about 6 percent. For a more dis-
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cussion of this, see Reference 11, pages 482-486.

5.1.4 -b

-Ste ocedure for Analvzi ta

The following step-by-step procedure is suggested

to calculate

Step 1:

Step 2:

Step 3:

tep 4
Step 5:
Step 6:
Step 7:
Step 8:
Part VII

the airplane stall speed.

Determine which regulations apply to the de-
sign: see Table 1.3 and Sub-section 2.1.1.
READ the regulations!

Tabulate the flight conditions, configurati-
ons, loading conditions and c.g. locations
for which the stall speed of the airplane
must be determined. This information comes
from the regulations AND from the mission
performance requirements. The reader should
consult the list of items 1-9 on page 7!

For the flight conditions and configurations
defined in Step 2, determine the value(s) of
the maximum 1lift coefficient. Be sure to
account for the effects of Mach number and
c.g. location on CL !

max
For the conditions of Step 2 find the values
of all other terms in Equation 5.3. -

Compute the stall speed(s) from Egn. (5.3),
and record in kts, fps and in Mach number.

Check the stall speed(s) of Step 5 against
the regulatory requirements and against the
mission performance requirements. If a dis-
crepancy is found, determine what (if any)
redesign action needs to be taken.

Discrepancies occur usually as a result of
not being able to generate the required mag-
nitude of CL (TRIMMED!!). This in

max
turn can be remedied usually by a change in

wing and/or flap design!

Plot the variation of Mach number at the
stall with altitude. This constitutes the
left side of the airplane operational flight
envelope. Figure 5.2 shows an example.

Document the results obtained, including any
design changes made.
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5.2 TAKE-QFF
5,2.1 icab R tions

Civil: FAR 23.45, 23.51, FAR 25.101, and 25.107,
see Appendix A.

Military: MIL-C-005011B, par. 3.4.2.4 and 3.4.5 or
AS-5263, par. 3.5.2.4, 3.5.2.5 and 3.5.5,
see Appendix B.

5.2.2 Relationship to Preliminary Design

See Part I, Section 3.2.

5.2.3 Mathematical Mod o) alvzi Takeof £
Performance

The definition of take-off distance and the associa-
ted reference speeds depends on which regulation is used
to certify the airplane: FAR 23, FAR 25 or Military.

Figure 5.3 shows the differences in the definitions
for takeoff distances and the associated reference
speeds.

The following method for computing the takeoff dis-
tance, Smo is due to Torenbeek (Reference 26). The take-

off distance, equals the takeoff field length, SPOFL,

Sro

when the landing distance, Sp, Or Spp (See Section 5.9) is

less than or equal to Spo*

Spo = Epobpol (1/vpop) + (5.6)
2 = , w1
(VS/VSTO) (W/S)TOR(T/W)TO - w' )} T o+ 1.414)
F e e ]
(hpop9Cp (1 + 1,414y, o)
maxTO

depends on the obstacle height:
see Table 5.1.

where: fTO

h is the obstacle height, see Table 5.1.

TO

(V3/VS ) is the ratio of the speed at the obsta-
TO cle height, Vs to the stall speed in
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NOTE :
FACTOR 5.7 IN

EAGN.(5.8) APPLIES

the takeoff configuration, Vs . This
TO

ratio is defined in Table 5.1.

Tab 5.1 A% E i 5.6)
Regulation V3/VS fTO hTO
TO
FAR 23 1.3 1.0 50 ft
FAR 25 1.25 to 1.3 (no 1.15 35 ft
requirement)

AS-5263 1.2 1.0 50
MIL-C-005011B 1.15 1.0 50 ft

(E/W)TO is the mean thrust-to-weight ratio taken

at a speed of 0.707V The value of T

LOF*
may be computed from:

For Jet Driven Airplanes:

T = 0.75TTO(5 + A)/ (4 + A) (5.7)

where: TTo is the maximum static thrust
max at takeoff

A is the engine bypass ratio
For Propeller Driven Airplanes:

= _ 2 1/3
T = 5.75Pp,((oND ) /P

} (5.8)

TO

where: PTO is the maximum shaft horsepower
at takeoff (static), all engines
operating

(PTO/ND 2 is the propeller diskloa-
p ding at takeoff (static).

TO VARIABLE PITCH Its Class I determined va-
— lue (Step 5.6 in Chapter 5§
~ |
PROPELLERS ONLY . of Part II) may be checked
FOR FIXED PITCH for acceptability by re-
USE ¢).60. ferring to Figure 5.4.
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N is the number of engines

p' = p_ + 0.72(C. /C ) (5.9)
g D L
(o] maXTO

where: p_ is the friction coefficient as determi-
ned from page 40

CD is the zero-lift drag coefficient in
o in the takeoff configuration

C is the maximum lift coefficient in the
e takeoff configuration. It is determined

from Part VI, Section 8.3. Ground effect
must be accounted for.

YLOF ~ {(T - D)/W]’LOF (5.10)
but this may be approximated by:

= p _ 1/2
YI0F = 0.9(T/W)TO 0.3/(A ) (5.11)

In the design of commercial transports and certain
military transports the concept of balanced fieldlength,
(BFL) is often used. 1In the case of military airplanes,
BFL is normally called the Critical Field Length.

The definition of balanced fieldlength is illustra-
ted in Figure 5.5. Torenbeek (Reference 28) shows that:

1/2

BFL = [{655/ (o) )} o+ (5.12)

+ {0.863/(1 + 2.3(72 - v ))1#

2

min
*LW/S) g/ (0.694pgCy )+ hTO}{I/((E/WTO) - ') o+ 2.7}
max
TO
-1
where: vy, = (T/W) - {(C,./C.) } (5.13)
2 TO5pT L'"D TOyp;

which is called the second-segment climb gradient
with one engine inoperative.

is the thrust-to-weight ratio in
OEI the takeoff configuration, but
with one engine inoperative and

at 1.2Vs

with: (T/W)TO

TO
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{(CL/CD)To } 1 is the lift-to-drag ratio
OEI in the takeoff configurati-
on, with one engine inope-
rative (this does cause ex-
tra drag!!) and at 1.2V
S0

Y = 0,024 for N=2
2min
0.027 for N=3

0.030 for N=4
All other parameters were previously defined.

In several instances a takeoff specification will
call merely for a groundrun during takeoff to be less
than some specified value. In such cases the following
equation for the groundrun only is useful:

= 2 T -
S = {(VLOF) /Zg}/{(T/W)TO p'l (5.14)

TOG

where: V = 1,2V for commercial airplanes, and
LOF Smo -

1.1V for military airplanes
Sto

all other parameters have been previously defined.

Important Note:

Airplanes which are also carrier based must be com-
patible with the performance restrictions inherent in
each catapult system. A suitable mathematical model for
determining airplane compatibility with USNavy catapult
systems is given in Sub-sub-section 3.2.5.2, page 103, in
Part I.
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5.2.4

tep-by-Step Procedure for Analyzi Takeo

Performance

The following step-by-step procedure is suggested
for determining the takeoff distance of a new airplane:

Step 1:

Step 2:

Step 4:

Part VII

Determine which regulation applies to the design
and read that regulation. See Table 1.3 and Sub-
section 2.1.1,

Determine the takeoff distance requirements from
the mission specification.

Determine whether Egn. (5.6), Egn.(5.12) or
Egn. (5.14) govern the takeoff distance calcula-
tion and prepare the required input data.

If the airplane has a catapulting requirement,
such as carrier based airplanes, the reader
should use the method of Sub-sub-section 3.2.5.2
of page 103 in Part I to determine the compatibi-
lity of the airplane with catapult performance
capability.

Compute the takeoff distance with either Eqgn.
(5.6), (5.12) or (5.14). Compare the result with
the mission fieldlength requirements. If there
is more than a 5 percent discrepancy, a design
adjustment to the airplane is in order.

Note: The parameters which affect the takeoff
distance most strongly are:

1. The takeoff thrust-to-weight ratio (T/W)To
2. The takeoff wing loading, (W/S)TO

3. The takeoff maximum lift coefficient, CL

maxTo

Remember: there is little value in significantly
exceeding a mission requirement AND:

not meeting a mission requirement may
lead to rejection of the design

Document the results obtained, including any
design changes made.
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5.3 MB

5.3.1 Applicable Regulations
Civil: FAR 23.45, 23,65, 23.67, and 23.77, see
Appendix A.

FAR 25,101, 25.111, 25.115, 25.117, 25.119,
25.121 and 25.123, see Appendix A.

Military: MIL-C-005011B, Par.3.4.2.4 and 3.4.2.5 or
AS-5263, Par.3.5.2.4.1 and 3.5.2.6, see
Appendix B.

5.3.2 Relationship to Preliminary Design

See Part I, Chapter 3, Section 3.4. 1In addition,
see Part II, Chapter 2, Step 14 and Step 27.

5.3.3 Mathematical Mo or Analyzing Climb Performanc
Figure 5.6 depicts the forces which act on an air-

plane in an accelerated, symmetrical flight condition.
The corresponding equations of motion are:

(W/g)U (5.15)

-

Tcos(a + ﬂ&) - CDaS - Wsiny

(W/g) Uy (5.16)

Tsin(e + ﬁ&) + CLaS - Wcosy

The reader is reminded of the fact, that these equa-
tions assume that moment equilibrium exists. This im-
plies, that the drag polar, which defines the relation
between CL and CD is the 'trimmed’ drag polar. See

Part VI, Section 4.10 for a discussion of trim drag.

Equations (5.15) and (5.16) are used to determine
the rate of climb and the climb gradient of which an air-
plane is capable in a range of flight conditions.

In preliminary design, the effect of acceleration
normal to the flight path as expressed by the y-term will
be neglected. Furthermore, other than for fighters., the
climb angle, y is usually smaller than about 15 degrees
so that cosy=1.0 and siny=y can be used.

The rate-of-climb, RC (for any flight path angle) is
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Figqure 5.6 Forces Acting on an Airplane in Accelerated,
Symmetrical Flight
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defined as:
RC = dh/dt = Usiny (5.17)

With the help of Egns.(5.16) - (5.17) it is shown in
Reference 11, page 384, that:

RC = {((T - D)U/wW}/{1 + (U/g)du/dh} (5.18)

The term (U/g)dU/dh is called the acceleration fac-
tor. It has a significant effect on fighter performance.
It also has a significant effect on climb performance at
high altitude. Since most regulations which deal with
climb performance apply close to the ground, it is usual-
ly acceptable to consider only climb at constant true
airspeed, in which case the acceleration factor is zero.

Therefore, for steady, symmetrical flight the rate-
of-climb is:

RC = (T - D)U1/W (5.19)
From this, the climb gradient, CGR follows as:
CGR = RC/U1 = (T - D)/W (5.20)

The regulations specify either a minimum required
rate-of-climb, RC or a minimum required climb gradient,
CGR. The reader should read the applicable regulations
to determine which values for CR and/or CGR apply to a
given airplane.

For Class II climb performance analysis it is accep-
table to use the equations of Chapter 3, Part I. These
equations will be stated here in general. The reader
must realize that the parameters in these equations are
different for each particular flight condition and for
each particular airplane configuration!

1. For o) ler-driven girplanes:

RC (fpm) = 33,0000n / (W/P) + (5.21)
- {(w/s>1/2/19(cL3/2/c yol/2y
D
CGR = - (L/D)" Y + (5.22)

/2 1/

¥ {(cL)l 18.97n 2y/tw/p) mss) /2

}
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2. For jet-driven airplane

1

RC (fpm) = 60U, {(T/W) -(L/D) "} (5.23)

1

CGR = (T/W) - (L/D) (5.24)

Many airplane mission specifications require mission
specific climb capabilities such as:

1. Minimum climb rate at some altitude ( such as
sea level)

2, Minimum time-to-climb to some altitude
3. Ceiling

4. Specific excess power

1. Minimum climb rate at some agltitude

The climb rate at any altitude can be estimated with
Equations (5.21) and (5.23).

2, Minimum time-to-climb to some altitude

The time to climb to any altitude can be estimated
from:

h

tcl = g(llRC)dh (5.25)

This equation can be solved by integration over se-
veral increments of altitude. 1Increments of 5,000 ft
provide sufficient accuracy in preliminary design. The
average value of the rate-of-climb, RC in Egn. (5.25) at
some altitude increment can be estimated from Egn. (5.21)
or (5.23). Figure 5.7 shows typical variations of rate-
of-climb with altitude.

If an estimate is available for the absolute ceiling
of an airplane (see next item 3.), AND if the RC varies
approximately linearly with altitude, then it is possible
to find the time-to-climb to any altitude between seale-
vel and the absolute ceiling from:

-1

t = (habS/RCO)ln (1 - h/habs) (5.26)

cl
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where: RC_ is the maximum rate-of-climb at sealevel.
found from either Equation (5.21) or (5.23).
Figure 5.7 also shows the linearized varia-
tion of rate-of-climb with altitude.

3, Ceiling

Equation (5.21) or (5.23) can be used to find that
altitude for which the rate of climb corresponds to one
of the ceiling definitions of Table 5.2. The ceiling is
the upper side of the flight envelope: see Figure 5.2.

4. Specific excess power

The specific excess power of an airplane is computed
from:

PS = (T - D)U/W (5.27)

Note that this equation is similar to Egn. (5.18).

More accurate and specialized mathematical models
for the computation of climb performance are presented in
Reference 11. They will not be repeated here.

To help the reader find specific models for the com-
putation of climb performance, the following guide is-
presented:

1. For Propeller Driven Airplanes:

See Reference 11, Section 9.2, pages 384-395.

2. For Jet Powered Airplanes:

See Reference 11, Section 9.3, pages 395-400,.

3. For Fighters (Steep Climbs):

See Reference 11, Section 9.4, pages 400-401.

4. For Ceilings and Time-to-Climb:

See Reference 11, pages 405-407

5. For Specific Excess Power:

See Reference 11, pages 510-516.
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Table 5.2 Definitjon of Airplane Cejlings

Ceiling Type

Absolute ceiling

Service ceiling
Commercial/Piston-propeller
Commercial/jet
Military at maximum power

Combat ceiling
Military/Subsonic/maximum power
Military/Supersonic/maximum power

Cruise ceiling
Military/Subsonic/max.cont. power

Military/Supersonic/max.cont. power

Minimum Required

Climb
0
100

500
100

500
1,000

300
1,000

Rate
fpm
fpm

fpm
fpm

fpm
fpm at

fpm
fpm

at M«
M>1

M<1
M>1

at
at

Table 5.3 Summary of Requlatory Climb Reguirements

for FAR 25 Transports

ATRPLANE MINIMUM, CLIMB
CONF IGURATION FLIGHT  |__GRADIENT, %
PHASE OF FLIGHT FLAPS | U.C. | ENGINES SPEED | el | Ne2 | N=3
LIFTOFF | 1sT TAKE LIFT-
AK
SEGMENT | OFF \ orE | oFr 01 3]s
=
2ND TAKE < | TAKE
TAKEOFF | SEGMENT | OFF Pole e | V2 2.4 2.7 13.0
FLIGHT )
PATH FINAL EN Z | max.
o
APPROACH CLIMB APPR. | 4 TAKEOFF| < 1,5V, | 2.1 |2.4 |2.7
AN AND.
LANDING CLIMB LAND. | AL ENGINES |y gy g (5 |
COURTESY :

= Stalling speed

*  Summary only

Part VII

= Takeoff safety speed (> 1.2VS)
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5.3.4

Part VII

—~by- p e for Det ini 1 mb
Per manc

Determine which regulations apply to the design
and read that regulation.

Tabulate the regulatory climb requirements in a
manner similar to that shown in Table 5.3.

Determine the climb performance requirements sta-
ted in the airplane mission requirements.

Tabulate all mission climb requirements in a man-
ner similar to Table 5.3.

Note from Table 5.3 that the prescribed configu-
ration of the airplane is carefully listed! This
has significant consequences for the drag polars!

Using the guidelines of Sub-section 5.3.3 deter-
mine which methods and/or equations apply to the
analysis of the climb requirements of Step 1.

Prepare the necessary input data for all flight
conditions and airplane configurations for which
climb performance must be assessed.

Carry out the climb performance calculations

and compare the results against the regulations
and/or the mission climb requirements. Note any
discrepancies.

Analyze what changes are required to eliminate

the discrepancies in climb performance noted in
Step 3.

Typical changes which may be contemplated are:

a) Increase or decrease in thrust or power

b) Change in aerodynamic design to lower the
drag

Note that major changes in these areas may have
repercussions for most other aspects of the de-
sign and may therefore require an iteration!

Document the results, including any design chan-
ges made.
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5.4 CRUISE, RANGE D _PAY —RANGE

5.4.1 Applicable Regulations

Civil: There are no airworthiness regulations which
deal specifically with cruise performance.
Fuel reserve regulations are specified in
FAR 91. HMost commercial operations are con-
ducted with fuel reserve rules which are more
conservative than those of FAR 91.

Military: MIL-C-005011C (USAF) and AS-5263 (USN and
USMC), give definitions, see Appendix B.

5.4.2 Relationship to Preliminary Design

See Part I, Chapter 2. 1In addition, see Part II,
Chapter 2, Step 14, Step 27 and Step 28.

5.4.3 Mathematical Mod or Analyzin ruise and Range
Performance

Figure 5.8 depicts the forces which act on an air-
plane in a horizontal, steady, symmetrical, 1-g cruise
flight condition. The equations of motion are:

0 (5.238)

Tcos(a + ﬁ&) - CDaS

Tsin(ae + ﬂi) + C.aSs

W (5.29)

The reader is reminded of the fact, that these equa-
tions assume that moment equilibrium exists. This im-
plies, that the airplane drag polar, which defines the
relationship between CL and CD is the 'trimmed’ drag po-

lar. Part VI, Section 4.10 presents a method for compu-
ting trim drag.

There also exists a unique relationship between the

angle of attack, o and the 1lift coefficient, CL' A me-

thod for determining CL versus e is given in Part VI,
Chapter 8.

The quantity T in Equations (5.28) and (5.29) is the
so-called installed thrust. Methods for determining the
installed thrust capability of an airplane are presented
in Part VI, Chapter 6.

For most conventional airplanes, the angle (a + ﬁ&)
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is so small that it can be neglected. 1In that case, the
cruise lift coefficient follows from:

c = W/gS (5.30)
cr(uise)

The required cruise thrust-to-weight ratio then is:
(T/W)cr = 1/(L/D)Cr (5.31)
If (a + ﬁ&) is not negligibly small, Eqn.(5.30) is

used to find a first approximation for the cruise 1lift
coefficient. This value of CL is then used to find Ch

from the trimmed drag polar and also to find e from the

CL versus a curve. Since the thrust inclination angle,

ﬂ& is assumed to be known, Egn.(5.28) can now be used to

find the required installed thrust. This thrust value

must be less than the maximum installed thrust available

in that flight condition! This thrust value is then sub-
stituted into Egn. (5.29) and a new value for CL is deter-

mined, etc., etc. until the process converges. Conver-
gence may be assumed to have been reached when the 1lift-
to-drag ratio is within 1 percent. This determines the
cruise lift-to-drag ratio, (L/D)cr.

IMPORTANT NOTE: The reader will find that in nearly all
cruise flight conditions:

(L/D)Cr < (L/D)max (5.32)

In a 'cruise matched’ airplane, the cruise lift-to-
drag ratio is roughly 90 percent of the maximum lift-to-

drag ratio.

Most airplane missions specify cruise requirements
in the following manner:

1. Cruise speed and cruise altitude

2. Range and payload (Requirement for a specific
Range-Payload Diagram)

3. Fuel reserves at the end of the design mission

as a fraction of fuel used up to that point or
in terms of a so-called reserve mission.
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4., Maximum cruise speed, altitude and payload (some
of which may be external)

5. Payload expended, as in military airplanes which
expend ammunition and release weapons and stores.

It is always useful to translate airplane mission
requirements into a mission profile. Figure 5.9 shows
examples for a civil and for a military airplane.

For Class II analysis of cruise range performance
it is acceptable to use the following Breguet equations,
PROVIDED the procedure of Step 5 in Sub-section 5.4.4 is
used:

For Propeller Driven Airplanes:

For constant altitude cruise:

R = fmp(np/cp)(L/D)ln(Winitial/Wend) (5.33)

Note that: when fmp = 326, R is in nautical miles!
when fmp = 375, R is in statue miles!

For constant speed cruise:

R = fmp(np/cp)(L/D)ln(Winitial/Wend) (5.34)

Note that this equation is identical to Egn. (5.33)!
This works only if the assumption is made that the air-

plane cruises roughly at the same values of "p’ cp and

L/D, regardless of the type of cruise. That assumption
is usually valid.

For Jet Driven Airplanes:

For constant altitude cruise:

R = (5.35)
-1/2 1/2 1/2 _ 1/2
(fmj/cj)(pS) {(CL) /CD}{(Winitial) (wend) }
Note that: when fmj = 1,677, R is in nautical miles!
when fmj = 1.929, R is in statute miles!

For constant speed cruise:
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R = (V/cj)(L/D)ln(W. /W ) (5.36)

initial’ "end

Note that if V is expressed in sm/hr, R is in sm,
but, if V is expressed in nm/hr, R is in nm!

In many missions (see Figure 5.9!) range credit may
be taken for the climb and/or for the descent part of a
mission. If that is the case, the following equations
may be used to determine these range increments:

R (5.37)

cl T~ Veiter
where: V 1 is the speed at which the climb is conducted.

For high performance airplanes, 250 kts is a
good guess!

cl l/RCave (5.38)

with: RCave being determined by one of the
climb equations in Section 5.3.

t = hC

For descent range, Equations (5.37) and (5.38) must
be changed to reflect the appropriate descent terms.

The construction of the payload-range diagram for
airplanes is discussed in Sub-section 5.4.4.

If part of a mission profile requires a given cruise
speed or a given maximum speed, this can be determined
graphically from Figure 5.10. At a given thrust (or po-
wer) setting the corresponding speed is found from the
intersection of the thrust (or power) available and the
thrust (or power) required curves. Maximum speed corres-
ponds to the right hand side of the flight envelope as
shown in Figure 5.2.

More detailed methods for determining cruise range
and cruise speed are presented in Ref.11, Chapter 11.
These will not be repeated here. To help the reader find
specific models for the computation of range performance,
the following guide is presented:

For Propeller Driven Airplanes:

See Reference 11, Section 11.1, pages 454-464,

For Jet Driven Airplanes:

See Reference 11, Section 11.2, pages 464-478.
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5.4.4 Step-by-Step Procedure for Analyzin ui and

Ra

Step 1:

Step 2:

tep 4:

e Performanc

From the mission requirements of the airplane
determine the cruise and range requirements for
the airplane. This is most readily done with
the help of a mission profile which can be con-
structed from the airplane mission specification.

Figure 5.9 shows examples of mission profiles for
a transport and for a fighter, with the cruise
portions indicated.

Tabulate all cruise altitude, cruise speed, range
and payload requirements. Also note the configu-
ration the airplane is supposed to be in! For
military airplanes, external stores and weapons
can have a major effect on the drag polar!

NOTE: Certain military airplanes are required to
fly several cruise segments under different speed
and altitude conditions!

For all flight conditions and configurations de-
fined in Step 1, determine the airplane trimmed
drag polars. This can be done with the method of
Section 4.10 in Part VI.

Using installed engine data, obtain the numerical
values for the engine efficiency parameters: cj

(for jets) and/or cp and "p (for props).

These parameters depend on speed and altitude
which are normally prescribed in the mission re-
quirements.

Chapter 6 in Part VI contains methods for compu-
ting installed thrust and/or power characteris-
tics, including efficiencies and s.f.c.'s.

Determine the range capability of the airplane
in each of the range portions of the mission pro-
file. This is done as follows:

Decide whether the range is to be at constant al-
titude or at constant speed. 1Identify which of
the Breguet equations (5.33)-(5.36) apply.

For airplanes with short ranges (about 500 nm) it
is reasonable to assume that all parameters in
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Step 5:

Part VII

the Breguet range equations are constant during
the intended cruise operation. For airplanes
with medium to long ranges this is not accepta-
ble. For such airplanes it is suggested to break
the cruise part of the mission into segments of
approximately 500 nm each. The parameters in the
Breguet range equations can be assumed constant
but different for each cruise segment!

Now proceed as follows:

For the first range segment, estimate the average
cruise lift coefficient from:

C = (W .
Lcrl begin

where for propeller driven airplanes:

- o.swfuell)/qls (5.39)

wfuell (Rl/Vcrl){(cp/np)Preqd}1 (5.40)
and where for jet driven airplanes:
quell = (Rl/vcrl){cjw/(L/D)}1 (5.41)

Note: the subscript '1’' here means that the par-
ticular quantity applies to cruise segment 1.

The average value of cruise lift coefficient (in
Egn. (5.39)) is entered into the trimmed drag po-
lar to determine the corresponding value of the
drag coefficient. This information in turn is
used to compute the values of (L/D) and/or of

1/2

{(CL) /CD} which are needed in the Breguet ran-

ge Egns. (5.33)-(5.36).

This procedure is repeated as many times as nee-
ded until the required total range is met or un-
til the fuel available is exhausted.

Note any discrepancies between the computed ran-
ge and the required range. Decide what design
changes (if any) must be made.

Possible design changes which can be contemplated
at this stage are:

1. Improve L/D by lowering wetted area or increa-
sing the wing loading and/or the aspect ratio.
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Step 6:

Point A:

Point B:

Point C:

Part VII

2. Switch to engines with lower fuel consumption.
3. Switch to a more efficient propeller.

4, Try to design a more efficient structure so
that the fuel-to-weight ratio can be improved.

5. Carry more or less fuel, as required.

Any of these design changes may have repercussi-
ons for other areas of the design. Design itera-
tions may have to be performed.

Prepare a payload range diagram.

This step normally applies only to transport type
airplanes. Figure (5.11) shows an example of a
payload-range diagram. The important points A,
B, C and D are indicated. These points can be
determined in the following manner:

At this point the airplane weight is equal to
the sum of the operating weight empty, (WOE) and

the maximum payload weight., WPL’ There is no

fuel on board and thus the range is zero.

At this point the range is that for maximum pay-
load. This is sometimes called the harmonic
range of the airplane. The weight of the air-
plane at takeoff is equal to the sum of the ope-
rating weight empty, WOE’ the maximum payload

weight, WPL and that fuel weight which causes

the airplane to be at its maximum allowable ta-
keoff weight.

The range corresponding to point B is computed
with the procedure of Step 4.

Between points B and C, payload has to be traded
for fuel. This can be done until the maximum
volumetric capacity (in terms of fuel) of the
airplane has been reached. That is the case at
point C. The takeoff weight of the airplane is
still at its maximum allowable value.

The range corresponding to point C is computed
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WEIGHT

Point D:

with the procedure of Step 4. Make sure that
the payload weight is computed correctly!

Note: fuel volume limits are normally reached
first due to wing fuel volume limitations. 1In
many airplanes additional fuel can be stored in
'safe’ parts of the fuselage, in horizontal and
/or vertical tails and sometimes in external
containers.

Beyond point C, the only way to get more range
out of the airplane is to unload payload weight.
At point D, the takeoff weight of the airplane
is the sum of its operating weight empty, WOE

and its maximum fuel capability (on basis of vo-
lumetric capacity). The range corresponding to
point D is called the ferry range.

The range corresponding to point D is computed
with the procedure of Step 4. Make sure that NO
payload is included and that the takeoff weight
is no more than the maximum allowable weight.

If there is no fuel volume limit, then the maxi-
mum allowable takeoff weight is the limit.

Step 7: Document all the results, including any design

changes made.
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Figure 5.11 Example of a Payload-Range Diagram
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5.5 ENDURANCE AND LOITER
5.5.1 Applicable Regulations

Civil: There are no airworthiness regulations which
deal specifically with endurance and loiter.
Fuel reserve regulations are specified in
FAR 91, Most commercial operations are con-
ducted with fuel reserve rules which are more
conservative than those of FAR 91.

Military: MIL-C-005011C (USAF) and AS-5263 (USN and
USMC), give definitions, see Appendix B.

5.5.2 Relationship to Preliminary Design

See Part I, Chapter 2. In addition, see Part II,
Chapter 2, Step 14, Step 27 and Step 28.

5.5.3 Mathematical Model for Analyzing Endurance and
Loiter

Figure 5.8 depicts the forces which act on an air-
plane in a horizontal, steady, symmetrical, 1-g loiter
flight condition. The equations of motion are the same
as those for range in Sub-section 5.4.3: Egns. (5.28) and
(5.29).

The reader is reminded of the fact, that these equa-
tions assume that moment equilibrium exists. This im-
plies, that the airplane drag polar, which defines the
relationship between CL and CD is the 'trimmed’ drag po-

lar. Part VI, Section 4.10 presents a method for compu-
ting trim drag.

There also exists a unique relationship between the
angle of attack, e and the 1lift coefficient, CL' A me-
thod for determining CL versus e is given in Part VI,
Chapter 8.

The quantity T in Equations (5.28) and (5.29) is the
so-called installed thrust. Methods for determining the
installed thrust capability of an airplane are presented
in Part VI, Chapter 6.

For most conventional airplanes, the angle (o + ﬂ&)
is so small that it can be neglected. This, despite the

fact that endurance or loitering flights are normally
carried out at fairly low speeds and thus at relatively
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high angles of attack. The lift coefficient for
endurance or loiter can be computed from:

o = W/qS (5.42)
ltr

where: W is that weight value appropriate to the enduran-
ce/loiter flight condition being analyzed.

The required loiter thrust-to-weight ratio then is:

(T/W)ltr = 1/(L/D)ltr (5.43)

If (a + ﬁT) is not negligibly small, Eqgn.(5.42) is

used to find a first approximation for the loiter 1lift
coefficient. This value of CL is then used to find CD

from the trimmed drag polar and also to find « from the
CL versus e curve. Since the thrust inclination angle,

ﬁ& is assumed to be known, Eqn.(5.28) can now be used to

find the required installed thrust. This thrust value

must be less than the maximum installed thrust available

in that flight condition! This thrust value is then sub-
stituted into Egn. (5.29) and a new value for CL is deter-

mined, etc., etc. until the process converges. Conver-
gence may be assumed to have been reached when the lift-
to-drag ratio is within 1 percent. This determines the
loiter lift-to-drag ratio, (L/D)ltr‘

IMPORTANT NOTE: The reader will find that in nearly all
loiter flight conditions:

(L/D)

~ (L/D)max (5.44)

1tr
Most airplane missions specify loiter or endurance
requirements in the following manner:
1. Loiter speed and loiter altitude.

In high altitude observation airplanes it is es-
sential that the loiter speed be at least equal
to that of prevailing winds at loiter altitude.

In civil airplanes there normally is a require-

ment to 'hold'’ at the end of a cruise mission.
This is in fact a requirement to loiter. The
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requirements and into a mission profile.
shows examples for a civil

ce it is acceptable to use

ons

For

For

For

loiter speed must be compatible with air traffic

control requirements.

In military airplanes there often is a require-
ment to loiter over a given location to wait for

attack or engagement instructions.

2. Payload to be carried while loitering.

It is always useful to translate airplane mission

Figure 5.9
and for a military airplane.

For Class II analysis of loiter/endurance performan-

the following Breguet equati-

PROVIDED the procedure of Step 4 in Sub-section 5.5.4
is used:

For Propeller Driven Airplanes:

constant altitude endurance/loiter:

1/2 3/2

778(np/cp)(pS) {(CL) /CD}*

~1/2 _ -1/2

*{(Wen ) (w ) }

d initial

Note that E is in hours!

constant speed endurance/loiter:

initial’ "end

928(np/cp)(1/V)(L/D)ln(W. /W

Note that E is in hours and V is in kts!

For Jet Driven Airplanes:

constant altitude endurance/loiter:

(1/cj)(L/D)ln(W. )

1nitia1/Wend

Note that E is in hours!

constant speed endurance/loiter:

(llcj)(L/D)ln(Winitial/Wend
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Note that this equation is identical to Egn. (5.47)!

If part of a mission profile requires a given loiter
speed, this can be determined graphically from Figure
5.10. At a given thrust (or power) setting the
corresponding speed is found from the intersection of the
thrust (or power) available and the thrust (or power)
required curves. Note that loiter usually represents the
low speed intersection while cruise was represented by
the high speed intersection.

More detailed methods for determining endurance/loi-
ter performance are presented in Ref.11, Chapter 11.
These will not be repeated here. To help the reader find
specific models for the computation of range performance,
the following guide is presented:

For Propeller Driven Airplanes:
See Reference 11, Section 11.1, pages 454-464.

For Jet Driven Airplanes:

See Reference 11, Section 11.2, pages 464-478.
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5.5.4

-by- Procedure for Analvzi Endurance

and Loiter

Step 1: From the mission requirements of the airplane de-

Step 2:

Step 3:

Part VII

termine the endurance and/or loiter requirements.
This is most readily done with the help of a mis-
sion profile which can be constructed from the
airplane mission specification.

Figure 5.9 shows examples of mission profiles for
a transport and for a fighter. 1In Figure 5.9 the
loiter requirements are items 6.

Tabulate all endurance/loiter altitude, speed and
payload requirements. Also note the configura-
tion the airplane is supposed to be in! For mi-
litary airplanes, external stores and weapons can
have a major effect on the drag polar!

For all flight conditions and configurations de-
fined in Step 1, determine the airplane trimmed
drag polars. This may be done with the method of
Section 4.10 in Part VI.

Using installed engine data, obtain the numerical

-values for the engine efficiency parameters: cj

-~

(for jets) and/or cp and g (for props).

These parameters depend on speed and altitude
which are normally prescribed in the mission spe-
cification.

Methods for determining installed engine charac-
teristics are given in Chapter 6 of Part VI.

Determine the endurance and/or loiter capability
of the airplane for each of the endurance or loi-
ter portions of the mission profile. This is do-
ne as follows:

Decide whether the endurance and/or loiter is to
be performed at constant altitude or at constant
speed. Identify which of the Breguet equations

(5.45)-(5.48) apply.

For airplanes with short endurance or loiter seg-
ments (approximately 0.5 hours) it is reasonable
to assume that all parameters in the Breguet e-

quations are constant during the intended opera-
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Step 5:

Step 6:

Part VII

tion. For airplanes with longer endurance or
loiter requirements this is not acceptable. For
such airplanes it is suggested to break the endu-
rance or loiter part of the mission into segments
of approximately 0.5 hours each. The parameters
in the Breguet endurance/loiter equations can be
assumed constant but different for each segment!

Now proceed as follows:

For the first endurance/loiter segment, estimate
the average loiter lift coefficient from:

wherelfor propeller driven airplanes:
i = By llep/np)Preqal (5.50)
fuel, 12 %p' Mp’Freqd’1

and where for jet airplanes:

quell = El{ch/(L/D)}1 (5.51)
Note: the subscript '1’ here means that the par-

ticular quantity applies to endurance/loiter seg-
ment 1.

The average value of endurance/loiter lift coef-
ficient (in Egn. (5.49)) is entered into the trim-
med drag polar to determine the corresponding va-
lue of the drag coefficient. This information in
turn is used to compute the values of (L/D) or

3/2 1/2

{(CL) /CD} or {(CL) /CD} which are needed in

the Breguet endurance/loiter Egns. (5.45)-(5.48).

This procedure is repeated as many times as nee-
ded until the required total endurance/loiter ti-
me is met or until the fuel is exhausted.

Note any discrepancies between the computed endu-
rance/loiter times and those required by the mis-
sion specification. Decide what design changes
(if any) must be made.

Possible design changes are discussed in Step §
in Sub-section 5.4.4.

Document all the results, including any design
changes made.
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5.6 DIVE
5.6.1 Applicable Regulations

Civil: There are no airworthiness regulations which
deal specifically with dives from a perfor-
mance viewpoint. The following FAR's defi-
ne the required load factors at the dive
speed for civil airplanes:

FAR 23.333, 23.335, 25.333 and 25.335, see
Appendix A and also Part V, pages 31-38,

Military: There are no performance related require-
ments placed on the dive speed. For load
factor definitions, see Part V, pages 38
and 39.

5.6.2 Relationship to Preliminary Design

See Part II, Chapter 2, Step 20.
5.6.3 Mathematical Mod or Analyzing Dives

Figure 5.12 depicts the forces which act on an air-
plane in a straight line dive. The equations of motion

for a straight line dive at constant speed are:

0 (5.52)

]

Tcos(a + lT) - CpaS - Wsiny

Tsin(a + ﬂT) + CLES - Wcosy 0 (5.53)

These equations represent a 'snapshot’ taken at con-
stant altitude. The flight path (here: dive) angle, v is
negative in these equations and is negative as shown in
Figure 5.12,

In these equations, which assume that moment equili-
brium exists, the airplane drag coefficient comes from a
‘trimmed’ drag polar. Part VI, Section 4.10 presents a
method for computing trim drag.

The stability and control characteristics of the
airplane in dives (high speed) were already discussed in
Chapter 4: Sections 2.1, 2.8 and 2.9.

There also exists a unique relationship between the
angle of attack, o and the lift coefficient, CL. A me-
thod for determining C, versus e is given in Part VI,

Chapter 8. L
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5.6 DIVE
5.6.1 Applicable Regulations

Civil: There are no airworthiness regulations which
deal specifically with dives from a perfor-
mance viewpoint. The following FAR's defi-
ne the required load factors at the dive
speed for civil airplanes:

FAR 23.333, 23.335, 25.333 and 25.335, see
Appendix A and also Part V, pages 31-38.

Military: There are no performance related require-
ments placed on the dive speed. For load
factor definitions, see Part V, pages 38
and 39.

5.6.2 Relationship to Preliminary Design

See Part II, Chapter 2, Step 20.
5.6.3 Mathematical Mod or Analyzi Dives

Figure 5.12 depicts the forces which act on an air-
plane in a straight line dive. The equations of motion

for a straight line dive at constant speed are:

0 (5.52)

Tcos(a + KT) - CDaS - Wsinvy

Tsin(e + ﬂT) + CLaS - Wcosy 0 (5.53)

These equations represent a 'snapshot’ taken at con-
stant altitude. The flight path (here: dive) angle, y is
negative in these equations and is negative as shown in
Figure 5.12,

In these equations, which assume that moment equili-
brium exists, the airplane drag coefficient comes from a
‘trimmed’ drag polar. Part VI, Section 4.10 presents a
method for computing trim drag.

The stability and control characteristics of the
airplane in dives (high speed) were already discussed in
Chapter 4: Sections 2.1, 2.8 and 2.9.

There also exists a unique relationship between the
angle of attack, e and the lift coefficient, CL‘ A me-
thod for determining C, versus e is given in Part VI,

Chapter 8. L
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The quantity T in Equations (5.52) and (5.53) is the
so-called installed thrust. Methods for determining the
installed thrust capability of an airplane are presented
in Part VI, Chapter 6.

The following quantities in Egns. (5.52) and (5.53)
are to be considered as variables: speed or dynamic pres-

sure, a. angle of attack, e« and flight path angle, 7.
The thrust (or power) setting, T, the weight, W and the

thrust inclination angle ﬂ& are assumed to be known. Ob-

viously one of the variables will have to be preselected!

Usually a dive is considered at some known dive an-
gle or at some known speed.

1. Dive for kno speed.

In this case, the dynamic pressure, a is known. The
solution process goes as follows:

Assume a value for angle of attack, e. This is used
to find CD and CL’ Equation (5.52) is then used to solve

for the flight path angle, y. Next, Equation (5.53)

is used to solve for a. This value of ¢ is compared with
the first one and an iteration is performed until there
is agreement to within 0.1 degrees.

2, Di or kno dive a

In this case, the flight path angle, y is known.
The solution process goes as follows:

Assume a value for angle of attack, e. This is used
to find CD and CL. Equation (5.52) is then used to solve
for the dynamic pressure, g. Next, Equation (5.53) is u-
sed to solve for o. This value of e is compared with the
first one and an iteration is performed until there is a-
greement to within 0.1 degrees.

NOTE: in certain applications a speed brake may be em-
ployed. The effect of speedbrakes on the drag po-
lar is discussed in Section 4.12 in Part VI.

In extreme cases an airplane may be required to dive

vertically. The equilibrium dive speed in such a case is
called the 'terminal dive speed’.
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Figure 5.12 also shows the forces which act on the
airplane in that case. Since no 1lift is required in a
vertical dive, the drag coefficient is equal to the zero-
lift drag coefficient, CD and the equation of motion is:

o

T - W =Cp gS (5.54)
o
Since T and CD both depend on speed, this equati-
o
on must be solved also with an iteration. Assume a ter-
minal Mach number at some altitude. Find CD and the in-
o

stalled thrust (for whatever thrust setting has been as-
sumed) and see if the equation is satisfied. 1If not, i-
terate until the terminal dive speed is within 0.5 per-
cent.

5.6.4 Step-by-Step Procedure for Analyzing Dives

Step 1: Determine the flight conditions and airplane con-
figurations for which dives must be performed.
This information is normally contained in the
mission specification.

Step 2: For the flight conditions and configurations de-
fined in Step 1, determine the trimmed drag po-
lars of the airplane. Also determine the instal-
led thrust (or power) characteristics.

Trimmed drag polars are determined with the me-
thod of Chapter 4, Part VI. 1Installed thrust (or
power) characteristics are determined with the
method of Chapter 6, Part VI.

Step 3: Use the iteration process defined in Sub-section
5.6.3 to determine the dive performance of the
airplane. Compare the results with the require-
ments and decide whether or not design adjust-
ments are in order.

Step 4: Document the results, including any design chan-
ges made.
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5.7 MANEUVERING

5.7.1 icab R atio

Civil: There are no airworthiness regulations which
deal specifically with maneuvering performan-
ce. The load factors which an airplane must
be able to withstand from a structural view-
point are covered in:

FAR 23.333, 23.335, 23.337, 25,333, 25,335
and 25.337.

Military: MIL-F-8785C, .Pars. 3.1.7 and 3.2.3.5-6.
5.7.2 Relationship to Preliminary Design
See Part I, Section 3.5 and Step 27, Part II.
5.7.3 Mathematic Mod or Analyzi Maneuvering Flight
The following maneuvers will be considered:

1. Instantaneous maneuvers: pull-up (push-over) and
level turns

2. Sustained maneuvers: pull-up (push-over) and
level turns.

Figures 5.13 and 5.14 show the forces which act on
an airplane in pull-ups and in level turns.

The equations of motion for the situation of Figure
5.13, which represents a steady, symmetrical pullup are:

Tcos(a + f) - CDES - Wsiny = 0 (5.55)
Tsin(a + ;fT) +CpaS - (W/9)U,Q; - Weosy = 0 (5.56)

Note that at the bottom of the pullup: y = 0.

These equations represent a ’'snapshot’' taken at con-
stant altitude. The flight path (here: dive) angle, vy is
negative in these equations and as shown in Figure 5.13.

In these equations, which assume that moment equili-
brium exists, the airplane drag coefficient comes from a
'trimmed’' drag polar. Part VI, Section 4.10 presents a
method for computing trim drag.
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The stability and control characteristics of the
airplane in dives (high speed) were already discussed in
Chapter 4: Sections 2.1, 2.8 and 2.9.

There also exists a unique relationship between the
angle of attack, e and the lift coefficient, CL. A me-

thod for determining CL versus a is given in Part VI,

Chapter 8. The 1lift coefficient in this case is also de-
pendent on pitchrate, Q, through the stability derivati-

ve: CL . The reader is referred to Chapter 5 of Referen-
q

ce 12 for a discussion of this effect.

The pitchrate, Q, in a pullup is:

1

Q, = (g/U)(n - 1) (5.57)

1
where: n is the load factor in the maneuver.

The quantity T in Equations (5.55) and (5.56) is the
so-called installed thrust. Methods for determining the

installed thrust capability of an airplane are presented
in Part VI, Chapter 6. .

The equations of motion for the situation depicted
in Figure 5.14 (steady level turn) are:

0 (5.58)

Tcos(a + ﬁT) - CDES
Tsin(a+¢,)+C1gS~Weosg~(W/ g)UyQ) sing =0 (5.59)

All comments made for Equations (5.55) and (5.56)
apply also to these equations. The pitchrate, Q in a
level turn is:

Ql = (g/Ul)(n - 1/n) (5.60)

The turnrate in a level turn is:

¥, = (gtanf)/u, = (g/u)(® - »/? (5.61)
The turn radius in a level turn is:
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R, = ((0%/g)/eang = (WP ? - Y2 s 62

As a help to the reader, Figure 5.15 has been inclu-
ded. It allows rapid determination of turnrate and turn
radius.

In the case of acrobatic airplanes and certain mili-
tary airplanes the mission specification may contain spe-
cific numerical requirements for ‘pulling g's or for spe-
cific turnrates and /or turn radii.

To meet these requirements on an instantaneous ba-
sis, all that is required is to show that the maximum
trimmed lift capability of the airplane in a given flight
condition and airplane configuration is not exceeded:

C < C or C (5.63)
Lmaneuver Lmax Lbuffet

To meet these requirements on a sustained basis,
condition (5.63) must still be satisfied. However, in
addition, the following condition must be satisfied:

Treqd ¢ T _, OF Preqd <Py (5.64)

At this stage in the preliminary design process it
suffices to verify the sustained capability by showing
that:

or jet air es:
2 —
T = {C + (C )" /nRAelgS < T (5.65)
read Do Lman max
o) ro er dri ir
2 ——
P = {C, + (C )“/nAe}qSU, /550 < P (5.66)
read D0 Lman 1 max

The 1lift coefficient in Equations (5.65) and (5.66)
is to be found from:

C = nC (5.67)
Lman L1

where: n is the loadfactor in the maneuver and

C, = W/gS (5.68)
1
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IMPORTANT NOTE:

Whenever sufficient thrust (or power) IS NOT avai-
lable to keep the speed constant in a pullup or turn, the
speed will begin to bleed off. The rate at which this
occurs is called the 'Bleed Rate’. See Appendix B for
further information on bleed rate. Modern fighters may
have to be designed to have certain minimum bleed rate
values in certain combat situations. The equations of
motion which govern the airplane behavior in such cases
is too complex for Class II methods. Reference 12 in
Chapter 2, page 43 shows a development of the general e-
quations of motion. The bleed rate can be determined
from these equations by integration.

An approximation for the bleed rate is given in Sub-
section 5.7.4.

The reader is encouraged to read Reference 29 for
some interesting views on fighter agility.

5.7.4 Step-by-Step Procedure for Analyzing Maneuvering
Flight

Step 1: From the mission specification of the airplane
determine the required maneuvering capabilities.

Typically these are stated in terms of:

1. Instantaneous g's
2. Sustained g's

3. Turn radius

4, Turnrate

5. Bleedrate

Tabulate the flight conditions and airplane con-
figurations for which maneuvering requirements
must be met.

Step 2: Match each maneuvering requirement with the
appropriate equation in Sub-section 5.7.3 and
determine the required input information.

This input information generally will consist of:

1. Trimmed drag polars for the appropriate Mach
number and configuration.

2. Installed thrust (or power) data for the ap-
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propriate Mach number and throttle setting.

3. Maximum trimmed lift capability and buffet
boundary data.

NOTE: In sub-section 5.7.3 no equation was given
for bleed rate. As a first and rough ap-
proximation it is suggested to use:

Bleed rate = G = CDaS - Tcos(a + ﬁT) (5.69)

where: CD = CD + (C )2/nAe (5.70)
L
o) man

with: CL given by Egn. (5.67).
man

Step 3: With the data and equations from Steps 1 and 2
determine whether the airplane meets the maneuve-
ring requirements.

If discrepancies are evident, identify the rea-
son(s). Typical reasons for not meeting maneu-
vering requirements are:

1. Deficiency in maximum lift capability: this
requires adjustments in wing design

2. Deficiencies in thrust (or power) capability:
this requires adjustments in powerplant choice
or powerplant installation design.

Decide on any design adjustments required and see
whether the design needs to be iterated.

Note: For fighter airplanes the maneuvering and spe-
cific excess power (specific energy) capabilities are of-
ten plotted as a function of speed and altitude. Figures
5.16 and 5.17 represent typical examples.

Step 4: Document the results, including any design chan-
ges made.
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5.8 DESCENT AND GLIDE

5.8.1 Applicable Regqulations

Civil: There are no regulations which deal with des-
Cents and glides from a performance view-
Point. The descent flight phase normally
terminates in an approach to landing. During
that phase the climb regulations are in ef-
fect: see Section 5.3.

Military: The only regulation in force is that which
disallows range credit for descents by
subsonic airplanes. For supersonic air-
planes descent range credit may be taken
in certain instances. See: MIL-C-005011B,
par.3.5.3.4, The USNavy AS-5263 does not
allow range credit for descent at all.

See Appendix B.

5.8.2 Relationship to Preliminary Design

This performance item was not included in the air-
plane sizing process., except to account for fuel used:
see Part I, Section 2.4,

5.8.3 Mathematical Model for Analyzing Descent and Glide

Descents and glides are closely related to climbs
and dives. The differences are subtle. In a descent the
flight path angle is normally shallow and thrust (or po-
wer) is reduced. 1In a glide the flight path angle is
still shallow (the Space Shuttle is an exception!) but
the thrust (or power) is at flight idle, zero or absent
(such as in gliders!).

Figure 5.18 depicts the forces which act on an air-
plane in a descent, Figure 5.19 for a glide.

For a (partial) power descent, the equations of mo-
tion are:

I
o

Tcos(a + ﬁT) - CDES - Wsiny (5.71)

I
o

Tsin(a + ﬁ&) + CLES - Wcosy (5.72)

These equations are identical to Egns. (5.52) and
(5.53), with the flight path angle, y being NEGATIVE a-
gain. Solutions to these equations are discussed in Sub-
section 5.6.3 on pages 146-148,
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Figure 5.19 Forces Acting on an Airplane in a Glide

Once the flight path angle is known, the rate of
descent, RD is found from:

RD = —Ulsiny. with ¥ being negative (5.73)
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For a glide (power off), the equations of motion

are:

cDas + Wsiny = 0 (5.74)

0 (5.75)

CLES - Wcosy
In this case the flight path angle, y follows from:

tany = -(CD/CL) = —1/(CL/CD) (5.76)

The rate of descent follows from:

RD = {(W/S)(z/p)(cf, /C3)(cos y)3}1/2 (5.77)

If the glide is conducted at constant lift-to-drag
ratio, the glide range is:

RGL = -h/tany (5.78)

Similarly, the time-in-the-air follows from:

tGL = h/RD (5.79)

5.8.4 Step-by-Step Procedure for Analyzi Descent and
Glide

Step 1: Determine the descent and/or glide requirements
for the airplane from the mission specification.

Note: Except for gliders, most airplane specifi-
cations do not contain requirements for
descents and/or glides.

Step 2: Determine which of equations (5.71)-(5.79) apply
to and obtain the required input information.

Step 3: Compute the descent and/or glide flight path
angle, speed, rate-of-descent, range and time-in-
the-air. Compare these data with the require-
ments (if any). Determine what (if any) design
adjustments must be made.

If the deficiency is in glide range or time-in-
the-air, the problem is usually too much drag.

Step 4: Document the results of all calculations, in-
cluding any design adjustments made.
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5.9 LANDING

5.9.1 Applicable Regulations
Civil: FAR 23.75 and FAR 25.125, see Appendix A.

Military: MIL-C-005011B, par. 3.4.2.11, 3.4.2.12
and 3.4.7 and:
AS-5263, par. 3.5.2.12-13, and 3.5.7,
see Appendix B.

5.9.2 Relationship to Preliminary Design

See Part I, Section 3.3.

5.9.3 Mathematical Model for Analyzing Landing

Performance

The definition of landing distance and the associa-
ted reference speeds depends on which regulation is used
to certify the airplane: FAR 23, FAR 25 or Military.

Figure 5.20 shows the differences in the definitions
for landing distances and the associated reference
speeds.

The following method for computing the landing dis-

tance, S, and the landing fieldlength, Spr, is due to To-

renbeek (Reference 28):

For FAR 25:
SFL = SL/0.6 (5.80)
For FAR 23 and for Military:
S, = Satr * SLG (5.81)
where: SAIR is the distance from the obstacle height, hL
to the point of touchdown:
_ = 2 _ 2
SatR = (1/7){(VA Vop )/2g + hL} (5.82)
with: ¥y = {(D - T)/W]ave, (5.83)

for which an average value of 0.10 is often
used. This quantity actually ranges from

about 0.05 (transports) at the obstacle, to
a value of CD/CL in ground effect at touch-
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down which assumes that T=0 at touchdown.

VA is the approach speed at the obstacle:

FAR 23 and 25: VA = 1.3Vs (5. 84)
L
MIL-C-005011B: V. = 1.2V (5.85)
A IS
L
AS-5263: vV, = 1,1V (5. 86)
= A SPA

but with thrust required for
level flight at 1.15vg

/2

V. = v.[1 - ((7)%/an31?! (5.87)

TD A

with: An = 0.10 as a reasonable average:
this quantity depends on pilot
technique and on airplane han-
dling qualities!

hL = 50 feet in all regulations
SLG is the landing ground run to zero speed on
the runway:
= 2,53
S1g = {(VTD) }/2a (5.88)

with: a, the average deceleration for the ground-
run. In preliminary design it is accep-
table to use:

For light airplanes with simple brake

systems:
alg = 0.30 to 0.35

For turboprops without use of reversible
propellers:

alg = 0.35 to 0.45
For turbojets and turbofans with ground-

spoilers, antiskid devices and speed brakes
(but no reverse thrust):
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al/g = 0.40 to 0.50
For the latter, including nosewheel braking:

a/g = 0.50 to 0.60

Important Note:

Airplanes which are carrier based must be compatible
with the performance restrictions inherent in each arres-
ting system. A suitable mathematical model for determi-
ning compatibility with USNavy arresting gear systems is
given in Sub-sub-section 3.3.5.2, page 115, Part I.

5.9.4 Step-by-Step Procedure for Analyzing Landin
Performance

The following step-by-step procedure is suggested
for determining the landing distance(s) of an airplane:

Step 1: Determine which regulation applies to the design
and read that regulation. See Table 1.3 and Sub-
section 2.1.1.

Determine the landing distance requirements from
the mission specification.

Step 2: Determine whether Egn. (5.80) or Egn. (5.81) go-
vern the landing distance calculation and prepare
the necessary input data.

IMPORTANT NOTES:

1. Military airplanes may have to land with a va-
riety of stores on board. Their effect on
weight and on the drag polar must be accoun-
ted for.

2. The weight at landing is the so-called landing
weight, Wy - The regulations require the de-

signer to identify what that landing weight is
in relationship to the takeoff weight, Wrge

Table 3.3, page 107 of Part I provides typical
ranges of landing-weight-to-takeoff-weight ra-
tios.

Step 3: Compute the landing distance(s) with the appro-
priate equation of Step 2 and compare the results
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with the requirements of Step 1. If there is a
discrepancy of more than 5 percent, design chan-
ges are warranted.

Step 4: Decide what (if any) design changes are warren-
ted. Typical design changes which can be contem-
plated are:

1. Lower wing loading, W/S

2. Higher maximum landing lift coefficient,
CL . This can be achieved with a change in
max
L
wing flap design. The effect on weight, com-
plexity and lateral control space must be ac-

counted for!

Step 5: Document the results obtained, including any de-
sign changes made.

5‘! 5 uuunnnnunuﬂ{il_lNll

‘L | G
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5.10 MISSTON PROFILE ANALYSIS

Particularly in the case of military airplanes, but
also for civil airplanes it is useful to prepare mission
profiles for all intended missions of the airplane.

Two examples mission profiles are given in Fig.$5.21.
These mission profiles were used in the early sizing pro-
cess as outlined in Chapter 2 of Part I. The initial
mission performance verification was done as part of P.D.
Sequence I, see Step 14, page 16, Part II.

These mission profiles are used again in the final
mission performance verification process as outlined in
Sections 5.1-5.9 of this chapter. This corresponds to
Step 24 in P.D. Sequence II, see page 20, Part II.

For military airplanes various military missions
have been given ’'standardized’ mission profiles. Detai-
led examples of these may be found in Appendix B.

It will be seen that these mission profiles consist
of mission segments which are typically labelled as:

Takeoff, Climb, Cruise, Loiter,
Descent, Landing, Combat, etc.

The methods of Sections 5.1 - 5.9 can be used to
perform almost any mission profile analysis.

A typical mission profile analysis will produce the
following results:

1., Verification of stall speed requirements: see
Section 5.1 for the method.

2. Verification of takeoff fieldlength requirements:
see Section 5.2 for the method.

3. Verification of climb requirements: see
Section 5.3 for the method.

4. Verification of cruise, range and payload-range
requirements: see Section 5.4 for the method.

5. Verification of endurance/loiter requirements:
see Section 5.5 for the method.

6. Verification of dive requirements: see Section
5.6 for the method.
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10,

11.

12,

Verification of maneuvering requirements: see
Section 5.7 for the method.

Verification of descent and glide requirements:
see Section 5.8 for the method.

Verification of landing fieldlength requirements:
see Section 5.9 for the method.

Verification of fuel used during each segment of
the intended mission profile:

For each mission profile segment, i the fuel used
can be estimated from:

W Y. = (W.).t. (5.89)
Fused i F'i171

where: (WF)i is the average fuel flow rate in
pounds per second for segment i.

ti is the time to complete segment i.

Notes: 1. for climb, cruise, loiter, and descent
mission phases values for ti are easily

obtained. For other mission phases these
times have to be based on the operational
environment. For example, taxi-fuel will
be more for Chicago O'Hare than for Kansas
City International.

2., for military airplanes the method used
to compute 'fuel’used’ in specific mission
segments is outlined in Appendix B!

3. lacking data on the operational envi-
ronment of a civil airplane, use the mili-
tary method of Appendix B.

Preparation of a payload-range diagram: see Sec-
tion 5.4 for the methodology.

Mission performance critique: this consists of a
list of performance shortcomings AND performance
excesses PLUS a list of suggested 'fixes’

The effect of performance demands during each indi-
vidual mission profile segment on the takeoff weight of
an airplane is easily evaluated with the so-called 'Bre-
guet-Partials’' method of Section 2.7 in Part I.
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5.11 PRODUCTIVITY

When the technical aspects of the design of a new
airplane have been decided on and the configuration is
frozen, the important question is:

IS THE PRODUCTIVITY OF THE AIRPLANE SUFFICIENTLY
HIGH TO WARRANT ITS FULL SCALE DEVELOPMENT?

To give an answer to this question, two tasks must
be performed:

1. An analysis of the COST of the airplane.

This corresponds to Step 36, page 23 of Part II.
Methods for cost analysis are given in Part VIII.

2. A set of productivity evaluation criteria must be
agreed upon so that the new design can be judged
in a fair and understood manner.

A number of possible evaluation criteria are gi-
ven in this section.

The methods of Parts I through VII are aimed at de-
signing an airplane to a set of stated mission require-
ments, while meeting all applicable airworthiness regula-
tions. Along the way a large number of 'arbitrary’ de-
sign decisions are made. The impact of these design de-
cisions on the productivity of the airplane are not al-
ways clear. One example of such an 'arbitrary’ decision
was the selection of the overall configuration: Step 3 in
Preliminary Design Sequence I, page 11, Part II.

That such an important decision as the selection of
the overall configuration is labelled as 'arbitrary’' may
surprise the reader, but it should not. Refer to Figure
1.1, page 5 of Part II and to Note 1 at the bottom of
page 3 of Part II!!!

In many instances, the red-white-and-blue team ap-
proach will have been used and as a result several air-
plane designs have evolved, all of which meet the mis-
sion and airworthiness requirements. Which is 'best’?

Again, it will be necessary to establish a set of
evaluation criteria before this question can be answered.

Typical evaluation criteria which are used to judge
the productivity of airplane designs are:
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Part VII

rformance ed i ia c

1.1

1.5

2.1

Takeoff weight (mostly because of a histori-
cal relationship between acquisition cost and
weight)

All else being the same, a low takeoff weight
is judged to be ‘'good’.

Volume of the payload-range diagram. Exam-
ples of payload-range diagrams with diffe-
rent ’'volumes’ are given in Figures 5.22
and 5.23.

All else being the same, a large payload-ran-
ge volume is judged to be 'good’.

Specific range, nm/lbs of fuel: Ullchreqd

or Ul/cppreqd'

All else being the same, a large specific
range is judged to be 'good’.
Seat-miles per pound of fuel:

U1Nseats/CjTreqd or Uleeats/cpPreqd

All else being the same a high value of seat-
miles per pound of fuel is judged to be
'good'.

Available sortie rate: high sortie rates are
judged 'good’.

Cost Related Criteria such as:

Acquisition Cost (Also referred to as cost
of ownership.

All else being the same this cost must be
small for the airplane to be judged 'good’.

Profit potential: Payload available MINUS
payload to break-even of operating costs.

All else being the same, the larger the pro-
fit potential, the 'better’ the airplane.

(Speed times payload)/(Acquisition Cost),
used in judging general aviation airplanes.

Chapter § Page 171



PeITE

*p

TR yat L L e

T O T TR e B 1 AR VNOR S 1 d T . B R | T
v - .

Payload (1b x 1000)

TURBOPROP PAYLOAD RANGES

Auuwtbm dldrm urom.
: 0 ;oo gaadoptin

———————

2ATR 42
3SF 340
4G-1C
5 Do 228-201
6 Do 228-101
7 Twin Otter

3

14

1BAe ATP
2An-26

3 Shons 360
4 Shorts 330
5 Arava

6 Piper T1040

1 Fokker 50
2DHC Dash7
3CN235

4 Metro lll

§ Jotstream 31
6 King Air 200
7 Beech C99
8 Bandeirante

7 Let 410 UVR€E

FAOM : FLIGHT

INTEANATIONAL

1286

*BRITISH AEROSPACE

WEEKLY

Fiqure 5.22 Payload-Range Diagrams for Turboprops

Part VII

Chapter 5

Page 172




ATHLNOWW SSIMS %

72801 AYW VINVAILN) :HOFS

oBuey (uy) 0000l 0008 000’9 000y 000'Z 0 (S0 SIMEIS 000" L] OBUEs NS
lwu) 0009 000'S 000'v 000°¢ 000 oo.o.— 6 8 L 9 ] v € [4 L 0 0
T X 0T -
NN 0 7, A A A2
\ X O U\ 2 O\'©
\ / %. QW [ < e\ <
v / ON v 7 K ON
: \ ot 8, MOLW GI000'GLE
\ N\ 3 .\I 002-49¢
Ak . AN NN S
//ﬂw AN N 01€v xedglz 0z _ _ //z/ Xedgiz _
uondo janj Aseyixne ~— Q oogooey ed/az | g _ PN xedigz 09
|any piepuels — T MOLW QI000°00v__| NN\
00Z-0LEY 0g MOLW ai000'08e__| N
A Y + | H300€-£9¢ B ]
. =4 00€-0LeY 08 08
5009 00Ev VQ b oy MOLW 00015 ~
009-00EV | 43002-49L | 001
001 AOLW Q000" [GE
00€-£9L
! Sauuo
(@1000°1) Avmo_%w yoea qjoQ¢ 1e siebuassey

OLEV/00EVY snqily — abueus peojAed

L 9 9

I\

I\N

SI0LIBIUI SSB|D-PAXIN ®

L9, Buisog — abues peojAed

xed|z

xed/,
m/

{

AN

('wuQoQ'L) ebuey (lwup00°L) 8buey
v € 4 ! 0 1 0
T T T T 0 0
Z8'0=W 18 3sin1d da1s 1J000'6E/GE/IE 0T
(d1eUIB)|R IWUQGL) SB|NI Ul Yy 4 P
{-7]
.
/ ov m snsewoq) 0
N 09 £
te / /Aaam 9 a
NN 08 o
- 8 00l
WLI-OW g
AN ocoioa |0t
N 1 0
L-QW el 051
l ovl Ql000°0S8 O} GI000°008 MOYE 00V-L¥L
QI000'00Z O1 4I000°0E9 MOYHE dStyl SoAI9sal |euohieulsiu| @
QI000'E€8 O QI000'S/L MOYE  00€-/8002-L L

LL-AQIN sejbnoq |j2uuogonl
— abuea peojAey

QI000G°0GZ 01 GI000°0LL MDYS8
91000°009 01 QI000°'0ZS MOY8

00€-/8001-LvL

Aep piepueig e

ySLvL asinid abues-6uo e

Ajlwey /7 6ursog — abues peojAeyq

(41000' L) peojAed

{Q1000°L) peojAed

Transports

Jet

ror

Figure 5.23 Pavload—-Range Diagrams

Page 173

Chapter 5

Part VII



All else being the same, when this parameter
is larger, the airplane is judged to be bet-
ter.

Direct Operating Cost (DOC).

All else being the same, low DOC is judged
to be 'good'.

Return on Investment (ROI).

All else being the same, high ROI is judged
to be 'good’.

Life Cycle Cost (LCC).

All else being the same, low LCC is judged
to be 'good'.

Maintenance manhours required per flight hour
or per sortie.

This quantity should be low for the airplane
to be judged 'good’.

The 'performance’ related criteria, 1.1-1.6 can be
evaluated with the methods of Sections 5.1-5.10.

The

‘cost’ related criteria, 2.1-2.7 require a me-
thod to relate airplane design parameters to cost.

Part VIII specifically addresses the problem of es-
timating airplane cost. Once cost relationships are es-
tablished it is possible to iterate certain influential
(to cost) design parameters with as goal to ’'minimize’
certain costs. Reference 30 deals specifically with
these design optimization problems.
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5.12 PRESENTATION OF ATRPLANE PERFQRMANCE DATA

Once a new airplane design is 'finished’ it is ad-
visable to present the performance capabilities of the
airplane in a generally understandable format AND to in-
clude the basic aerodynamic and installed thrust (or po-
wer) data on which all performance is based.

Since this type of documentation is not regulated by
the FAA, there are no guidelines for the preparation of
such data for civil airplanes. Each airplane manufactu-
rer has evolved his own method of doing so.

For military airplanes the situation is different.
The USAF, but in particular the USNAVY has standardized
the required documentation of aerodynamic, thrust and
performance data in the following manner:

For Aerodynamic and Thrust data: See Appendix Bl.2,
pages 265-271.

For Performance data: See Appendix Bl.2, pages 272-279.

The author suggests that, when lacking a given for-
mat for the documentation of aerodynamic, thrust and per-
formance data, this USNAVY method be used.
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Dynamic stability
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Stability
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Stabilizer
Stall
Stall angle of attack
Stall characteristics
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Static stability
Longitudinal
Lateral and Directional
Stick (or wheel) force
Stick force per g
Stick-force speed gradient
Store release
Sustained maneuver

Tab
Takeoff
distance
fieldlength
groundrun
Takeoff rotation
Thrust setting
Time to climb
Time-to-double amplitude
Trim
Diagram
Longitudinal
Directional and lateral
Trimmability
Trimmed drag polar
Trim surface
Turbulence
Turn radius
Turn rate

Undamped natural frequency
short period
dutch roll

Vertical acceleration

Weapons firing
Weapons loading
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65,3

67

17
116,113
14

99,98

70

33

65

71,68
75,172
70,16,11
32

70,68

7
155,153,150

16
123,117
117

117

122
42,36
19,7
127

87

6,5
16,13,12,11
12,17
22,19

3

111

6
107,103
155

155

76
76
87
109

19,7
19
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APPENDIX A: CIVIL AIRWORTHINESS REGULATIONS FOR AIRPLANE

Before a civil airplane can be sold to the public,
to corporations or to airlines a type certificate must
have been issued. This type certificate ensures that the
airplane has been designed and built in accordance with
federally enforced minimum airworthiness standards. The-
se minimum airworthiness standards are incorporated in
the Federal Aviation Regulations (FAR's) of Reference 8.
These regulations have a major impact on the design of
airplanes. For that reason it is essential that airplane
designers are aware of content and meaning of these re-
gulations.

To obtain a type certificate for a new airplane de-
sign the procedures laid down in FAR 21 (Reference 8)
must be followed.

The purpose of this appendix is to present copies of
those federal aviation regulations which pertain to the
minimum required performance, stability and control cha-
racteristics of airplanes. 1In the regulations, the mini-
mum required performance characteristics are listed under
the heading: 'performance’. The minimum required stabi-
lity and control characteristics are listed under the
heading: ‘flight characteristics’.

Complete versions of the federal aviation regulati-
ons may be found in Reference 8. This appendix is orga-
nized as follows:

Al. Definitions and Abbreviations: page 186

A2. Federal Aviation Regulation: FAR 23,
with 1987 Amendments page 191

Note: with the 1987 amendments, FAR 23 now
also applies to commuter airplanes
seating up to 19 passengers.

If there is a question about applicability,

see: FAR 23.1 Applicability: page 191
OR: FAR 23 Amendment: 23.1 Applicability: page 207
A3. Federal Aviation Regulation: FAR 25 page 214

This regulation applies to transport category
airplanes.
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Al. Definitions and Abbreviations

In this Section a summary is given of those defini-
tions which are needed for proper interpretation of those
FAR 23 and 25 Parts which deal with performance and with

flight characteristics.

PART 1—DEFINITIONS AND
ABBREVIATIONS

Sec.

1.1 General definitions.

1.2 Abbreviations and symbols.
1.3 Rules of construction.

AUTHORITY: 49 U.S.C. 1347, 1348, 1354(a),
1357(d)(2), 1372, 1421 through 1430, 1432,
1442, 1443, 1472, 1510, 1522, 1652(e), 1655(c),
1657(f), 49 U.S.C. 106(g) (Revised Pub. L.
97-449, January 12, 1983).

§ 1.1 General definitions.

As used in Subchapters A through K
of this chapter, unless the context re-
quires otherwise:

“Aerodynamic coefficients” means
non-dimensional coefficients for aero-
dynamic forces and moments.

“Aircraft” means a device that is
used or intended to be used for flight
in the air.

“Aircraft engine” means an engine
that is used or intended to be used for
propelling aircraft. It includes turbo-
superchargers, appurtenances, and ac-
cessories necessary for its functioning,
but does not include propellers.

“Airframe” means the fuselage,
booms, nacelles, cowlings, fairings, air-
foil surfaces (including rotors but ex-
cluding propellers and rotating airfoils
of engines), and landing gear of an air-
craft and their accessories and con-
trols.

“Airplane” means an engine-driven
fixed-wing aircraft heavier than air,

that is supported in flight by the dy-
namic reaction of the air against its
wings.

“Brake horsepower” means the
power delivered at the propeller shaft
(main drive or main output) of an air-
craft engine.

“Calibrated airspeed” means the in-
dicated airspeed of an aircraft, correct-
ed for position and instrument error.
Calibrated airspeed is equal to true
airspeed in standard atmosphere at
sea level.

“Category’:

(1) As used with respect to the certi-
fication, ratings, privileges, and limita-
tions of airmen, means a broad classifi-
cation of aircraft. Examples include:
airplane; rotorcraft, glider; and light-
er-than-air; and
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(2) As used with respect to the certi-
fication of aircraft, means a grouping
of aircraft based upon intended use or
operating limitations. Examples in-

clude: transport, normal, utility, acro-
batic, limited, restricted, and provi-
sional.

“Category A,” with respect to trans-
port category rotorcraft, means multi-
engine rotorcraft designed with engine
and system isolation features specified
in Part 29 and utilizing scheduled
takeoff and landing operations under
a critical engine failure concept which
assures adequate designated surface
area and adequate performance capa-
bility for continued safe flight in the
event of engine failure.

“Category B,” with respect to trans-
port category rotorcraft, means single-
engine or multiengine rotorcraft
which do not fully meet all Category
A standards. Category B rotorcraft
have no guaranteed stay-up ability in
the event of engine failure and un-
scheduled landing is assumed.

“Category II operations”, with re-
spect to the operation of aircraft,
means a straight-in ILS approach to
the runway of an airport under a Cate-
gory II ILS instrument approach pro-
cedure issued by the Administrator or
other appropriate authority.

“Category III operations,” with re-
spect to the operation of aircraft,
means an ILS approach to, and land-
ing on, the runway of an airport using
a Category III ILS instrument ap-
proach procedure issued by the Ad-
ministrator or other appropriate au-
thority.

“Clearway’’ means:

(1) For turbine engine powered air-
planes certificated after August 29,
1959, an area beyond the runway, not
less than 500 feet wide, centrally locat-
ed about the extended centerline of
the runway, and under the control of
the airport authorities. The clearway
is expressed in terms of a clearway
plane, extending from the end of the
runway with an upward slope not ex-
ceeding 1.25 percent, above which no
object nor any terrain protrudes. How-
ever, threshold lights may protrude
above the plane if their height above
the end of the runway is 26 inches or
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less and if they are located to each
side of the runway.

(2) For turbine engine powered air-
planes certificated after September 30,
1958, but before August 30, 1959, an
area beyond the takeoff runway ex-
tending no less than 300 feet on either
side of the extended centerline of the
runway, at an elevation no higher
than the elevation of the end of the
runway, clear of all fixed obstacles,
and under the control of the airport
authorities.

“Climbout speed,” with respect to
rotorcraft, means a referenced air-
speed which results in a flight path
clear of the height-velocity envelope
during initial climbout.

“Critical altitude” means the maxi-
mum altitude at which, in standard at-
mosphere, it is possible to maintain, at
a specified rotational speed, a specified
power or a specified manifold pres-
sure. Unless otherwise stated, the criti-
cal altitude is the maximum altitude
at which it is possible to maintain, at
the maximum continuous rotational
speed, one of the following:

(1) The maximum continuous power,
in the case of engines for which this
power rating is the same at sea level
and at the rated altitude.

(2) The maximum continuous rated
manifold pressure, in the case of en-
gines, the maximum continuous power
of which is governed by a constant
manifold pressure.

“Critical engine” means the engine
whose failure would most adversely
affect the performance or handling
qualities of an aircraft.

“Decision height,” with respect to
the operation of aircraft, means the
height at which a decision must be
made, during an ILS or PAR instru-
ment approach, to either continue the
approach or to execute a missed ap-
proach.

“Equivalent airspeed” means the
calibrated airspeed of an aircraft cor-
rected for adiabatic compressible flow
for the particular altitude. Equivalent
airspeed is equal to calibrated airspeed
in standard atmosphere at sea level.

“Flap extended speed” means the
highest speed permissible with wing
flaps in a prescribed extended posi-
tion.

“Flightcrew member” means a pilot,
flight engineer, or flight navigator as-
signed to duty in an aircraft during
flight time.

“Flight level” means a level of con-
stant atmospheric pressure related to
a reference datum of 29.92 inches of
mercury. Each is stated in three digits
that represent hundreds of feet. For
example, flight level 250 represents a
barometric altimeter indication of
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25,000 feet, flight level 255, an indica-
tion of 25,500 feet.

“Flight time” means the time from
the moment the aircraft first moves
under its own power for the purpose
of flight until the moment it comes to
rest at the next point of landing.
(“‘Block-to-block"” time.)

“Flight visibility” means the average
forward horizontal distance, from the
cockpit of an aircraft in flight, at
which prominent unlighted objects
may be seen and identified by day and
prominent lighted objects may be seen
and identified by night.

“Glider” means a heavier-than-air
aircraft, that is supported in flight by
the dynamic reaction of the air
against its lifting surfaces and whose
free flight does not depend principally
on an engine.

*Ground visibility” means prevailing
horizontal visibility near the earth'’s
surface as reported by the United
States National Weather Service or an
accredited observer.

“Idle thrust” means the jet thrust
obtained with the engine power con-
trol level set at the stop for the least
thrust position at which it can be
placed.

“IFR conditions” means weather
conditions below the minimum for
flight under visual flight rules.

“Indicated airspeed” means the
speed of an aircraft as shown on its
pitot static airspeed indicator calibrat-
ed to reflect standard atmosphere adi-
abatic compressible flow at sea level

uncorrected for airspeed system
errors.
“Landing gear extended speed”

means the maximum speed at which
an aircraft can be safely flown with
the landing gear extended.

“Landing gear operating speed”
means the maximum speed at which
the landing gear can be safely ex-
tended or retracted.

“Large aircraft” means aircraft of
more than 12,500 pounds, maximum
certificated takeoff weight.

“Load factor” means the ratio of a
specified load to the total weight of
the aircraft. The specified load is ex-
pressed in terms of any of the follow-
ing: aerodynamic forces, inertia forces,
or ground or water reactions.

“Mach number” means the ratio of
true airspeed to the speed of sound.

“Manifold pressure’” means absolute
pressure as measured at the appropri-
ate point in the induction system and
usually expressed in inches of mercu-
ry.
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“Minimum descent altitude” means
the lowest altitude, expressed in feet
above mean sea level, to which descent
is authorized on final approach or
during circle-to-land maneuvering in
execution of a standard instrument
approach procedure, where no elec-
tronic glide slope is provided.

“Pitch setting” means the propeller
blade setting as determined by the
blade angle measured in a manner,
and at a radius, specified by the in-
struction manual for the propeller.

“Propeller” means a device for pro-
pelling an aircraft that has blades on
an engine-driven shaft and that, when
rotated, produces by its action on the
air, a thrust approximately perpendic-
ular to its plane of rotation. It in-
cludes control components normally
supplied by its manufacturer, but does
not include main and auxiliary rotors
or rotating airfoils of engines.

“Rated maximum continuous aug-
mented thrust”, with respect to turbo-
jet engine type certification, means
the approved jet thrust that is devel-
oped statically or in flight, in standard
atmosphere at a specified altitude,
with fluid injection or with the burn-
ing of fuel in a separate combustion
chamber, within the engine operating
limitations established under Part 33
of this chapter, and approved for un-
restricted periods of use.

“Rated maximum continuous
power,” with respect to reciprocating,
turbopropeller, and turboshaft en-
gines, means the approved brake
horsepower that is developed statically
or in flight, in standard atmosphere at
a specified altitude, within the engine
operating limitations established
under Part 33, and approved for unre-
stricted periods of use.

“Rated maximum continuous
thrust”, with respect to turbojet
engine type certification, means the
approved jet thrust that is developed
statically or in flight, in standard at-
mosphere at a specified altitude, with-
out fluid injection and without the
burning of fuel in a separate combus-
tion chamber, within the engine oper-
ating limitations established under
Part 33 of this chapter, and approved
for unrestricted periods of use.

“Rated takeoff augmented thrust”,
with respect to turbojet engine type
certification, means the approved jet
thrust that is developed statically
under standard sea level conditions,
with fluid injection or with the burn-
ing of fuel in a separate combustion
chamber, within the engine operating
limitations established under Part 33
of this chapter, and limited in use to
periods of not over 5 minutes for
takeoff operation.
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“Rated takeoff power”, with respect
to reciprocating, turbopropeller, and
turboshaft engine type certification,
means the approved brake horsepower
that is developed statically under
standard sea level conditions, within
the engine operating limitations estab-
lished under Part 33, and limited in
use to periods of not over 5 minutes
for takeoff operation.

“Rated takeoff thrust”, with respect
to turbojet engine type certification,
means the approved jet thrust that is
developed statically under standard
sea level conditions, without fluid in-
jection and without the burning of
fuel in a separate combustion cham-
ber, within the engine operating limi-
tations established under Part 33 of
this chapter, and limited in use to pe-
riods of not over 5 minutes for takeoff
operation.

Rated ‘“30-minute power”, with re-
spect to helicopter turbine engines,
means the maximum brake horsepow-
er, developed under static conditions
at specified altitudes and atmospheric
temperatures, under the maximum
conditions of rotor shaft rotational
speed and gas temperature, and limit-
ed in use to periods of not over 30 min-
utes as shown on the engine data
sheet.

Rated ‘“2% minute power”, with re-
spect to helicopter turbine engines,
means the brake horsepower, devel-
oped statically in standard atmosphere
at sea level, or at a specified altitude,
for one-engine-out operation of multi-
engine helicopters for 2% minutes at
rotor shaft rotation speed and gas
temperature established for this
rating.

“Rating’’ means a statement that, as
a part of a certificate, sets forth spe-
cial conditions, privileges, or limita-
tions.

“Small aircraft” means aircraft of
12,500 pounds or less, maximum certif-
icated takeoff weight.

“Standard atmosphere’” means the
atmosphere defined in U.S. Standard
Atmosphere, 1962 (Geopotential alti-
tude tables).

“Stopway” means an area beyond
the takeoff runway, no less wide than
the runway and centered upon the ex-
tended centerline of the runway, able
to support the airplane during an
aborted takeoff, without causing struc-
tural damage to the airplane, and des-
ignated by the airport authorities for
use in decelerating the airplane during
an aborted takeoff.

“Takeoff power’"

(1) With respect to reciprocating en-
gines, means the brake horsepower
that is developed under standard sea
level conditions, and under the maxi-
mum conditions of crankshaft rota-
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tional speed and engine manifold pres-
sure approved for the normal takeoff,
and limited in continuous use to the
period of time shown in the approved
engine specification; and

(2) With respect to turbine engines,
means the brake horsepower that is
developed under static conditions at a
specified altitude and atmospheric
temperature, and under the maximum
conditions of rotor shaft rotational
speed and gas temperature approved
for the normal takeoff, and limited in
continuous use to the period of time
shown in the approved engine specifi-
cation.

“Takeoff safety speed’ means a ref-
erenced airspeed obtained after lift-off
at which the required one-engine-inop-
erative climb performance can be
achieved.

“Takeoff thrust”, with respect to
turbine engines, means the jet thrust
that is developed under static condi-
tions at a specific altitude and atmos-
pheric temperature under the maxi-
mum conditions of rotorshaft rota-
tional speed and gas temperature ap-
proved for the normal takeoff, and
limited in continuous use to the period
of time shown in the approved engine
specification.

“Time in service”, with respect to
maintenance time records, means the
time from the moment an aircraft
leaves the.surface of the earth until it
touches it at the next point of landing.

“True airspeed” means the airspeed
of an aircraft relative to undisturbed
air. True airspeed is equal to equiva-
lent airspeed multiplied by (p0/p)"/2

§1.2 Abbreviations and symbols.

In Subchapters A through K of this
chapter:

“AGL"” means above ground level.

“*ALS"” means approach light system.

“ASR"” means airport surveillance
radar.

“ATC"” means air traffic control.

“CAS" means calibrated airspeed.

“CAT II" means Category II.

“CONSOL or CONSOLAN" means a
kind of low or medium frequency long
range navigational aid.

“DH"” means decision height.

“DME” means distance measuring
equipment compatible with TACAN.

“EAS"” means equivalent airspeed.

“FAA"” means Federal Aviation Ad-
ministration.

“FM" means fan marker.

“GS'" means glide slope.

“HIRL" means high-intensity
runway light system.

“IAS’ means indicated airspeed.
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“ICAO” means International Civil
Aviation Organization.

“IFR” means instrument flight
rules.
“ILS” means instrument landing
system.

“IM"” means ILS inner marker.

“INT" means intersection.

“LDA"” means localizer-type direc-
tional aid.

“LFR” means low-frequency radio
range.

“LMM” means compass locator at
middle marker.

“LOC’" means ILS localizer.

“LOM"” means compass locator at
outer marker.

“M’’ means mach number.

“MAA" means maximum authorized
IFR altitude.

“MALS"” means medium
approach light system.

“MALSR” means medium intensity
approach light system with runway
alignment indicator lights.

“MCA"” means minimum crossing al-

intensity

titude.

“MDA” means minimum descent al-
titude.

“MEA” means minimum en route

IFR altitude.

“MM" means ILS middle marker.

“MOCA"” means minimum obstruc-
tion clearance altitude.

“MRA"” means minimum reception
altitude.

“MSL"” means mean sea level.

“NDB(ADF)” means nondirectional
beacon (automatic direction finder).

“NOPT” means no procedure turn
required.

“OM" means ILS outer marker.

“PAR" means precision approach
radar.

“RAIL” means runway alignment in-
dicator light system.

“RBN" means radio beacon.

“RCLM"” means runway centerline
marking.

“RCLS” means runway centerline
light system.

“REIL"” means runway end identifi-
cation lights.

“RR"” means low or medium fre-
quency radio range station.

“RVR" means runway visual range
as measured in the touchdown zone
area.

“SALS"” means short approach light
system.

“SSALS” means simplified short ap-
proach light system.

“SSALSR"” means simplified short
approach light system with runway
alignment indicator lights.

“TACAN" means ultra-high frequen-
cy tactical air navigational aid.
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*TAS’ means true airspeed.

“TDZL” means touchdown zone
lights.

“TVOR” means very high frequency
terminal omnirange station.

V. means design maneuvering speed.

Vs means design speed for maximum
gust intensity.

Ve means design cruising speed.

Vb means design diving speed.

Vor/Mpr means demonstrated flight
diving speed.

Vr means design flap speed.

Vic/Mrc means maximum speed for
stability characteristics.

Ve means maximum flap extended
speed.

Vy means maximum speed in level
flight with maximum continuous
power.

V. means maximum landing gear ex-
tended speed.

V.o means maximum landing gear op-
erating speed.

V.or means lift-off speed.

Vue means minimum control speed
with the critical engine inoperative.
Vuo/Muo means maximum operating

limit speed.

Vwv means minimum unstick speed.

Vne means never-exceed speed.

Vvo means maximum structural cruis-
ing speed.

Vx means rotation speed.

Vs means the stalling speed or the
minimum steady flight speed at
which the airplane is controllable.

Vso means the stalling speed or the
minimum steady flight speed in the
landing configuration.

Vs, means the stalling speed or the
minimum steady flight speed ob-
tained in a specific configuration.

Vross means takeoff safety speed for
Category A rotorcraft.

Vx means speed for best angle of
climb.

Vv means speed for best rate of climb.

V., means takeoff decision speed (for-
merly denoted as critical engine fail-
ure speed).

V: means takeoff safety speed.

V: min means minimum takeoff safety
speed.

“VFR'’ means visual flight rules.

“VHF"” means very high frequency.

“VOR" means very high frequency
omnirange station.

“VORTAC"” means collocated VOR
and TACAN.

[Doc. No. 1150, 27 FR 4590, May 15, 1962)

Ep1TORIAL NOTE: For FEDERAL REGISTER ci-
tations affecting § 1.2, see the List of CFR
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Sections Affected appearing in the Finding
Alds, section of this volume.

§ 1.3 Rules of construction.

(a) In Subchapters A through K of
this chapter, unless the context re-
quires otherwise:

(1) Words importing the singular in-
clude the plural;

(2) Words importing the plural in-
clude the singular; and

(3) Words importing the masculine
gender include the feminine.

(b) In Subchapters A through K of
this chapter, the word:

(1) “Shall” is used in an imperative
sense;

(2) “May” is used in a permissive
sense to state authority or permission
to do the act prescribed, and the words
‘‘no person may °* * *’ or ‘“a person
may not * * *” mean that no person is
required, authorized, or permitted to
do the act prescribed; and

(3) “Includes” means “includes but is
not limited to”.

{Doc. No. 1150, 27 FR 4590, May 15, 1962, as
amended by Amdt. 1-10, 31 FR 5055, Mar.
29, 1966)
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A2. Federal Aviation Regulation: FAR 23 with 1987

Amendments

In this Section a summary is given of that part of
FAR 23 which deals with performance and with flight cha-

racteristics.

Subpart A—General

§ 23.1 Applicability.

(a) This part prescribes airworthi-
ness standards for the issue of type
certificates, and changes to those cer-
tificates, for small airplanes in the
normal, utility, and acrobatic catego-
ries that have a passenger seating con-
figuration, excluding pilot seats, of
nine seats or less.

(b) Each person who applies under
Part 21 for such a certificate or
change must show compliance with
the applicable requirements of this
part.

(Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-10, 36 FR 2864,
Feb. 11, 1971)

§ 23.2 Special retroactive requirements.

Notwithstanding §§ 21.17 and 21.101
of this chapter and irrespective of the
type certification basis, each normal,
utility, and acrobatic category airplane
having a passenger seating configura-
tion, excluding pilot seats, of nine or
less, manufactured one year after De-
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cember 12, 1985, or any such foreign
manufactured airplane for entry into
the U.S., must meet the requirements
of §23.785 (g) and (h). For the pur-
pose of this paragraph, the date of
manufacture is:

(a) The date the inspection accept-
ance records, or equivalent, reflect
that the airplane is complete and
meets the FAA Approved Type Design
Data,; or

(b) In the case of a foreign manufac-
tured airplane, the date the foreign
civil airworthiness authority certifies
the airplane is complete and issues an
original standard airworthiness certifi-
cate, or the equivalent in that country.

[Doc. No. 23-32, 50 FR 468717, Nov. 13, 1985]

§ 23.3 Airplane categories.

(a) The normal category is limited to
airplanes intended for nonacrobatic
operation. Nonacrobatic operation in-
cludes—
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(1) Any maneuver incident to normal
flying;

(2) Stalls (except whip stalls); and

(3) Lazy eights, chandelles, and
steep turns, in which the angle of
bank is not more than 60 degrees.

(b) The utility category is limited to
airplanes intended for limited acrobat-
ic operation. Airplanes certificated in
the utility category may be used in
any of the operations covered under
paragraph (a) of this section and in
limited acrobatic operations. Limited
acrobatic operation includes—

(1) Spins (if approved for the par-
ticular type of airplane); and

(2) Lazy eights, chandelles, and
steep turns, in which the angle of
bank is more than 60 degrees.

(¢) The acrobatic category is limited
to airplanes intended for use without
restrictions other than those shown to
be necessary as a result of required
flight tests.

(d) Small airplanes may be certifi-
cated in more than one category if the
requirements of each requested cate-
gory are met.

[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-4, 32 FR 5934, Apr.
14, 1967)

Subpart B—Flight

GENERAL

§ 23.21

(a) Each requirement of this subpart
must be met at.each appropriate com-
bination of weight and center of gravi-
ty within the range of loading condi-
tions for which certification is request-
ed. This must be shown—

(1) By tests upon an airplane of the
type for which certification is request-
ed, or by calculations based on, and
equal in accuracy to, the results of
testing; and

(2) By systematic investigation of
each probable combination of weight
and center of gravity, if compliance
cannot be reasonably inferred from
combinations investigated.

(b) The following general tolerances
are allowed during flight testing. How-
ever, greater tolerances may be al-
lowed in particular tests:

Proof of compliance.
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Item Tolerance
+5%, -10%.
+5%, -1%.

.| £7% total travel.

§ 23.23 Load distribution limits.

Ranges of weight and centers of
gravity within which the airplane may
be safely operated must be established
and must include the range for lateral
centers of gravity if possible loading
conditions can result in significant var-
iation of their positions. If low fuel ad-
versely affects balance or stability, the
airplane must be tested under condi-
tions simulating those that would
exist when the amount of usable fuel
does not exceed one gallon for each 12
maximum continuous horsepower of
the engine or engines.

[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-17, 41 FR 55463,
Dec. 20, 19761

§23.25 Weight limits.

(a) Maximum weight. The maximum
weight is the highest weight at which
compliance with each applicable re-
quirement of this part (other than
those complied with at the design
landing weight) is shown. The ‘maxi-
mum weight must be established so
that it is—

(1) Not more than—

(i) The highest weight selected by
the applicant;

(ii) The design maximum weight,
which is the highest weight at which
compliance with each applicable struc-
tural loading condition of this part
(other than those complied with at
the design landing weight) is shown;
or

(iii) The highest weight at which
compliance with each applicable flight
requirement is shown, except for air-
planes equipped with standby power
rocket engines, in which case it is the
highest weight established in accord-
ance with Appendix E of this part; or

(2) Assuming a weight of 170 pounds
for each occupant of each seat for
normal category airplanes and 190
pounds (unless otherwise placarded)
for utility and acrobatic category air-
planes, not less than the weight with—
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(i) Each seat occupied, oil at full
tank capacity, and at least enough fuel
for one-half hour of operation at rated
maximum continuous power; or

(ii) The required minimum crew, and
fuel and oil to full tank capacity.

(b) Minimum weight. The minimum
weight (the lowest weight at which
compliance with each applicable re-
quirement of this part is shown) must
be established so that it is not more
than the sum of—

(1) The empty weight determined
under § 23.29;

(2) The weight of the required mini-
mum crew (assuming a weight of 170
pounds for each crewmember); and

(3) The weight of—

(i) For turbojet powered airplanes, 5
percent of the total fuel capacity of
that particular fuel tank arrangement
under investigation, and

(ii) For other airplanes, the fuel nec-
essary for one-half hour of operation
at maximum continuous power.

[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-7, 34 FFR 13086,
Aug. 13, 1969; Amdt. 23-21, 43 FR 2317, Jan.
16, 19781

§23.29 Empty weight and corresponding
center of gravity.

(a) The empty weight and corre-
sponding center of gravity must be de-
termined by weighing the airplane
with—

(1) Fixed ballast;

(2) Unusable fuel determined under
§ 23.959; and

(3) Full operating fluids, including—

(i) Oil;

(ii) Hydraulic fluid; and

(iii) Other fluids required for normal
operation of airplane systems, except
potable water, lavatory precharge
water, and water intended for injec-
tion in the engines.

(b) The condition of the airplane at
the time of determining empty weight
must be one that is well defined and
can be easily repeated.

{Doc. No. 4080, 29 FR 17955, Dec. 18, 1964;
30 FR 258, Jan. 9, 1965, as amended by
Amdt. 23-21, 43 FR 2317, Jan. 16, 1978])

§ 23.31 Removable ballast.

Removable ballast may be used in
showing compliance with the flight re-
quirements of this subpart, if—
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(a) The place for carrying ballast is
properly designed and installed, and is
marked under § 23.1557; and

(b) Instructions are included in the
airplane flight manual, approved
manual material, or markings and
placards, for the proper placement of
the removable ballast under each load-
ing condition for which removable bal-
last is necessary.

[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964;
30 FR 258, Jan. 9, 1965, as amended by
Amdt. 23-13, 37 FR 20023, Sept. 23, 1972]

§ 23.33 Propeller speed and pitch limits.

(a) General. The propeller speed and
pitch must be limited to values that
will assure safe operation under
normal operating conditions.

(b) Propellers not controllable in
flight. For each propeller whose pitch
cannot be controlled in flight—

(1) During takeoff and initial climb
at V¥, the propeller must limit the
engine r.p.m., at full throttle or at
maximum allowable takeoff manifold
pressure, to a speed not greater than
the maximum allowable takeoff r.p.m.;
and

(2) During a closed throttle glide at
the placarded ‘“never-exceed speed”,
the propeller may not cause an engine
speed above 110 percent of maximum
continuous speed.

(¢c) Controllable pitch propellers
without constant speed controls. Each
propeller that can be controlled in
flight, but that does not have constant
speed controls, must have a means to
limit the pitch range so that—

(1) The lowest possible pitch allows
compliance with paragraph (b)(1) of
this section; and

(2) The highest possible pitch allows
compliance with paragraph (b)(2) of
this section.

(d) Controllable pitch propellers with
constant speed controls. Each control-
lable pitch propeller with constant
speed controls must have—

(1) With the governor in operation, a
means at the governor to limit the
maximum engine speed to the maxi-
mum allowable takeoff r.p.m.; and

(2) With the governor inoperative, a
means to limit the maximum engine
speed to 103 percent of the maximum
allowable takeoff r.p.m. with the pro-
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peller blades at the lowest possible
pitch and with takeoff manifold pres-
sure, the airplane stationary, and no
wind.

PERFORMANCE

§ 23.45 General.

(a) Unless otherwise prescribed, the
performance requirements of this sub-
part must be met for still air and a
standard atmosphere.

(b) The performance must corre-
spond to the propulsive thrust avail-
able under the particular ambient at-
mospheric conditions, the particular
flight condition, and the relative hu-
midity specified in paragraph (d) or
(e) of this section, as appropriate.

(¢c) The available propulsive thrust
must correspond to engine power or
thrust, not exceeding the approved
power or thrust, less—

(1) Installation losses; and

(2) The power or equivalent thrust
absorbed by the accessories and serv-
ices appropriate to the particular am-
bient atmospheric conditions and the
particular flight condition.

(d) For reciprocating engine-powered
airplanes, the performance, as affect-
ed by engine power, must be based on
a relative humidity of 80 percent in a
standard atmosphere.

(e) For turbine engine-powered air-
planes, the performance, as affected
by engine power or thrust, must be
based on a relative humidity of—

(1) 80 percent, at and below standard
temperature; and

(2) 34 percent, at and above standard
temperature plus 50 degrees F.

Between these two temperatures, the
relative humidity must vary linearly.

[Amdt. 23-21, 43 FR 2317, Jan. 16, 1978)

§ 23.49 Stalling speed.

(a) V,, is the stalling speed, if obtain-
able, or the minimum steady speed, in
knots (CAS), at which the airplane is
controllable, with the—

(1) Applicable power or thrust condi-
tion set forth in paragraph (e) of this
section;

(2) Propellers in the takeoff posi-
tion;

(3) Landing gear extended;

(4) Wing flaps in the landing posi-
tion;
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(5) Cowl flaps closed;

(6) Center of gravity in the most un-
favorable position within the allow-
able landing range; and

(7) Weight used when Vs, is being
used as a factor to determine compli-
ance with a required performance
standard.

(b) V5o at maximum weight may not
exceed 61 knots for—

(1) Single-engine airplanes; and

(2) Multiengine airplanes of 6,000
pounds or less maximum weight that
cannot meet the minimum rate of
climb specified in § 23.67(b) with the
critical engine inoperative.

(¢c) Vs, is the calibrated stalling
speed, if obtainable, or the minimum
steady speed, in knots, at which the
airplane is controllable, with the—

(1) Applicable power or thrust condi-
tion set forth in paragraph (e) of this
section;

(2) Propellers in the takeoff posi-
tion;

(3) Airplane in the condition existing
in the test in which Vs, is being used;
and

(4) Weight used when Vs, is being
used as a factor to determine compli-
ance with a required performance
standard.

(d) Vso and Vs, must be determined
by flight tests, using the procedure
specified in § 23.201.

(e) The following power or thrust
conditions must be used to meet the
requirements of this section:

(1) For reciprocating engine-powered
airplanes, engines idling, throttles
closed or at not more than the power
necessary for zero thrust at a speed
not more than 110 percent of the stall-
ing speed.

(2) For turbine engine-powered air-
planes, the propulsive thrust may not
be greater than zero at the stalling
speed, or, if the resultant thrust has
no appreciable effect on the stalling
speed, with engines idling and throt-
tles closed.

[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-7, 34 FR 13086,
Aug. 13, 1969; Amdt. 23-21, 43 FR 2317, Jan.
16, 1978]
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§ 23.51 Takeoff.

(a) For each airplane (except a ski-
plane for which landplane takeoff
data has been determined under this
paragraph and furnished in the Air-
plane Flight Manual) the distance re-
quired to takeoff and climb over a 50-
foot obstacle must be determined
with—

(1) The engines operating within ap-
proved operating limitations; and

(2) The cowl flaps in the normal
takeoff position.

(b) For multiengine airplanes, the
lift-off speed, VLOF, may not be less
than VMc determined in accordance
with § 23.149.

(¢) Upon reaching a height of 50 feet
above the takeoff surface level, the
airplane must have reached a speed of
not less than the following:

(1) For multiengine airplanes, the
higher of—

(i) 1.1 Vmc; or

(ii) 1.3 Vs,, or any lesser speed, not
less than Vx plus 4 knots, that is
shown to be safe under all conditions,
including turbulence and complete
engine failure.

(2) For single engine airplanes—

(i) 1.3 Vs,; or

(ii) Any lesser speed, not less than
Vx plus 4 knots, that is shown to be
safe under all conditions, including
turbulence and complete engine fail-
ure.

(d) The starting point for measuring
seaplane and amphibian takeoff dis-
tance may be the point at which a
speed of not more than three knots is
reached.

(e) Takeoffs made to determine the
data required by this section may not
require exceptional piloting skill or ex-
ceptionally favorable conditions.

[Amdt. 23-21, 43 FR 2317, Jan. 16, 1978]

§23.65 Climb: Ali engines operating.

(a) Each airplane must have a steady
rate of climb at sea level of at least 300
feet per minute and a steady angle of
climb of at least 1:12 for landplanes or
1:15 for seaplanes and amphibians
with—

(1) Not more than maximum contin-
uous power on each engine;

(2) The landing gear retracted;
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(3) The wing flaps in the takeoff po-
sition; and

(4) The cowl flaps or other means
for controlling the engine cooling air
supply in the position used in the cool-
ing tests required by §§ 23.1041
through 23.1047.

(b) Each airplane with engines for
which the takeoff and maximum con-
tinuous power ratings are identical
and that has fixed-pitch, two-position,
or similar propellers, may use a lower
propeller pitch setting than that al-
lowed by § 23.33 to obtain rated engine
r.p.m. at Vx, if—

(1) The airplane shows marginal per-
formance (such as when it can meet
the rate of climb requirements of
paragraph (a) of this section but has
difficulty in meeting the angle of
climb requirements of paragraph (a)
of this section or of § 23.77); and

(2) Acceptable engine cooling is
shown at the lower speed associated
with the best angle of climb.

(c) Each turbine engine-powered air-
plane must be able to maintain a
steady gradient of climb of at least 4
percent at a pressure altitude of 5,000
feet and a temperature of 81 degrees F
(standard temperature plus 40 degree
F) with the airplane in the configura-
tion prescribed in paragraph (a) of
this section.

[Amdt. 23-21, 43 FR 2317, Jan. 16, 1978]

§ 23.67 Climb: one engine inoperative.

(a) Each reciprocating engine-pow-
ered multiengine airplane of more
than 6,000 pounds maximum weight
must be able to maintain a steady rate
of climb of at least 0.027 Vs, (that is,
the number of feet per minute is ob-
tained by multiplying the square of
the number of knots by 0.027 at an al-
titude of 5,000 feet with the—

(1) Critical engine inoperative, and
its propeller in the minimum drag po-
sition;

(2) Remaining engines at not more
than maximum continuous power;

(3) Landing gear retracted;

(4) Wing flaps in the most favorable
position; and

(5) Cowl flaps in the position used in
the cooling tests required by
§§ 23.1041 through 23.10417.
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(b) For reciprocating engine-pow-
ered multiengine airplanes of 6,000
pounds or less maximum weight, the
following apply:

(1) Each airplane with a Vs, of more
(than 61 knots must be able to main-
tain a steady rate of climb of at least
0.027 Vs, (that is, the number of feet
per minute is obtained by multiplying
the square of the number of knots by
0.027), at an altitude of 5,000 feet with
the—

(i) Critical engine inoperative and its
propeller in the minimum drag posi-
tion;

(ii) Remaining engines at not more
than maximum continuous power,

(iii) Landing gear retracted;

(iv) Wing flaps in the most favorable
position; and

(v) Cowl flaps in the position used in
the cooling tests required by
§8 23.1041 through 23.1047.

(2) For each airplane with a stalling
speed of 61 knots or less, the steady
rate of climb at 5,000 feet must be de-
termined with the—

(i) Critical engine inoperative and its
propeller in the minimum drag posi-
tion;

(ii) Remaining engines at not more
than maximum continuous power;

(iii) Landing gear retracted;

(iv) Wing flaps in the most favorable
position; and

(v) Cowl flaps in the position used in
the cooling tests required by
§§ 23.1041 through 23.1047.

(¢) For turbine-powered multiengine
airplanes the following apply:

(1) The steady gradient of climb
must be determined at each weight, al-
titude, and ambient temperature
within the operational limits estab-
lished by the applicant, with the—

(i) Critical engine inoperative, and
its propeller in the minimum drag po-
sition;

(ii) Remaining engines at not more
than maximum continuous power or
thrust;

(iii) Landing gear retracted;

(iv) Wing flaps in the most favorable
position; and

(v) The means for controlling the
engine cooling air supply in the posi-
tion used in the engine cooling tests

required by §§ 23.1041 through
23.10417.
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(2) Each airplane must be able to
maintain the following climb gradients
with the airplane in the configuration
prescribed in paragraph (c)(1) of this
section:

(i) 1.2 percent (or, if greater, a gradi-
ent equivalent to a rate of climb of
0.027 Vs,?) at a pressure altitude of
5,000 feet and standard temperature
(41 degrees F).

(ii) 0.6 percent (or, if greater, a gra-
dient equivalent to a rate of climb of
0.014 Vs,?) at a pressure altitude of
5,000 feet and 81 degrees F (standard
temperature plus 40 degrees F).

(3) The minimum climb gradient
specified in paragraphs (¢)(2) (i) and
(ii) of this section must vary linearly
between 41 degrees F and 81 degrees F
and must change at the same rate up
to the maximum operating termpera-
ture approved for the airplane.

(4) In paragraphs (c)(2) (i) and (ii) of
this section, rate of climb is expressed
in feet per minute and Vs, is expressed
in knots.

(d) For all multiengine airplanes, the
speed for best rate of climb with one
engine inoperative must be deter-
mined.

[{Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-7, 34 FR 13086,
Aug. 13, 1969; Amdt. 23-21, 43 FR 2317, Jan.
16, 1978)

§ 23.75 Landing.

For airplanes (except skiplanes for
which landplane landing data have
been determined under this section
and furnished in the Airplane Flight
Manual), the horizontal distance nec-
essary to land and come to a complete
stop (or to a speed of approximately 3
knots for water landings of seaplanes
and amphibians) from a point 50 feet
above the landing surface must be de-
termined as follows:

(a) A steady gliding approach with a
calibrated airspeed of at least 1.3 Vs,
must be maintained down to the 50-
foot height.

(b) The landing may not require ex-
ceptional piloting skill or exceptional-
ly favorable conditions.

(c) The landing must be made with-
out excessive vertical acceleration or
tendency to bounce, nose over, ground
loop, porpoise, or water loop.
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(d) It must be shown that a safe
transition to the balked landing condi-
tions of § 23.77 can be made from the
conditions that exist at the 50-foot
height.

(e) The pressures on the wheel brak-
ing system may not exceed those spec-
ified by the brake manufacturer.

(f) Means other than wheel brakes
may be used if that means—

(1) Is safe and reliable;

(2) Is used so that consistent results
can be expected in service; and

(3) Is such that exceptional skill is
not required to control the airplane.

(Amdt. 23-21, 43 FR 2318, Jan. 16, 1978]

§ 23.77 Balked landing.

(a) For balked landings, each air-
plane must be able to maintain a
steady angle of climb at sea level of at
least 1:30 with—

(1) Takeoff power on each engine;

(2) The landing gear extended; and

(3) The wing flaps in the landing po-
sition, except that if the flaps may
safely be retracted in two seconds or
less without loss of altitude and with-
out sudden changes of angle of attack
or exceptional piloting skill, they may
be retracted.

(b) Each turbine engine-powered air-
plane must be able to maintain a
steady rate of climb of at least zero at
a pressure altitude of 5,000 feet at 81
degrees F (standard temperature plus
40 degrees F'), with the airplane in the
configuration prescribed in paragraph
(a) of this section.

[Amdt. 23-21, 43 FR 2318, Jan. 16, 1978]
FLIGHT CHARACTERISTICS

§ 23.141 General.

The airplane must meet the require-
ments of §§ 23.143 through 23.253 at
the normally expected operating alti-
tudes without exceptional piloting
skill, alertness, or strength.

[Amdt. 23-17, 41 FR 55464, Dec. 20, 1976]

CONTROLLABILITY AND
MANEUVERABILITY
§ 23.143 General.

(a) The airplane must be safely con-
trollable and maneuverable during—
(1) Takeoff;
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(2) Climb;

(3) Level flight;

(4) Dive; and

(5) Landing (power on and power off
with the wing flaps extended and re-
tracted).

(b) It must be possible to make a
smooth transition from one flight con-
dition to another (including turns and
slips) without danger of exceeding the
limit load factor, under any probable
operating condition (including, for
multiengine airplanes, those condi-
tions normally encountered in the
sudden failure of any engine).

(c) If marginal conditions exist with
regard to required pilot strength, the
“strength of pilots” limits must be
shown by quantitative tests. In no case
may the limits exceed those prescribed
in the following table:

Values in pounds of force as
applied to the control wheel or
rudder pedals

Pitch Roll Yaw

(a) For temporary  application:
SUCK ..ot
Wheel (applied to nm)...
Rudder pedal

(b) For prolonged application....... 10 5 20

[Doc. No, 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-14, 38 FR 31819,
Nov. 19, 1973; Amdt. 23-17, 41 FR 55464,
Dec. 20, 1976]

§ 23.145 Longitudinal control.

(a) It must be possible, at speeds
below the trim speed, to pitch the nose
downward so that the rate of increase
in airspeed allows prompt acceleration
to the trim speed with—

(1) Maximum continuous power on
each engine and the airplane trimmed
at Vx;

(2) Power off and the airplane
trimmed at a speed determined in ac-
cordance with §23.161(c)(3) or (4) as
appropriate or at the minimum trim
speed, whichever is higher; and

(3) Wing flaps and landing gear (i)
retracted, and (ii) extended.

(b) With the landing gear extended
no change in trim or exertion of more
control force than can be readily ap-
plied with one hand for a short period
of time may be required for the follow-
ing maneuvers:
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(1) With power off, flaps retracted,
and the airplane trimmed at 1.4Vs, or
the minimum trim speed, whichever is
higher, extend the flaps as rapidly as
possible and allow the airspeed to
transition from 1.4Vs, to 1.4Vs,, or if
appropriate from the minimum trim
speed to a speed equal to Vs, increased
by the same percentage that the mini-
mum trim speed at the initial condi-
tion was greater than Vs,.

(2) With power off, flaps extended,
and the airplane trimmed at 1.4V, or
the minimum trim speed, whichever is
higher, retract the flaps as rapidly as
possible and allow the airspeed to
transition from 1.4Vs, to 1.4Vs,, or if
appropriate, from the minimum trim
speed to a speed equal to 1.4Vs, ir-
creased by the same percentage thet
the minimum trim speed at the initial
condition was greater than V..

(3) Repeat paragraph (b)(2) of this
section except with maximum continu-
ous power.

(4) With power off, flaps retracted,
and the airplane trimmed at a speed
determined in accordance with
§ 23.161 (cX(3) or (4), as appropriate or
at the minimum trim speed, whichever
is higher, apply takeoff power rapidly
while maintaining the same airspeed.

(5) Repeat subparagraph (4) of this
paragraph, exce . with the flaps ex-
tended.

(6) With puwe. off, flaps extended,
and the airplane trimmed at a speed
determined in accordance with
§ 23.161 (c¢)(3) or (4), as appropriate or
at the minimum trim speed, whichever
is higher, obtain and maintain air-
speeds between 1.1 Vs, and either 1.7
Vs, or Vs, whichever is lower.

(c) It must be possible to maintain
approximately level flight when flap
retraction from any position is made
during steady horizontal flight at 1.1
Vs, with simultaneous application of
not more than maximum continuous
power.

(d) It must be possible, with a pilot
control force of not more than 10
pounds, to maintain a speed of not
more than the speed determined in ac-
cordance with § 23.161(c)(4), during a
power-off glide with landing gear and
wing flaps extended.

(e) By using normal flight and power
controls, except as otherwise noted in
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paragraphs (e)(1) and (e)(2), it must
be possible in the following airplanes
tc establish a zero rate of descent at
an attitude suitable for a controlled
landing without exceeding the oper-
ational and structural limitations of
the airplane:

(1) For single engine and multien-
gine airplanes, without the use of the
primary longitudinal control system.

(2) For multiengine airplanes—

(i) Without the use of the primary
directional control; and

(ii) If a single failure of any one con-
necting or transmitting link would
affect both the longitudinal and direc-
tional primary control system, without
the primary longitudinal and direc-
tional control system.

[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964,
as amended by Amdt. 23-7, 3¢ FR 13086,
Aug. 13, 1969; Amdt. 23-14, 38 FR 31819,
Nov. 19, 1973; Amdt. 23-17, 41 FR 55464,
Dec. 20, 1976]

§ 23.147 Directional and lateral control.

(a) For each multiengine airplane, it
must be possible to make turns with 15
degrees of bank both towards and
away from an inoperative engine, from
a steady climb at 1.4 Vs, or Vy with—

(1) One engine inoperative and its
propeller in the minimum drag posi-
tion;

(2) The remaining engines at not

more than maximum continuous
power;

(3) The rearmost allowable center of
gravity;

(4) The landing gear (i) retracted,
and (ii) extended,;

(5) The flaps in the most favorable
climb position; and

(6) Maximum weight.

(b) For each multiengine airplane, it
must be possible, while holding the
wings level within five degrees, to
make sudden changes in heading
safely in both directions. This must be
shown at 1.4 Vs, or Vy with heading
changes up to 15 degrees (except that
the heading change at which the
rudder force corresponds to the limits
specified in § 23.143 need not be ex-
ceeded), with the—

(1) Critical engine inoperative and
its propeller in the minimum drag po-
sition;
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(2) Remaining engines at maximum
continuous power;

(3) Landing gear (i) retracted, and
(ii) extended;

(4) Flaps in the most favorable climb
position; and

(5) Center of gravity at its rearmost
allowable position.

§23.149 Minimum control speed.

(a) VMc is the calibrated airspeed, at
which, when the critical engine is sud-
denly made inoperative, it is possible
to recover control of the airplane with
that engine still inoperative and main-
tain straight flight either with zero
yaw or, at the option of the applicant,
with an angle of bank of not more
than five degrees. The method used to
simulate critical engine failure must
represent the most critical mode of
powerplant failure with respect to con-
trollability expected in service.

(b) For reciprocating engine-powered
airplanes, VMc may not exceed 1.2 Vs,
(where Vs, is determined at the maxi-
mum takeoff weight with—

(1) Takeoff or maximum available
power on the engines;

(2) The most unfavorable center of
gravity;

(3) The
takeoff;

(4) The maximum sea level takeoff
weight (or any lesser weight necessary
to show VmMc);

(5) Flaps in the takeoff position;

(6) Landing gear retracted;

(7) Cowl flaps in the normal takeoff
position;

(8) The propeller of the inoperative
engine—

(i) Windmilling;

(ii) In the most probable position for
the specific design of the propeller
control; or

(iii) Feathered, if the airplane has
an automatic feathering device; and

(9) The airplane airborne and the
ground effect negligible.

(¢) For turbine engine-powered air-
planes, VMc may not exceed 1.2 Vs,
(where Vs, is determined at the maxi-
mum takeoff weight) with—

(1) Maximum available
power or thrust on the engines;

(2) The most unfavorable center of
gravity;

airplane trimmed for

takeoff
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(3) The trimmed for
takeoff;

(4) The maximum sea level takeoff
weight for any lesser weight necessary
to show VmMc);

(5) The airplane in the most critical
takeoff configuration except with the
landing gear retracted; and

(6) The airplane airborne and the
ground effect negligible.

(d) At VmMmc, the rudder pedal force
required to maintain control may not
exceed 150 pounds, and it may not be
necessary to reduce power or thrust of
the operative engines. During recov-
ery, the airplane may not assume any
dangerous attitude and it must be pos-
sible to prevent a heading change of
more than 20 degrees.

[Amdt. 23-21, 43 FR 2318, Jan. 16, 1978]

airplane

§ 23.151 Acrobatic maneuvers.

Each acrobatic and utility category
airplane must be able to perform
safely the acrobatic maneuvers for
which certification is requested. Safe
entry speeds for these maneuvers
must be determined.

§ 23.153 Control during landings.

For an airplane that has a maximum
weight of more than 6,000 pounds, it
must be possible, while in the landing
configuration, to safely complete a
landing without encountering forces in
excess of those prescribed in
§ 23.143(c) following an approach to
land:

(a) At a speed 5 knots less than the
speed used in complying with § 23.75
and with the airplane in trim or as
nearly as possible in trim;

(b) With neither the trimming con-
trol being moved throughout the ma-
neuver nor the power being increased
during the landing flare; and

(c) With the thrust settings used in
demonstrating compliance with
§ 23.75.

[Amdt. 23-14, 38 FR 31819, Nov. 19, 1973]

§ 23.155 Elevator control force in maneu-
vers.
(a) The elevator control force

needed to achieve the positive limit
maneuvering load factor may not be
less than:
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(1) For wheel controls, W/100
(where W is the maximum weight) or
20 pounds, whichever is greater,
except that it need not be greater
than 50 pounds; or

(2) For stick controls, W/140 (where
W is the maximum weight) or 15
pounds, whichever is greater, except
that it need not be greater than 35
pounds.

(b) The requirement of paragraph
(a) of this section must be met with
wing flaps and landing gear retracted
under each of the following condi-
tions:

(1) At 75 percent of maximum con-
tinuous power for reciprocating en-
gines, or the maximum power oOr
thrust selected by the applicant as an
operating limitation for use during
cruise for reciprocating or turbine en-
gines.

(2) In a turn, after the airplane is
trimmed with wings level at the mini-
mum speed at which the required
normal acceleration can be achieved
without stalling, and at the maximum
level flight trim speed except that the
speed may not exceed Vyg or Vyo/Myo,
whichever is appropriate.

(¢) Compliance with the require-
ments of this section may be demon-
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