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FOREWORD

This preliminary draft of handling qualities requirements for lifting
re-entry vehicles during terminal flight was prepared for the United States
Air Force by Cornell Acronoutical Laboratory, Inc., Buffalo, New York in
partial fulfillment of Project 580A, Contract F33615-70-C-1755. This report
covers work performed during the period from July 1970 through June 1971.

The investigaticons under this contract were performed by the Flight
Research Department of Cornell Aeronautical Laboratory (CAL) under sponsor-
ship of the Air Force Flight Dynamics Laboratory (AFFDL), Wright-Patterson
Air Force Base, Ohio. Mr. James Pruner and Terry Neighbor (AFFDL/FGC) weire
project engineers for the Flight Dyramics Laboratory.

Project engineer for CAL wes Mr. D.A, Di-ranco. Mr. DiFranco and
Mr. J.F, Mitchell were principal investigators throughout the project. Some
valuzble contribt:utions were made by Robert Radford. The investigation was
under the general supervision of Mr. C.R. Chalk, whose comments were of
invaluable assistance. He also participated in handling qualities review
meetings and reviewed the final repert.

As part of this investigation, handling qualities review meetings
were held with some of the interested contractors and government agencies.
The assistance of all of “honse who participated in these discussions is
gratefully acknowledged. Thelr comments, suggestions, and information that
they supplied were of assistance in preparing this preliminary draft of
handling qualities requiremenis. The contractors and government agencies
visited are listed below:

NASA/Marshall Space Flight Center

Lockheed Gzorgia Company

NASA/Manned Spacecraft Center

Martin Marietta Corporation/Denver Mivision
McDoniiell-Pouglas Astronautics Corporation, East
NASA/Ames Research Center

General Dynamics/Convair Aerospace

dorth American Rockvwell/Los Angele: Division

C o N T D W N e

NASA/Flight Research Center

[
<

Air Force Flight Test Center.

ii




&

} The contractor's report number is BM-2995-F-1. This report was
; submitted by the authorc on May 13, 1971,

f This technical report has been reviewed and is approved.

o W/
E T, REST S

Chief, Control Criteria Branch
Flight Control Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

Preliminary handling qualities rc¢ ,uirements for lifting re-entry
vehicles during terminal flight at low supexsonic, transonic, and subsonic
speeds are presented and discussed. Include. are a preliminary draft of a
flying qualities specification for piloted re entry venicles and the rationsale
and backup data upon which the flying qualitice requirements are based.

Many of the requirements were adapted 1som, or are similar to, the require-
ments for piloted airplanes presented in the latest revision of the flying
qualities specification for military airplanes, {{IL-F-8785B(ASG). Some
requirements that are new and unique to lifting -e-zntry vehicles have been
added. The format of the specification is simila: to that of MIL-F-8785B(ASG),
therefure, comparison of flying qualities requirements of lifting re-entry
vehicles and airplanes is facilitated. These flyiny qualities requirements

are preliminary and subject to revisions based on fu%ure research and additional
discussions with interested contractors and government agencies.
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LIST OF SYMBOLS AND ABBREVIATIONS

Symbols
ay Longitudina: acceleration parallel to the flight path, g's
b Wing span, ft
£ Mean aerodynamic chord, ft
C, Lift coefficient
ah%)max Maximum operational 1ift coefficieut
dy, Generalized discrete gust length (always positive),
m=%,4, ?‘ (ft)
D Aerodynamic drag, parallel to flight path, 1b
Fs Elevator control force, applied by pilot, 1b
Fs/n Cradient of steady-state elevator contrcl force versus »
at constant speed, 1lb/g
F;/z Gradient of steady-state clevator control force versus
angle of attack for constant speed, 1lb/deg
9 Acceleration of gravity, ft/sec2
h Height above ground level (AGL) or above mean
sea level (MSL), ft
h? Altitude change during flare, ft
hﬁb Altitude change during fleat, ft
hpax Maximum service altitude, ft
h Maximum operational altitude, ft
Ormax
h, . Minimum operational altitude, ft
Omin
I;,ZQ,I} Moments.of inertia about %, ¢, and 3. axes,
vespectively, slug-ft2
-1;7‘ Product of inertia, slug~ft2
1
j /1
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y Ratio of "commanded roll performance' to '"applicable roll
: performance requirement" of 3.3.4 or 3.3.4.1, where:

(a) *Applicable rell performance requirement',

3 3 7
(Q%)requirement’ is determined from 3.3.4 and 3.3.4.1

for the Class, Flight Phase Category and Level under
consideration,

AR AT RN T e L

(b) 'Commanded roll performance", (%) g0 is the

comman
bank angle artained in the stated time for a given step
aileron command with rudder pedals employed as
specified in 3.3.4 and 3,3.4.1

(@) command
(a¥)n@¢ﬁzme”t
M% Lower limit on the maximum attainable load factor, g's
K%‘ Gain constant of the altitude-elevator transfer function
e
B& Feedback gain of pitch rate to the elevator,k%==é§/é
k&’ Gain constant of velocity-elevator transfer function
(4
< kag Gain constant of flight path-elevator transfer function
B (4
b R . . :
H k@s Gain constant of pitch attitude-elevator transfer function
X e
¢ L Aerodynamic 1ift plus thrust component, normal to the

flight path, 1b

3%
-
S
-

=
Ry

Average lifc-to-drag ratio in the float

XXix

. (&/Dger Effective 1lift-to-drag ratio during flare

? 7). Maximum 1ift-to-drag ratio

; L Rolling moment about the x-axis, including thrust effects, ft-1b
: { of | :

;‘: t.l‘- :-.""I';"_—"“: 3¢ =ﬂ,ﬁ,5‘5,5pp,p,f‘

§ -t

S ' I,: I"i . . .

; L = |1 ~§T_ft° b~ I Nils £ =8,8,%s35p1 s T
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Symbols
L, Scale for 4y ft
L. Scale for z/é , ft
byr Scale fora{?, ft
Mass of airplane, slugs
Mach number
Pitching moment about the y-axis, including thrust effects, ft-1b
1 M .
M; —f;' ETR Yl e,0,5,6,9:
n Normal acceleration or normal load factor, measured at the
c.g., g's
ﬂ/ab The steady-state normal acceleration change per unit change
in angle of attack for an incremental elevator deflection at
constant speed (airspeed and Mach number), g's/rad
779 Load factor normal to the flight path, measured at the
c.g., g's
n, Symmetrical flight limii lcad factor for a given Airplane
Normal State, based on structural considerations, g's
Mrmay 2 Pmnin Maxinum and minimum Sexrvice load factors, g's
n{+), nf-) For a given altitude, the upper and lower boundaries of » in
the V-n diagrams depicting the Service Flight Envelope, g's
Mgy * 70, Maximum and minimum Operational load factcrs, g's
"y win
7, (4) 3 Py ) For a give::n alt:imxdef ti}e upper and 19wer bour.xdaries of 7, in
the V-n diagrams depicting the Operational Flight Envelope, g's
7’5é Normal acceleration change with elevator deflection due to
elevator 1 ft, g's/deg
N Yawing moment about the 3 axis, including thrust effects, ft-1b
I BN . .
N; - ST 16T h B %s 1 s T
. 64
7
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Roll rate about the x-axis, rad/sec

-

-

Rolling velocity due to random gust, rad/sec

Amplitude of roll rate response at Dutch roll peaks for
step aileron input, rad/sec

A measure of the ratio of the cscillatory component of roil
rate to the average component of roll rate following a rudder-
pedals-free step aileron control command
Fosc Pt s~ 20,
Zd £ 0.2 =
Lay £, ’Pg "2f2
. Thsc P1-Pa
5> 02: =
“av £+ 7
where 4, f, and P, are roll rates at the first, second and
third peaks, respectively

Phase angle between roll rate and sideslip in the free Dutch
roll oscillation. Angle is positive when p leads B, deg

Period of the dynamic motion, sec

Dynamic pressure, lb/ft2

Operational dynamic pressure

Pitch rate, rad/sec

Pitching velocity due to random gust, rad/sec
Pitch rate peak to peak amplitude, rad/sec
Yaw rate, rad/sec

Yawing velocity due to random gust, rad/sec
Lavlace transform variable, sec”!

Wing area, ft2

Average sink rate during flcat, ft/sec

Time, sec
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Symbols

£

LQ&

X

=

»)

Flare time, time from flare initiaticn with ¥ = zb to flare
completion when?% % 0, sec

Fioat time, time fror the completion of flare (o, ~0) to
touchdown, sec e

Time for the Dutch roll conponent of the sideslip response to
reach the ath local maximum for a right step or pulse ailercn-
contrcl command, or the nth local minimum for a left command.
In the even. a step control input cannot be accomplished, the
control shall be moved as abruptly as practical and, for pur-
poses of this definition, time shall be measured frem the
instant the cockpit control deflection passes through half the
amplitude of the commanced value. For pulse inputs, time
shall be measured from a point halfway through the duration
of the pulse.

) -069%
Time to double amplitude,Tz= /éu% for an oscillation,
T,= -06937 for a first-order divergence, sec

Reciaroral of time to,damp to half amplitude,ffﬁg = qu£595
for an eoscillation, ’/73& = 0.6937 for a first-order
convergence, sec~1

Inverse time constant of first-order representation of
elevator-servo dynamics, sec-l

Lowest-frequency zero of the altitude-elevator transfer
function

The first-order zeroes of the coastant-speed attitude-elevator
transfer function, sec-1

Ingremental velocity along the x reference axis, ft/sec
Random gust velocity along the x boudy axis, ft/sec
Incremental velocity along the y reference axis, ft/sec
Random gust velocity along the y body axis, ft/sec

Generalized discrete gust velocity, positive along the positive
aiiplane body axes,m:z)g,?,ft/sec

Airspeed, ft/sec unless otherwise noted

Average speed during the flare, ft/sec unless otherwise noted
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Symbols

V%mx
Vﬁh?

Vel

Speed at flare completion or speed at float initiation,
ft/sec, unless otherwise noted

Speed at flare initiation, ft/sec munless ctherwise noted
Maximum service speed, ft/sec unless otherwise noted
Minimum service speed, ft/sec unless otherwise noted

Speed for maximum rate of climb, ft/sec unless otherwise
noted

Stall speed (equivalent 2irspeed), at 1 g nesmal to the fiight
path, defined as the highest of:

- speed for steady straight flight at CLmax’ the first

local maximum of the curve cf Jift coefficient (L/qS) vs.
angle of attack which occurs as CL is increased from zero

- speed at which abrup% controilable pitching, roliing or
yawing occurs; i.e., loss of control about a single axis

- speed at which intolerable buffet or structural vibration
is encountered

(Note that 3.1.9.2.1 allows an alternative definition of V
in some cases.)

S
Speed at touchdown, ft/sec unless otherwise noted

Initial flight path velocity, ft/sec

Maximum operational speed, ft/sec unless othexrwise notad
Minimum operaticnal speed, ft/sec unless otherwise noted
Weight of the airplane, 1lb

Incremental velocity along the % reference axis, ft/sec

Pandon gust velocity along the % body axis, ft/sec

Body-fixed axis of the airplane, along the projection of the
undisturbed (txim or operating-point) velccity onto the plane

of symmetry, with its origin at the c.g.

Horizoncal distance over or along the ground, ft

XXX 11




¥ <

M

¥

~.

&

Horizontal distance traveled during flare, ft
Horizontal distance traveied during float, ft

Force aleng the x axis, aerodynamic plus thrust, 1b

f ax . .
T where [ - «,@,8,,8,q9,«
Body-fixed axis of the airplane perpendicular to the plane of
symmetry directed out the right wing, with its origin at
the c.g.

Side force along the y axis, aerodynamic plus thrust
compenent, lb

= ! 3y . 5

= paviry 1= 8,813,513p:P 7

Body-fixed axis of the airplane, directed downward perpen-
dicular to the x and y axes, with its origin at the c.g.

Force along g.axis, ib

! 8% . -
S LT, 8,5,0,9,u

Angle of attack, the angle in the plane of symmetry between
the fuselage reference line and the tangent to the flight path
at the airplane center of gravity, rad unless otherwise noted

Angle of attack for zero lift, rad unless othe:zwise noted

The stall angle of attack at constant speed for the configura-
tion, weight, center-of-gravity position and external-store
combination associated with a given Airplane Normal State;
defined as the highest of the following:

~ Angle of attack for the highest steady load factor, normal

to the flight path, that can be attained at a given speed
or Mach number

- Angle of attack, for a given speed or Mach number, at
which abrupt unceantrollable pitching, rolling or yawing
occurs, i.c., loss of control about a single axis

- Angle of attack, for a given speed or Mach number, at
which intolerable buffeting is encountered

XKLV




T TR AT

e

o ey 3 eres

o

ﬁ' y d’m R S A ST e it A D R o e e S B L . e R

Symkols

By

Y

SO

EGM
A}

)
W

Sideslip angle at the center of gravity, angle between
undisturbed flow and plane of symmetry. Positive, or right,
sideslip corresponds to incident flow approaching from the
right side of the plane of symmetyry, rad unless otherwise
noted

Maximun sideslip excursion at the c¢.g., occurring within two
seconds or one half-pericd of the Dutch roll, whichever is
greater, for a step aileron-control command, rad unless
otherwise noted
: . . = ! d&

Atmospheric density decay parameter defined by ﬂ'==—;; =5
-1 vertical speed

true airspeed ’
rad unless otherwise noted

Ciimb angle, = sin positive for climb,

Average flight path angle in the fleat, rad unless otherwise
noted

Flight path angle at flare completion, rad unless otherwise
noted

Flight path angle at flare initiation or equilibrium glide
angle at flare initiation, rad unless otherwise noted

Flight path angle during equilibrium glide, rad unless
otherwise noted

Used in combination with other parameters to denotc a
change from the initial value

Aileron surfacz deflection, rad unless otherwise noted
Elevator surface deflection, rad unless otherwise noted
Rudder surface deflection, rad wmless otherwise noted
Rudder pedal deflection, in.

Dampinv ratio of the elevater feel system

Damping ratio of the Dutch roll oscillation

Damping ratio cf the phugoid oscillation

Damping ratio of the roll-spiral oscillation
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§ymbols
Zsp
e

EFF

6a7 6;,-' > 610’

.-;9-

Posc
Pav

Damping ratio of the longitudinal short-period oscillation

Pitch angle, ar-.e between the fuselage reference line and
the horizontal, rad uniess otherwise noted

. . 3
Air density, slug/ft

Real part of a complex dynamic root, sec”!

N - ]
Root-mean-square gust intensity, where Gz xfé(n)d;):fww)a’w
4 ]

Effective P10 parameter

Roct-mean-square intensities of g y’,ug respectively

9%
First-order roll mode time constant, positive for a
stable mode, sec

First-order spiral mode time constant, positive for a stable
node, sec

First-order zerc of velocity-elevator transfer function, sec-1
First-order zero of flight path-elevator transfer function, sec'1

Bank angje measured in the y-3 plane, between the ¢ axis and
the horizontal, rad unless otherwise noted

Initial peak magnitude in bank angle, rad unless otherwise
noted

Bank angle change in time ¢ , in response to control
deflection of the form given in 3.3.4, deg

A measure of the ratio of the oscillatory component of bank
angle to the average component of bank angle following a
rudder-pedals~free impulse aileron control command

3% 02: Posc | P+ & - 2%

¢ﬂV wy i ¢3 '2¢2
Zd > 0'2 . ¢0.6 = ¢5’¢2
¢;V G] “¢z

where @ ,d, and ¥, are bank angles at the first, second and
third peaks, respectively
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Symbols

3 }%—l At any instant, the ratio of amplitudes of the bank-angle and
% d sideslip-angle envelopes in the Dutch-roll mode
] @u ©) Spectrum for Uy s whers @wq(n)=V¢u(w), (ft/sec)z/(rad/ft)
4 9 q
4 . 2
6 gﬁ%(_:)_) Spectrum for v, , where %(a)w@@(w), (ft/sec)“/(rad/ft)
: ¢ . 2
= sac)
: @wa(ﬂ) Spectrum for Wy where @k{?(n)_ V¢‘,9(a)) (ft/ssc)“/rad/ft)
¢ Phase angle in a cosine representaticn of the Dutch roli
A component of sideslip - negative for a lag
. -360 .
; 1& = 7 t,,ﬂ + (m-1) 360 (dayrecs)
H
g with 7 as in t”,y above
w Temporal frequency, rad/sec, where @ = 2V
@ Imaginary part of a complex dynamic root, sec:.'l
: i
', N “-’nc5 Undamped natural frequency of the c¢levator feel system, rad/sec
E § @, Undamped natural frequency of the Dutch roll oscillation,
SN d rad/sec
4 ¥
: g w”f Phugoid undamped natural frequency, rad/sec
.
E 3 @y Undamped natural frequency of the short-period
: 3P oscillation, rad/sec
3
§
: % Wes Roll-spiral undamped natural frequency, rad/sec
3 ‘ ol Longitudinal spatial reduzed frequency ‘
E % i
4 g T »
1 = —- s —, rad/ft
s { = 7 VA /
] Abbreviations
: c.g. Center of gravity
CL Climb
1 3 exp () The Napierian logarithmic base (e = 2.718...) raised to
the power indicated
; PA Power approach
A
i XXxXvii
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Abbreviations

P10

PR

Pilot-induced oscillation
Piiot rating

Root mean square

Rate of climb

Stabjlity augmentation system
Space shuttle vehicle

A dozfabove a symbcl signifies the time derivative, e.g.,
& = 2%

A prime used in conjunction with &p,, . 345, @n.,, %os ;s
Uh}g or hﬁ;, denotes stick-free values of the psrameters
when the stick-free and stick-fixed values are not the same
(e.g., Wngp ot ¥gp). ln particular, this notation is used
when bobweighits or Hyx, caused the airplane response to

feed back to the stick, umprimed parameters denoting values
with the stick-fixed or the bobtweight feedback loop open,
and primed parameters denoting stick-free values with the
feedback loop closed.
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Section |
INTRODUCT ION

Presented here are the handling qualities requirements for lifting
re-entry vehicles during terminal flight at low supersonic, transonic, and sub-
sonic speeds. These precliminary requirements are intended to apply to both
large and smail vehicles and vehicles frcm low to high cross-range based on
hypersonic L/D and normal load factors. They do not apply to essertially
ballistic re-entry vehicles with some limited cross-range capability. Since
on¢ of the purposes of many present and future experimental lifting re-entry
vehicles is to investigate the performance, stability and control, and handling
qualities in the lower atmosphere, the requirements presented here are subiect
to verification, revision, and extension based on additional flight test
results. Handling qualities data will alsc be obtained from research programs
in variable geometry aircraft, and in-flight and ground-based simulators.

At this point in the development of lifting re-entry vehicles,
operational vehicles have not been designed, and total operational missions,
flight phases, and the piloting tasks requ.red to perform these missions have
not as yet been adequately defined. An aptropriate definition of flight
phases and piloting tasks is dependent on a number of things such as mission,
guidance and navigation systems, cockpit displays, aad an adequate description
of vehicle and control system dynamics. An operational lifting re-entry
vehicle will be subjected to large variations in velocity, Mach number, and
dynamic pressure. These large changes in the environmental conditions and
vehicle dynamics must be considered in handling qualities reruirements. Some
of the problems associated with defining requirements throughout the flight
envelope of lifting re-entry vehicies are discussed in Reference 1,

If the specification of handling qualities requirements is restricted
to the lower speeds and terminal flight conditions of lifting re~entry, the
cpera*ional mission requirements become reasonably clear, The piiot must be
capable of successfully flying the vehicle to a predetermined landing site
under what are considercd operational flight conditions. The approach, flare,
and landing may have to be performed under IFR as well as VFR conditions.
Cruise, "go-around", or both will be valid parts of the mission when an
adeqnate onboard propuision system is provided,

When referring to '"operational' 1lifting re-entry vehicles the word
"cperational' is used in the usual sense, i.e., a large number of military
aircraft designed for a particular mission waich will be flown by the usual
population of miljtary pilots trained to fly such aircraft. The 1lifting
re-entry vehicles that have beep built to date have usually been "one-of-a-
kind" experimental vehicles flown by a limited number of skilled and highly
trained experimental test pilots. The flight envelopes of these cxperimental
vehicles have been restricted, and the vehicles have been flown generally
under what are considered ideal flight conditions, such as VFR flight, large
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landing fields, and limited cross-winds and gusts. It is also generally true
that "one-of-a-kind'* experimental vehicles in the past have been limited
budget vehicles in terms of cost. Since experimental lifting re-entry vehicles
are likely to be the rule rather than the exception for some time to come, the
requirements of experimental vehicles as well as those of operational vehicles
have been addressed in the preliminary handling qualities specification pre-
sented here. In general, minimum acceptable handling qualities for an
experimental vehicle performing an experimental mission will be inadequate

and unacceptable for the same vehicle under operational conditions, although
some specific requirements may be the same for both missions. In generzl,
acceptable handling qualities for the experimental mission will require
improvement before the vehicle can be considered operational,

At the present time, serious consideration is alsc being given to
very large specialized lifting re-entry vehicles such as the earth to orbit
Space Shuttle Vehicle with Booster and Orbiter stages. These vehicles will
not necessarily be "one-of-a-kind" vehicles, but they will be very sophisticated
vehicles; they will fly the total boost to re-entry mission profile. Design
requirements Sor optimizing payload will be very critical considerations.
Reliability requirements for the vehicle and its subsystems will be high
because of high program and vehicle costs, mission complexity, passenger
safety, and vehicle and environmental unknowns. Some of the requirements
in the handling qualities specification attempt to reflect these considerations,
although it is realized that no actual experience exists for such vehicles
upon which firm requirements can be based.

Handling qualities requirements for military aircraft are generally
specified in terms of ''open-loop" parameters of the vehicle that result in a
certain level of handling qualities when the pilot performs certain closed-
loop tasks. The same approach is used in the delineation of handling qualities
requirements fer lifting re-entry vehicles. In establishing requirements
based on specific open-loop parameters similar to those in MIL-F-8785B(ASG),
it is assumed that the vehicle is sustaired in flight by primarily aerodynamic
forces and controlled primarily by aerodynamic controls. This is a basic
assumption made in specifying the handling qualities requirements of piloted
airplanes (Reference 2). It is also ussumed that the essential aspects of
the vehicle dynamics, except for some very special exceptions, can be adequately
defined by a set of linear differential equations with constant coefficients,
and that the longitudinal and lateral-directional motions can be considered
uncoupled, or only slightly coupled.

It is assumed in specifying particular modal parameters that these
parameters adequately define the vehicle dynamics in response to atmospheric
disturbances and to pilot command control inputs. Command control inputs and
actual control surface motioric are not the same for a vehicle whose dynamics
are augmented by feedback loops to the control surface based on vehicle
responses. The only basic premise made in assuming the same modal parameters
for a. augmented and unaugmented vehicle is that the vehicle response is
essentially of the same order, at least from the point of view of handling
qualities. This will be true if the transfer functions of the responses to
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command control inputs have the same order characteristic equation and the
same order numerators as is generally true of unaugmented vehicles whose
dynamics can be defined adequately by constant coefficient equations of
motion. For the augmented vehicle response to be essentially of the same
order, any additional numerator or denominator terms introduced by the
augmentation system must have sufficiently high break point frequencies, or
be so arranged that they cancel one another such that small or negligible
effects on the basic character of the vehicle responses, which occur at
lewer frequencies, are evident,

Primary and secondary flight control system requirements as they
determine handling qualities are usually stated separately in terms of
mechanical characteristics, control ceatering, breakout forces, phase lags,
and other dynamic characteristics. This is the method used in MIL-F-§785B-
(ASG) and 18 also followed here. Such & procedure a2ssumes that the effect
of control system dynamics on handling qualities can, in fact, be specified
separately and can be related to the vehicle dynamics in the closed-loop
situation in a simple way. It is recognized that this is not always possible
and generalizations are not easy and must be approached with caution (see
References 3, 4, and 5).

It has been proposed by some that a simpler way cf specifying handling
qualities requirements for z large variety of higher order vehicle responses
that xesult from the use of various augmentation systems and feel systems,
fly-by-wire or otherwise, is to specify acceptable time history response
envelopes of the complete flight control system and vehicle combination.

Such a form of specification may be possible in specific cases, but ag:.in such

a generalized approach has yet to be devised as indicated by the results of
Reference 4.

In view of what has been said above, and subject to the stated limita-
tions as discussed above, the handling qualities reguirements specified here
apply to augmented as wel) as unaugmented vehicles. A few stability and
control requirements in MIL-F-8785B(ASG) are specifically related to control
surface motion rather than cockpit control motion. These requirements, when
applied to airplanes, are requirements on the unaugmented airplane or the
"bare airframe'. These requirements have been modified in this lifting re-entry
handling qualities specification sc that they do not refer to contrel surface
motions for the reasons stated in Section III when these particular require-
ments are discussed.

A vehicle sustained in flight primarily by aerodynamic forces implies
a lower limit on the operational dynamic pressures. A lower limit on opexr-
ational dynamic pressures (io,"”) for which the specified handiing qualities
are intended to apply can be determined from the following inequaiity
(Reference 1).




(k—lge ) min W

(1)
( L )mmr

(3e)pn =

(/? ) . lower limit on the maximum attainable
e/Mn  1oad factor in g's

(GL ) = maximum operational lift coefficient
°/max  (pnot limited by control power)

W = vehicle weight in pounds
S = reference area of vehicle in square feet

For sustained level_flight at minimum speed [maxmum operatlonal
lift coefficient, (C, ) 7/59 = 1.0. In_equilibrium glide flight at min-
imum speed and constant g11de %angle (2’) K = cos & . _Under such conditions,
assuming L/D = 1.0, the glide angle is 45 &grees and Idg becomes 0,707,
Although it is d1ff1cu1t to establish a definite lower 11m1t on (169 ),,,,,7 ,
(Kq )mm = 0.7 appears reasonable and will be considered, in lieu of a better
value, in determining the minimum value of dynamic pressure at which the
handling qualities requirements presented are expected to apply. The value
of (Gl..o) ,to be used in Equation (1) should be the maximum value attainable
for the vehlcle without limitations due to control power. Sustained operation
of lifting re-entry vehicles at dynamic pressures lower than those specified
by Equation (1) must be covered by special handling qualities requirements
not considered in this specification.

If the operational flight conditions of the vehicle are such that the
dynamic pressure variations with time are significant, handling qualities
requirements for sustained flight under those dynamic conditions must be
covered by special requirements not considered in this specification. Signifi-
cant dynamic pressure variations with time can be established based on the
following equation taken from Reference 1,

4z _ 2 av (2)
% —(-,av 5/n3’+—\z~;;— P
425 x 1074 g7l

PG < XY
A

= initial flight path velocity, ft/sec
3; = initial flight path angle, deg

= acceleration along the flight path, ft/ser:,2

S
<.
53
]

P = periocd of the dynamic motion, sec
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The period (P), is the time of significance for the dynamics under consider-
ation. In the case of short period motions, P may be the period of the
longitudinal short period, the Dutch roll, or the roll mode time constart. In
the case of longer period motions, P may be the phugoid period, or the spiral
mode time constant. When P is large, the trajectory conditions V, , sin 7 ,dV/a
need not differ greatly from the values in straight and level unaccelerated
flight before the dynamic pressure changes become significant during the

period of the motion.

How large the dynamic pressure changes must be before they signif-
icantly affect the dynamic motions has been investigated in a preliminary way
in References 6 and 7. It is apparent from these preliminary results that
both the character of the vehicle responses and the degree of damping that
exists in the various vehicle response variables is affected. The effects
appear to be largest for lightly damped responses. Thus, long period, lig tly
damped motions appear to be most strongly affected by time dependent dynamics.
How these effects influence handling qualities, if at all, and how they might
be considered in a handling qualities specification, have not been established
at this time.

Some simple nonlinearities, such as nonlinear control derivatives, are
treated by special requirements in the specification where appropriate.
Significant nonlinearities in the nondimensional stability derivatives within
the angle of attack and sideslip angles that will occur during dynamic cscil-
lations of the vehicle must also be covered by special handling qualities
requirements not considered in this specification.

Axis systems are important in establishing whether or not a particular
vehicle meets particular handling qualities requirements. This is especially
true of lateral-directional requirements and lifting re-entry vehicles which
may be required to fly at rather large angles of attack during particular
flight phases.

The modal parameters of the vehicle required to satisfy handling
qualities requirements are referred to stability axes., This is an axis system
fixed in the vehiclz with its origin at the c.g, The % axis is in the plaue of
symmetry of the vehicie and is considered positive when pointing in the
initial direction of the vehicle velocity vector with zero sideslip before the
vehicle is disturbed. The % axis is perpendicular to the plane of symmetry
and positive to the right when looking in the direction of flight. The 4 axis
is in the plane of symmetry of the vehicle, perpendicular to the x axis, and
positive when pointing down,

The validity of some of the lateral-directional requirements when they
are applied to lifting re-entry vehicles flying at large angles of attack is
open to some question since much of the handling qualities data upon which
such requirements were based was obtained at more moderate angles of attack.
The piloting tasks and pilot cues may be significantly different at large
angles of attack.

n




None of the requirements is expected to apply to two or more stage
lifting re-entry vehicles while the stages are attached or during separation.
A few handling qualities requirements are stated for experimental lifting

re-entry vehicles just after launch in level flight from another aircraft at
altitude.

[t should be stated that hance'ing quezlities requirements in general do
not necessaril; specify auemerted vehiclv requirements for an autumatically
controlied and stabilized vehille  They are requirements for the vehicle
+hen the pilot iz in the control luop and he is required to perform particuiar
tasks. In some cases augmented or unaugmented vehicle instability is allowed
if the vehicle can be stabilized by the pilot. Good handling qualities t.
the pilot in performing particular tasks also do nor in general assure a
vehicle with good riding qualities or nassengar corfort. Riding qualities may,
however, be an important consideration in some lifuing re-entry vahicle
designs.

The specification presented is intended as a general handling qualities
specification for lifting re-entry venicles. It is expected that from *his
generalized specification a procurement specification for a specific v.hicle
will be written. The procuring activity will specify which requirement is o
apply when alternmate requirements are allowed. The procuring activity will
also Jdecide what is approved and what is not approved when approval of the
procuring activity is required. At the discretion of the procuring activity,
the procurement specification may delete reguirements or have additional,
or altered, specification requirements from those appearing in the general
specification,

In establishing general flying qualities requirements for lifting
re-entry vehicles, tae format used is identical to that for piloted airplanes
(Reference 2). This method appears to2 be most suitable at the present time
during terminal €light in the lower atmosphere at low supersonic, transonic,
and subsonic speeds. The paragraph numbering system in Section II is
therefore identical o that used in MIL- F-8785B(ASG). This will facilitate
reference to the revised piloted airplane flying quciities zr- Ification.
Many of thiz requirements are taken directly from the piloted airplane =, scaf-
ication with proper consideration of the differences between pilctrd airplares
end lifting re-entry vehicles. Some of the airplane specifications are not
applicable to a lifting re-entry vehicle and they have been deleted. Other
reauirements applicable orly to 1ifting re-entry vehicles have been added.

Some of the requirements for re-entry vehicles, as is the case for
piloted airplanes, are related tc equilibrium flight at constant altitude and
changes from cne equilibrium flight velocity to another at constant altitude.
% 'ch requirements assume that the airplane or vehicle is powered. A re-entiy
vehicie mzay fly much or all of the terminal glide and landing phases without
power. Equ:librium flight at constant altitude is not possible for an
unpowered vehicle, When such reanirements are believed to be applicable
to an unpowered re-entry vehicle, they are applies to equilibrium glide flight
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at constant indicated airspeed in lieu of constant speed at constant altitude.
Requirements associated with changes from one speed to another at constant
altitude shall also apply during glide and gliding turns when the glide speed
is changed from one equilibrium indicated airspeed to another. Flight at
constant indicated airspeed in gliding flight is of significance to the pilot,
especially in the very terminal phase of flight, and it is essentially flight
at constant dynamic pressure. For gliding and climbing flight at other than
constant dynamic pressure, i.e., nonequilibrium flight when the dynamic
pressure changes significantly with time, the handling qualities are subject
to the limitations previously discussea as defined by Equation 2,

The revised flying qualitics requirements of piloted airmlanes
(Reference 2) are discussed in some detail in a user's guide (Reference 8).
The purpose of the user's guide '"'is to explain the concept and philosophy
underlying MIL-F-8785B(ASG) and to present somc cf the data and arguments
upon vwhich the requirements are based". Since mary of the requirements
presented in Section II are the same or similar to those for piloted airplanes,
much of the data and many of the arguments upon which piloted-airplane
requirements are based apply equally well, when properly interpreted, to
lifting re-entry vehicles. In fact, some of the data presented in Reference 8
were obtained from ground and in~flight handling qualities research programs
for lifting re-entry vehicle configurations. A user's guide of the magnitude
of Reference 8, but applicable to lifting re-entry vehicles, is far too ambi-
tious an undertaking at the present time. Lifting re-entry knowledge and data
in the area of handling qualities is very limited. Section IIl, a more modest
undertaking, presents the rationale and available data used in arriving at the
re-eniry vehicle handling qualities requirements of Section II. 1In Section III,
only brief comments are made when the rationale and data availabie for
particular requirements are the same or very similar to those used in establish-
ing the requirements for MIL-F-8785B(ASG). When the rationale is significantly
different, and the requirements are new and based on data not appearing in
Reference 8, then the requirements are discussed in detail and the data is
presented. It is hoped that Section III will some day evolve into a user's
guide for lifting re-entry vehicles similar to Reference 8 for piloted airplanes.
The importance of Section III in understanding both the limitations and the
basis for the requirements presented in Section II cannot be cveremphasized.
Section III is especially important in any rational applicacion of the require-
ments to a specific vehicle.
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Section It

PRELIMINARY SPECIFICATION FOR THE FLYING QUALITIES OF
PILOTED RE-ENTRY VEHICLES DURING TERMINAL FLIGHT

1. SCOPE AND CLASSIFICATIONS

1.1 Scope. This specification contains the requirements for the fiying
qualities of lifting re-entry vehicles during termminal flight at low super-
sonic, transonic, and subsonic speads in the lower atmosphere.

1.2 Application. The -:quirements of this specification shall be applied to
assure that no limitations on flight safety or on the capability to perform
intended missions wil! result from deficiencies in flying qualiities. The
flying qualities for all lifting re-entry vehicles shall be in accordance

with the provisions of this spescification unless specific deviations are
authorized by the procuring activity. Additicnal or alternate special require-
ments may be specified by the procuring activity.

i.3 Classification of vehicles. For the purposes of this specification,
lifting re-entry vehicles shall be placed in cne of the following Classes:

Class II1 Medium-to-heavy weight, low-to-medium cross-range

based on hypersonic (L/D)mnx and normal load factor.

Class 1V Light-to-medium weight, medium-to-high cross-range
based on hypersonic (L/D)max and normal load factor.

The procuring activity will assign a vehicle to one of these Classes, and the
requirements for that Class shall apply. When no Class is specified in a
requirement, the requirements shall apply to both Classes. When operational
missions so dictate, a vehicle of one Class may be required by the procuring
activity to meet selected requirements ordinarily specified for vehicles of
the other Ciass.

1 3.1 Operational or experimental designation. The letter (0) following

a Class designation identifies a vehicle as an operational vehicle suitable for
opcratlonal use; an experimental vehicle is similarly identified by (E). When
no such differentiation is made in a recquirement, the requirement shall apply
to both an operaticnal and experimental vehicle.

1.4 Flight Phase Categori.s. The Flight Phases have been ccmbined into three
Categories which are referred to in the requirement statements. These Flight
Phases include the Flight Phases of both an operdtional and experimental

vehiclﬁ These leght Phases shall be considered in the context of the mission

PRI ~1 ~1 al
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to the next will be smooth. When no Flight Phase or Category is stated in a
requirement, that requirement shall apply to all three Categories. In certain
cases, requirements are directed at specific Flight Phases identified in the
requirements. Flight Phases descriptive of both operational and experimental
missions of lifting re-entry vehicles during terminal flight at low supersonic,
transonic, and subsonic speeds in the lower atmosphere have been categorized

as follows:

Nonterminal Flight Phases:

Category A - Thase nonterminal Flight Phases that require precise but only
moderate maneuvering. Accurate flight-path control and precise
tracking may be required. Included in this Category are:

a, Air launch

b. Powered boost

c. High altitude, high speed cruise

d. Transition (high to low angles of attack)

Category B - Those nonterminal Flight Phases that are normally accomplished
using gradual maneuvers without precision tracking or very
accurate flight-path control. Included in this Category are:
a. Powered climb (not boecst)

b. Coast (unpowered)
c. Cruise (low speed}

d. Terminal area deszent

Terminal Flight Phases

Category C - Terminsl Flight Phases that require precise flight-path
control and may require rapid maneuvering. Included in
this Category are:

a. Takeoff
Emergency abort
Approach
: d. Go-around

e. Llanding flare, float, and touchdown

when necessary, recategorization or addition of Flight Phases or delineation

of requirements for special situations wilil be accomplished by the procuring
activity.

N
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1.5 Levels of flying qualities. Where possible, the requirements of

section 3 have been stated in terms of three values of the stability and
control parameters being specified. Each value is a minimum condition to

meet one of three Levels of acceptability related to the ability of the

vehicle to complete the phases of its mission. The Level of flying qualities
specified has meaning only in the context of the vehicle missions and classifi-
cation, and whether the vehicle is to be considered operational or experimental,

The Levels are:

Level 1 Flying qualities clearly adequate for the miscion
Flight Phase

Level 2 Flying qualities adequate to accomplish the mission
Flight Phase, but some increase in pilot worklcad or
adegradation in mission effectiveness, or both, existr.

Level 3 Flying qualities such cthat the vehicle can be contro)led

safely, but pilot workload is excessive or mission
effectiveness 1s inadequate, or both. All Flight Phases
that can be terminated can be safely terminated., All
Flight Phases that must be completed can be completed
safely.

At the discretion of the procuring activity, Level 3 flying qualities may not
be allowed based on specific vehicle and mission cunsiderations. This will be
done only after coasultat’ on between the procuring activity and the contractor.

-

2. APPLICABLE DOCUMENTS

2.1 The following documents, of the issue in effect, form a part of this
specification to the extent specified herein. Specific deviations from these
documents, including any corrections, deletionc, and additions, will be
establiched by the procuring activity as required to make them applicable to
an operational and experimental lifting re-entry vehicle.

SPECIFICATIONS

MIL-F-9490 Fligh? Contrnl Systems - Design, Installation and Test of,
Piloted Aircraft, General Specification for

MIL-C-18244 Control and Stabilization Systems, Automatic, Piloted
Aircraft, General Specification for

MIL~F-18372 Flight Control Systems, Design, Installation and Test of,
Aircraft (Gencral Specification for)

MIL-8-25015 Spin Requirements for Airplanes

MIL-W-25140 Weight and Balance Control Data (for Airplanes and
Rotercraft)

16
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STANDARDS

MIL-87D-756 Reliability Predictions

SPECTAL SPECIFICATIONS AND STANDARDS

The procuring activity may find it necessary to establish special
specifications and standards for lifting re-entry vehicles. When such
specifications and standards relate to flying qualities requirements they
form a part of this specification as established by the procuring activity.
The procuring activity shail inform the contractor of any such special speci-
fications ard ctandards on the date of invitation for bids or request for
proposals.

{Copies of documents required by suppliers in connection with specific
procurement functions should be obtained from the procuring activity or as
directed by the coatracting officer.)

3. REQUIREMENTS

-

3.1 General Reguirements

3.1.1 Missions. The procuring activity will specify the missions to be
considered by the contractor in designing the vehicle to meet the flying
qualities requirements of this specification., For an operational vehicle
these operatioral missions will include the entire spectrum of intended
operaticnal usage. For an experimental vehicle the missions will include
the entire spectrum of intended experimental use of the vehicle.

3.1.2 Loadings. The contractor shall define the envelope of center of
gravity snd corresponding weights thet will exist for each Flight Phase.

These envelopes shall include the most forward and aft cencer-of-gravity
positions as defined in MIL-W-25140 as amended by the procuring activity

to make it appliceble to lifting re-entry vehicles. In addition, the maxi -um
center-of-gravity excursions attainable through failures in systems or
components, such as fuel sequensing, etc., should be definad by the contractor
for each Flight Phase to be cunsidered in the Failure States of 3.1.6.2.
Within thes2 envelopes, plus a growth margin to be specified by the procuring

activity, and for the excursions cited above, this specification shall apply.

3.1.3 Moments of inertia. The contractor shall define the moments of inertia
associated with z11 loadings of 3.1.2. The requirements of this specification
shall apply for all moments of inertia so defined.

5.1.4 External stoves. The requirements of this specification shall apply
twr ail combinations of external steres required by the operational or experi-
mental) missions. The ~ffects of external stores on the weight, moments of
inertia, center-of-gravitv position, and aerodynamic characteristics of the
vehicle shall be coasidered for each mission Flight Fhase. When the stores
contain expendable loads, the requirements of this specification apply throughout

1)
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the ronge of store loadings. lhe external stores and store combinations to

be considered for flying qualities design will be specified by the procuring
activity. In establishing external store combinations to be investigated,
consideration sh.ll he given to asymmetric as well as to symmetric combinations.

3.1.5 Cenfigurations. ihe requirements of this specification shall apply for
all configurations requi:ed or encountered in the applicable Flight Phases of
1.4. A (crew-) selected configuration is defined by the positions and adjust-
ment of the various s Ioctors and controls available to the crew such as SAS
gains, longitudinal und latvral-directional bias of control surfaces, wing
deployment, flap setting, spoiler or drag brake settings, fixed power settings
or power off, and landing gear position. Control surface positions shall not
include the positions of controls such as rudder, ailerons, and elevator from
the bias position. Trim contrel, throttle control, and other sclector positions
which are normally varied continuously by the pilot in flying the vehicle are
not considered in configuration definition. A configuration may include one or
more SAS gains off. The selected configurations to be examined must be
realistic and consistent with those required for performance and mission
accomplishment and shall not be established arbitrariiy to meet specific

flying qualities requirements. Additional conf.gurations to be investigated
may be defined by the procuring activity.

3.1.6 State of the vehicle. The State of the vehicle is defined by the
selected configuration together with the functional status of each of the
vehicle components or systems, fixed poter setting or power off, weight,

mor > of inertia, center-of-gravity position, and external store comple-
ment. The trim setting and the positions of the rudder, aileron, and zlevator
controls are not included in the definition of Vehicle State since they are
often specified in the requirements.

3.1.6.1 Vehicle Normal States. The contractor shall define and tabulate all
pertinent items to Jescribe the Vehicle Normal (no component or system failure)
State(s) associated with each of the applicable Flight Phases. Thesz items
shall include vehicle weight, woments of inertia, center-of-gravity position,
power on or off, thrust setting, wing depioyment position, landing gear position,
control surface bias, SAS gain settings, and other factors specified by the
procuring activity. These items may vary continucusly over a range of values

a Flight Phase. This continuous variation shall be revlaced by a limited
number of values of the parameter in question which will be treated as specific
States, and which include the most critical values and the extremes encountered
during the Flight Phase in question.

3.1.6.2 Vehicle Failure States. The contractor shall definc and tapbulate
all Vehicle Failure States which zonsist of Vehicle Normal States mo-lified
by one or more malfunctions in vehicle components rr systems, for example,
a discrepancy between a3 selected configuration and an actual contiguration.

center-of-gravity enveclope defined in 3.1.2 shail be included. Alsc inciuded
are failures of one or mcre engines such as loss of normal thrust, failure of

-
e
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an engine to start or stop when required during a particular Flight Phase.
Failures occurring in any Flight Phase shall be considered in all subsequent
Flight Phases,

For an experimental vehicle, the contractor r.y waive definition of
all Vehicle Failure States. Only a selected number cf important failures,
such as a total SAS system failure may be defined or the contractor may define
Vehicle Failure States in some alternate way. [t must be demonstrated by the
contractor to the satisfaction of the procuring activity that any alternate
simplified procedure will include all the important Vehicle Faiiure States.
Approval by the procuring activity is required before an alternate procedure
of defining Vehicle Failure States wiil be allowed.

3.1.6.2.1 Vehicle Special Failure States. Certain components or combinations
thereof, may have extremely remote prcbability of failure during a given fligut.
These failure probabilities may, in turn, be very difficult to predict with

any degree of accuracy. Special Failure States of this type need not be
considered in complying with the requirements of Section 3 if justification

is submitted to and approved by the procuring activity.

3.1.7 Operational Flight Envelopes. The Operational Flignt Envelopes define
the boundaries in terms of certain combinations of speed, Mach rumber, altitude,
dynamic pressure, load factor, and angle of attack at which the vehicle must

be capable of operating in order to accomplish the missions of 3.1.1. Eavelopes
for each applicable Flight Phase shall be established wi*h the guidancs and
approval of the procuring activity.

3.1.8 Service Fiight Envelopes. For each Vehicle Norma) State the contractor
shall establish, subject to the approvai of the procuring activity, Service
Flight cinvelopes, showing certain combinations of speed, Mach number, altitude,
dynamic pressure, normal acceleration, and angle of attack derived from the
vehicle limits as distinguished from mission requirements. For each applicable
Flight Phase and Vehicle Normal State, the boundaries of the Service Flight
Envelopes can be coincident with, or lie outside, the corresponding Operaiional
Flight Envelopes, but in no case shall they fall inside these operational
boundaries. In establishing Service Flight Envelopes for a powered vehicle,
the thrust setting may varyy from the Normal State thrust. The Service Flight
Envelopes of an experimental vehicle may differ from those of an operational
vehicle with the approval of the procuring asctivity. The beundaries of the
Service Flight Envelopes shall be based on considerations discussed in 3.1.8.1,
3.1.8.2, 3.1.8.3, and 3.1.8.4.

3,1.8.1 Maximum service speed. The maximum service speed, Viax O MW’X’ for
each altitude is the lowest of: i

a. The maximum permissible speed

b. A speed which is a safe margin beiow the speed at which intolerable
buffet, flutter, or structurazl vibration is encountered

13
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The maximum airspeed in a dive or steep glide from which recovery
can be made at a safe altitude without penetrating a safe margin
from loss of control, dangerous behavior, uncontrollable buffet,

and without exceeding structural limits. Tor a powzred vehicle the
speed 15 that attained with maximum power. For an unpowered vehicle
the recovery altitude is that from which a safe unpowered landing
can be made. This speed is subject to the approval of the procuring
activity.
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L ZL5h

d.  The maximum airspeed based on engine limitations.

With the approval of the procuring activity, maximum dynamic pressure as
a function of zltitude may be used in lieu of Vpax or Mpyx to define maximum
service speed at each altitude. It must be established to the satisfaction
of the procuring activity that maximum dyrnamic pressure will be less than the
maximum dynamic pressure determined from Vp,. or Mp .. as defined by a through
d, or that maximum service speed or Mach number so defired is not applicable.

3.1.8.2 Minimum service speed. The minimum service speed, Vp;, or My;., for
each altitude is the highest of:

a. l.le

b. VS + 10 knots equivalent airspeed

c. The speed below which full vehicle nose-up elevator control power
and trim are insufficient to maintain straight, steady flight with
power or glide flight without power, whichever is applicable

d. The lowest speed at which level flight can be maintained with
maximum power

e. For an unpowered vehicle in a glide, the lowest speed from which
recovery and a safe unpowered landing can be made that meets unpowered
landing requirements. This speed is subject to the approval of the
procuring activity.

f. For an unpowered vehicle, the speed below which the equilibrium
glide slope angle is excessive. This glide slope must be established
with the approval of the procuring activity,

g- For Category C Flight Phases: A speed lindited by reduced forward
field of view or extreme nose-up pitch attitude that would result
in the tail or aft fuselage contacting the ground.

h. At ground level, the lowest touchdown speed consistent with the
application of maximum structurai “slap down” loads o i€ nose
gear,

14
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With the approval of the procuring activity, minimum dynamic pressure as
a function of altitude may be used in lieu of Vi, or Mpin to define minimum
speed at each altitude., It must be :stablished tc the satisfaction of the
procuring activity that the minimum dynamic pressure will be greater than the
minimum dynamic pressure determined from Vyi, or Mp;, as defined by a through
h, or that minimum service speed or Mach number so defined is not applicable.

3.1.8.3 Maximum service altitude. The maximum service altitude, hy, , for s
given speed is the lowest of:

a. For a powered vehicle in cruise level flight, the altitude above which
a rate of climb larger than 100 feet per minute cannot be maintained
in unaccelerated flight with maximum power.

b. For an unpowered vehicle, or a powered vehicle in unpowered flight,
the altitude above which the dynamic pressure is less than 0.7 times
the minimum service speed dynamic pressure when the minimum service
speed at altitude ic defined by 3.1.8.2.

¢. A maximum service altitude wiil be defined, based on vehicle trajectory
conditions, below which the handling qualities requirements included
in this specification are expected to apply. This altitude will be
established through mutual agreement bectween the contractor and the
procuring activity. This altitude will be used when the maximum
service altitude is not adequately defined as indicated in a or b.

3.1.8.4 Service load factors. Maximum (minimum) service lead factov<, n{+)
[n{-)], shall be established as a function of spead or Mach number for several
significant altitudes. he maximum (minimum) service load factor, when
trinmed for 1 g cos(?)flight at a particular speed or Mach number shali be
defined for a powered vehicle in level flight and an unpowered vehicle in
equilibrium qglide flight at constant indicated airspeed. The maximum (minimum)
service load factor i; the lowest (highest) algebraically of:

L )

a. The positive (negative) structural limit lcad factor

b. The steadv load factor corresponding to the minimum allowable
stall warning angle of attack (3.4.2.2.2)

¢. The steady load factor at which the eisvater control is in the full
vehicle-nose-up (nose-down} position

d. A safe margin below (above} the load factor at which intolerable
buffet or structural vibratioa is encountered

e. The steady load factor correspunding to the maximum (minimum) allowzble
angle of attack defined by other cunsiderations (3.4.2.2). This
maximum (minimum) angle of attack is subject to the approval of the
procuring activity.




3.1.9 Permissible Flight Envelopes. ‘he Permissible Flight Envelopes
encompass all regions in which operation of the vehicle is both allowable

and possible. These ar-. the boundaries of flight conditions outside the
Service Flight Envelope which the vehicle is capable of safely encountering.
Stalls, high angle-of-attack flight, and moderate dives may be representative
of permissible flight conditions of the vehicle. The Permissible Flight
Envelopes define the boundaries of those areas in terms of speed, Mach number,
altitude, dynamic pressure, normal acceleration, and angle of attack. Permis-
sible flight conditions and mauneuvers that define the Permissible Flight
Envelopes must be established with the approval of the procuring activity.

3.1.9.1 Maxii m permissible speed (minimum permissible angle of attack).

The maximum permissible speed or minimum permissible angle of attack for each
altitude shall be the lowest of:

a. Limit speed based on structural and heating considerations
b. Limit speed based on engine considerations

c. The speed at which intolerable buffet or structural vibration is
encountercd

d. For a powered vehicle, the maximum airspeed at maximum power, in
a glide or dive, from which recovery can be made safely without
loss of control or other dangerous behavior, intoierable buffet or
structural vibraticn, and without exceeding structural limits.
This speed iz subject to the approval of the procuring activity.

e. For an unpcwered vehicle, the maximum speed from which recovery and
a safe unpowered landing can be made. This speed is subject to the
approval of the procuring activity.

f. Speed or angle of attack at which unsafe stability and coutrol
characteristics begin to develop.

3.1.9.2 Minimum permissible speed (maximum permissible angle of attack).
The minimum permissible speed or maximum angle of attack in 1 g equilibrium
level flight or 1 g cos(3)glide flight is Vg [stall speed {(equivaient
airspeed)] or & .. defined by the highest (wher referring to specd) or
lowest (when referring to angle of attack) of:

a. Speed (angle of attack) for steady straight flight at Cyp.,, the
first local maximum of the curve of lift coefficient vs angle of
attack which occurs as C; is increased from zero. The angle of
attack established for gliding re-entyy during parcicular Flight
Phases will be used when farger than the angle of attack for CLmax

b. Speed (angle of attack) at which abrupt uncontrollable pitching,

rolling or yawing occurs, i.e., loss of control about any axis

16
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2 c. Speed (angle of attack) at which intolerable buffet or structural
vibration is encountered.

The minimum permissible speed may also be defined by 3.1.9.2 1.

T TR

3.1.9.2.1 Minimum permissible speed (maximwn pernissible angle of attack)
based on other considerations. For some lifting re-entry configurations,
considerations other than maximum lift determine the minimum permissi. !e
speed or maximun angle of attack in 1 g level flight or ! g cos 27 glide
fiight (e.g., ability to perform altitude corrections, excessive sink rate
3 or steep glide angle, insufficient energy for a safe .mpuwered approach,
ability to execute a zo-around when powered, etc.). In such cases, an
arbitrary angle of attack limit, or similar minimum speed ang maximum load
factor limits, shall be established for the Permissible Flight Lnvelope.
Such limits are subject to the approval of the procuring activity. This
defined minimum permissible speed or maximum angle of attack shall be used
E as Vg or &pgax in all applicable requirements.

3.1.10 Application of Levels. Levels of flying qualities as indicated in

1.5 ure employed in this specification in realization of the possibility

that the vehicle may be required to operate under abnormal conditicns. Such

1 abnormalities that may occur as a result of either flight cutside the
Operational Flight Envelope, the failure of vehicle comporents, or beth,

are permitted to comply with a degraded Level of flying qualities as specified
in 3.1.10.1 through 3.1.10.3.3.

s are

3,1.10.1 Requirements for Vehicle Normal States. The minimun 1equir-d flyirg
qualities for Vehicle Nowrmal States (3.1.6.1) for both an operatiocnal and an
experimental vehicle are shown in table 1.

ot

E TABLE I. Levels for Vehicle Normai States

Within the Operational | Within the Service
Flight Envelopes Flight Envelopes

Level 1 Level 2

st g s ntd L ra

3.1.10.2 Requirements for Vehicle Failure States. When Vehicle Failure States
exist (3.1.6.2), a degradation in the flyiag qualities is permitted only if

the probability of encountering a lower Level than specified in 3.1.10.1 is
sufficiently small. At intervals established by the procuring activity, the
contractor shall determine, based on the most accurate available data, the
probability of occurrence of each Vehicle Failure Sitazte per flight and the
effect of that Failure State on the flying quelities within the Operational

and Service Flight Envelupes. These determinations shall be based on MIL-STD-
756 except that: (a) all vehicle components and systams are assumed to be
orerating for a peried, per flight, eq al ¢o the largest operational mission
time to be considered in designing the vehiclce, and {h) each specific failure
is assumed to be present at whichever point in the fl.pght envelope being
considered is most critical (in the flying qualitics sense). From these Failure
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State probabilities and effects, the contractor shall determine the overall
procbability, per flight, that one or more flying qualities are degraded to
Level 2 because of one or nore failures. The contractor shall also determine
the probability that one or more flying qualities are degraaed to lLevel 3.
These probabilities shall be less than the values shown in table Ii except

as noted below.

TABLE II. Levels for Vehicle Failure States

Probability of Within Operational Within Service
Encountering Flight Envelopes Flight Envelopes
Level 2 after 1072 per flight

Failure

Level 3 after 1074 per flight 1072 per flight
Failure

In no case shall a Failure State (except an approved Special Failure State)
degrade any flying qualities outside the Level 3 limit.

The probability of encountering Level 2 or Level 3 flying qualities as
a result of failures shall be less tnan the numbers specified in table II with
the following exceptions:

a. For an experimental vehicle it may be impractical or impossihle
for the contractor to determine the probability of occurrence
of each Vehicle Failure State. In lieu of such determination,
the contractor must present justification to and obtain approval
from the procuring activity for any alternate method of specifying
the degradation in flying qualities to be permitted as a result
of system failures. One alternate methcd might consider only a
very limited number of criticai failures and their effects on
flying qualities and simultaneously reduce the prcbability of
encountering degraded Levels due to those limited critical
failures below the values in table II. Ancther alternate
method is to associate degraded Levels with critical failures
or total system failures, such as failure of the total S5AS
system,

b, Based on important and imperative considerations for mission
success and safety, the procuring activity may reduce the
probability of encountering degraded flying qualities because
of faiiures as shown in table II, even to the extent that
degradation to Level 3 is so improbable that it is not allowed.

3.1.10.2.1 Requirements on the effects of specific failures. The requirements
on the effects of specific types of failures, e.g., propulsion or flight
control system, shall be met on the basis that the specific type of failure
has occurred, regardless of its probability of occurrence.
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3.1.10.3 Exccgtions

3.1.10.3.1 Ground operat:on and Terminal Flight Phases. Some requirements
pertaining to vehicie takeoff, landing, {axiing, or vehicle air launch invoive
operation outside the Operational, Service, and Permissible Flight Envelopes,
as at V., operation on the ground, operation in the influence of an air

launch Vehicle flow field, etc. When requirements are stated at conditions

such as these, the Lewvels shall be applied as if the conditions were in the
Operational Flight Envelope.

3.1.10.3.2 When Levels are not specified. Within the Operational and Service
Flight Envelopes, all requirements that are not identified with specific
Levels shall be met under all conditions of component and sys’ m failure
except approved Vehicle Special Failure States (3.1.6.2.1).

3.1.10.3.3 Flight outside the Service Flight Envelope. From all points in
the Permissible Flight Envelope, it shall be possible te return the vehicle
readily and safely to the Service Flight Envelope without exceptional pilot
skill or technique, regardless of component cr system failures. Stalls,
rapid sink rate or steep glide angle large angles of attack, and moderate
dives are examples of Permissible Flight Envelope flight conditions from
which recovery to the Service Flight Envelope will be required. The
requirements on stall, dive characteristics, dive recovery devices, and
approach to dangerous flight conditions shall also apply. Additional flight
conditions in the Permissible Flight Envelop~ from which recovery to the

Service Flight Envelope will be required may oe established by the procuring
activity.

3.2 Longitudinal flying qualities

3.2.1 Longitudinal stability with respect to speed.

3.2.1.1 Longitudinal trim stability. For Levels 1 and 2, there shall be no
tendency for primary flight control variables {airspeed, dynamic pressure,

or angle of attack) to diverge aperiodically when the vehicle is disturbed
from trim with the cockpit controls fixed and with them free. In straight
and level cruise flight equivalent airspeed, and in terminal gliding flight,
indicated airspeed will be considered as primary flight variables. For those
Flight Phases where the pilot is required to fly dynamic pressure or angle

of attack in gliding flight, either of these may be used in lieu of airspeed
as the primary flight variable. This requirement will be consid2red satisfied
if the variation of elevator cochpit control force and elevator cockpit
control positicn with the primary flight variable (airspeed, dynamic pressure,
or angle of attack) sre smooth and the local gradients stable with:

a. Elevator, rudder, and aileron control surface bias fixed
at the positions applicable for the particular Flight Phase.

b. SAS gains applicable to the particular Flight Phase.
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c. Trimmer and throttle controls not moved from trim settings.
d. 1 g cos (@) normal acceleration to the £light path,

The requirements shall cover a range about trim of *1% percent of the flight
variable excevt where limited by the boundaries of the Service Flight Envelnpe.
Wher airspeed is the flipghi variahle, *58 knots in equivalent or indicated
airspeed about trim, whichever is applicable, will be used in place of #15
percent of the fiight variablc. Stable gradients mean increasing pull forces
and aft motions of the elevator conirxol to maintain slower airspreds, lower
dynamic pressure, or larger angle of attack and the opposite to maintain
faster airspeed, higher dynamic pressure, and smaller anglies cof attack.

For Level 3, an aperiodic divergence of speed, dynamic pressure, or angle

of attack from equilibrium trim is acceptable if the time to double amplitude
is greater than 60 seconds. In all cases the term gradient does not include
that portion of the control force or control position versus the primary
flight variable within the preload breakout force or friction range and that
portinn of trim which is provided automatically and is not reflected in
cockpit elevator control forces or motion.

3.2.1.1.1 Relaxation in transonic flight. The requirements of 3.2.1.1 may
be relaxed in the transonic speed range provided any divergent vehicle motions
or reversals in slope of elevator control force and elevator control pe~ition
with speed, dynamic pressure, or angle ~f attack, whichever is applicable for
the particular Fiight Phase, is gradual aad not objecticnable to the pilot.

in no case, however, shall the requirements of 3.2.1.1 be relaxed more than
the following:

a. Levels 1 and 2 - For center-stick controilers, no local force
gradient shall be more unstable than 3 pounds per 0.01M
nor shall the force change exceed 10 pounds in the unstable
direction. The corresponding limits for wheel controllers are
S peunds per 0.01M and 15 pounds, respectively.

b. Level 3 - For center-stick controllers, no local force gradient
shall be more unstable than 6 pou.ds per 0.01M nor shall the
force ever exceed 20 pounds in the unstable directicn. The
corresponding limits for wheel controilers are 10 pounds per
0.01M and 30 pounds, respectively.

In applying these requivements to a vehicle flying in unpowered transonic
glide flight, the vehicle shall be initially trimmed to glide at constant
indicated 2irspeed, dynamic pressure, or angle of attack, whichever is
applicable as the flight variable for a particular Flight Phase.

This relaxation does not apply to Level 1 requirements for any rlight
Phases which require prolonged transonic operation, or when the transonic
range covers a significant Mach number increment for Class III(0) and Class
IV(0) vehicles. This relaxation may still apply to Level 1 for Class Ilf
(E) and Class IV (E) even though transonic operation is somewhat prolonged
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if justification is provided to and approval is cbtained from the procuring
activity. In this case "prolonged transonic operation', and '"signilicant
Mach number hiicrement" will be defined by the vrocuring activity.

3.2.1.1.2 Elevator controi force variations during rapid speed or Mach

number changes. When the vehicle is accelerated and decelerated rapidly
through the operational speed, dynamic pressure, or angle of attack range

and through the transonic speed or Mach number range by the mest critical
comoination of changes in power, actuation of deceleration devices, during
sceei. gliding and climbing turns, puliups, and landing flares, the magnitude
an¢ rate of the associated trim change shall not be so great as to cause
difficulty in maintainirg the desired load factor by normal piloting technique.

3.2.1.1.3 Elevater control force variations during angle of attack
transitions. For those Fligh® Phases involving large angle of attack
ransitions over short periods of time, the requirements of 3.2.1,1 do not
apply. During such tyvansitions it is only required that the transition can
be performed smoothly and the rate and ragnitude of associated trim change
shall not be so great as to cause difficulty in adequately controlling the
angle of attack transition. Push ferces of less than 50 pounds shall be
required for ‘a transition from zero stick force trim at high angles of attack
to maintain trim at low angles of attack after transition. A pull foice of
less than 35 pounds shall be required for angle of attack transition frem
trim at low angie of attack to high angle of attack. These forces shall
apply tc both stick and wheel controllers,

3.2.%.2 Phugoid stability. The long-period airspzed oscillations which
occur when the vehicle Seeks a stabilized airspeed following a disturbance
shall meet the requirements in table III. These requirements apply with the
elevator control free and also with it fixed. Thkey need not ke met tran-
sonically in cases where 3.2.1.1.1 permits relaxation of the loagitudinal
trim requirements with airspeed.

TABLE II1. Phugoid Stability

Class i1
and
Class IV
Level 1 E?. = .04
Level 2 %o = ¢
Level 3 T, > 55 sec

3.2.1.3 Flight-path stability. §Flight-path stability is defined in terms

of flight-path angle change where the airspeed is cihanged by the use of the
elevator contro) only (throttle setting not changed by the crewj. For the
lunding approach Flight Phase¢ of the vehicle with power, the flight path

angle versus true airspeed shall have a local slopse at V°min which is negative
or less positive then:
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a. Level 1 - 0.06 degrees/knct
b. Level 2 - 0.15 degrees/knot
c. Level 2 - (.24 degrees/knot
The thrust setting shail be chat required for normal approach glide at Vopin.

The slope of the flight-path angle versus airspeed curve at 5 knots slower
than Vgpj~ shall not be more than 0.C5 degrees per knot move positive than

the slope a: vomin’ a3 illustrated by:
+
eV (TAS), KT
Y ‘\\‘\\\
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/ /
. REGION OF REGION OF
« VE w——pr——t
DIFFERENCS IN / ’:fgésf NEGATIVE
SLOPES NOT TO ‘ SLOPES
EXCEED .05 DEG/XT

Fo: the landing apprecach Flight Phase of an wunpowered vehicle, the
flight-pati: angle versus indi:cated airspeed shall have a negative local slope
at all speeds greater than the vehicle's operational touchdown speed (Vp . )
minus S5 knots. min

3.2.2 Longitudinal maneuvering characteristics.

3.2.2.1 Short-period respcnse. The short-period response of angle of attack
vhich occurs at approximately constant velocity, and which may be produced by
abrupt contrel ipputs, shall meet the requirements of 3.2.2.1.1 and 3.2.2.1.2.
These requirements apply with the cockpit control free and with it fixed,

for responses of anv magnitude that might be experienced in service use. If
oscillations are nonlinear with ampliitude, the requirements shall apply to

each cycle of the oscillation. In addition to meeting the numerical requive-
ments of 3.2.2.1.1 and 3.2.2.1.2, the contractor shall ;how that Class [II (0)
and IV (0) have acceptabie response characteristics in atmospheric disturbances.
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Class III (E) and 1V (E) vehicles can be designed for acceptable response
characteristics with a lower rms level of atmospheric disturbances as
suggested in section 3.7 with the approval of the procuring cctivity.

3.2.2.1.! Short-pericd frequency and acceleration semsitivity. The short-
period unoamped natural frequency, Wy, , shall be within the Tlimits shown
in figures 1 and 2. Lower limits on (»/e:) may be relaxed for Category C
Flight Fhases if adequate justification can ba presented to, and approval

is obtained from, the procuring activity. If suitable means cof directly
centrolling normal force are provided, the lower bounds on uothcdn and 7/
during Category C Flight Phases may be relaxed.

For unpawered landings of Class III vehicles, it must be established by
the contractor, to the satisfaction of the procuring activity, that rhe
winimum short-period undamped frequencies allowed by figure 2 at low nja’s
are adequate for performing acceptable landing {lares and floats tc touchdown.
When the frequencies are toc low they must be raised to acceptable levels
or other means of acceptable control must be provided and justified to the
satisfaction of the procuring activity.

3.2.2.1.2 Short-period damping. The short-period damping ratio, gsp, shall
be within the limits of table 1V,

TABLE IV, Short-Pericd Damping Ratio Limits

) Category C Categories A § B B

Class Level min max min max
111 (0) 1 0.35 1.30 0.30 2.00

& 2 0.25 2.0 0.20 2,00
Iv(0) 3 0.15" -- 0.15* --
I1I({E) 1 0.35 1,30 0.18 2.00

& 2 0.20 2.0 0.07 2.00
IV(E) 3 0.05 -- 0.03 -

*May be rcduced at altitudes above 20,000 feet if approved by the
procuring activity.

Maximum short-period damping for Category C Flight Phases may be relaxed
if justification is presented *o, and approval is obtained from, the procuring

activity.
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3.2.2.1,3 Residual oscillations. With the flight contrecl system gains
required to meet the handling qualities requirements of this specification,
any sustained residual oscillations due to limit cycle, structural resonance,
etc., shall not interfere with the pilat's ability to perform the tasks
required during the various Flight Phases of the vehicle. Oscillations in
normal acceleration at the pilot's station greater than *0.05g will be
considered excessive for any Flight Phase.

3.2.2.2 Control feel and control motion in maneuvering flight. In steady
turning flight and in pullups at constant speed, increasing pull forces and
aft motion of the elevator control are requirerd to maintain increases in
normal acceleration throughout the range of service load factors defined in
3.1.8.4. Increases ir push force and forward cockpit control motion are
required to maintain reductions for normal acceleration in pushovers.

3.2.2.2.1 Control forces in maneuvering flight. At constant speed in steady
turning flight, pullups, pushovers, with power, and in steady gliding turns
without power at constant indicated airspeed, the variations in elevator
control force with steady-state normal acceleration shall be approximately
linear. In general, a departure from linearity resulting in a local gradient
which differs from the average gradient for the maneuver by more than 50
percent is considered excessive, All local force gradients shall be within
the limits of table V. In addition, whenever the short-period frequency is
near the upper boundary of frequency, F;/h should be near the Level 1 upper
boundaries of table V. This may be recessary to avoid abrupt response,
sensitivity, or tendency tcward pilot-induced oscillations. The term
gradient does not include :hat portion of the force versus » curve within
the preloaded breakout force or friction bard.

3.2.2,2.2 Control motions in maneuvering flight. The elevator control motions
in maneuvering flight shall not be so large or so small as to be objectionable.
For Category C Flight Phases of unpowered vehicles, the average gradient of
elevator control force per inch of elevator control deflection at constant
speed shall not be less than 5 pounds per inth for Levels 1 and 2,

3.2,2.3 Longitudinal pilot-induced oscillations. There shall be no tendency
for pilot-induced oscillations, that is, sustained or uncontrcllable oscilla-
tions resulting from the effects of the pilot to control the vehicle. These
requirements shall be met with the SAS gains that are necessary to meet the
requirements of this specification. The requirements shall be met whether
the oscillations are caused by short-period dynamics, feel-system dynamics,
control-system dynamics, friction, freeplay, hysteresis, bobweights, aero-
elastic coupling, or any other characteristics or combinations of these
factors for the complete vehicle,

™
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TABLE V.

Elevator Maneuvering Force Gradient Limits

Center Stick Controllers

Minimum Gradient

Level Maximum Gradient
(Fs/m), ., Pounds/g (Fs/7) > PoOUNds/g
1 240/ (n/a) The higher of 21/(», ~1)
5 " and 3.0
but not less than = -
7.2’ - a
360/ (n/a) The higher of 18/(7, -1)
2 . and 3.0
not less than 85/(7 -1)
56.0 3.0
3 but not less than
360/ ( 7/ )

*
For 7, <3, (F‘s/n)max is 28.0 for Level 1 and 42.5 for Level 2,

Wheel Controllers

Minimum Gradient

Level Maximum Gradient
(Fg /1) > POUNds/g (F5/n) ;> POUNdS/g
500/ (n/a) The higher of 45/(#, -1)
| but not less than and 6.0
120/ (77, -1)
775/ ( nfe) The higher of 38/( 7 -1)
2 but not less than and 6.n
182/ (ny -1)
240.0 6.0
3 but not less than
775/ (n/fee)
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3.2.2.3.1 Transient cortrol forces The peak elevator-contrel ferces
developcd during abrupt maneuvers shall not be objectionably light, and the
buildup ¢f controi force during the maneuver entry shall lead the buildup of
normal acce.eration. Specifically, the following requirement shall be met
when tlie elevator control is pumped sinusoidally. For all input frequencies,
the ratic of .h2 peak force amplitude to the peak normal load facter amplitude
at th: ¢.g., measure! from the steady cscillation, shall be greater than:

Center-Stick Controllers 3.0 pounds per g

Wheel Co t Lllers 6.0 pounds per g

3.2.3 Llongitudinal control.

3.2.7.1 Longitudina} control in unaccelerated flight. In all unaccelerated
flight within the Service Fiight Envelope, the attainment of all speeds shall
not be limited by the effectiveness of the longitudinal control or controls.

3.2.3.2 Longitudinal centrol in maneuvering flight. Within the Operatiocnal
Flight Envelope it shall be possible to develop, by use of elevator control
alcue, the maximum and mininum operational 1:ad factors. These requirements
shali apply for Level ! and Level 2. For Levil 3 some relaxation will be
allowed. Reauirements for Level 3 will be established by mutual agreement
between the contractor and procuring activity. This maneuvering capability
is required at 1 g trim speed in level flight, with trim and thzottle settings
not changed by the crew, over a range about trim speed of %15 percent or *50
knots equivalent airspeed (except where limited by the boundaries of the
Operationa’ Flight Envelope). For an unpcvered vehicle, the maneuvering
capability is required in 1 g cos(Z)glide ‘ight.

3.2.3.3 Longitudinal control in takeoff. The effectiveness of the elevator
control shall not restrict the takeoff performance of the vehicle and shall
be sufficient to prevent overrotation to undesirable attitudes during takeoff.
Saticfactery takeoffs shall not be dependent upon use of the cockpit trimmer
centrel during takeoff or on complicated centrol manipulation by the pilot.
For nose wheel vehicles it shall be possible to cbtain, at 0.9 V_. , the pitch
attitude which will result in takeoff at Vmin’ These requiremen¥§n5h311 be
met on haivd surface runways.

3.2.3.3.1 lLongitudinal centrol during air launch. The speed and altitude
conditions for air launch shall be established by the contractcor with the
approval of the zrocuring activity. During air lavnch, while the vehicle is
under the influence of the flow field of the carrier aircraft, the vehicle
elevator control effectiveness shall not restrict the launch performance of
the vehicle and shall be sufficient to prevent contact with the carrier
aircraft vy a safe margin. Elevator control shall be adequate to preclude
severe and unacceptable dynamic oscillations or overrntation to extreme
nose-up or nose-down atti-udes. Subsequent to lazunch, with the vehicls
trimmed for launch, lopzicudinal control shall be sufficient to cbtain :
required normal accelnsrrions for satisfactory separatinn and to limit launch
transient normal acce)zvations to satisfactory levels.

28




e

A gAm “r S L
2o RN A gmkx.)ﬂ"‘r

P e g

i o e st

vy WYl
LR TR

[ G es

N

0

3.2.3.3.2 Longitudinal control force and travel in takeoff and during air
launch. With the trim setting optional but fixed, the elevator-control forces

required during takeoffs and air launches for which the vehicle is designed,
shall be within the following limits:

Class IV -~ 30 pounds pull to i0 pounds push
Class IIl - 50 pounds pull to 20 pounds push

The elevator-control travel during takeoffs or air launches shall not exceed
75 percent of the total travel, stop tc stop. The term takeoff includes the
ground run, rotation and lift-off, the ensuing acceleration to V (T0), and
. : : max . :
transient caused by assist cessation. Takeoff power shall be maintained until

v ax (T0) is reached, with the landing gear and high-1ift devices retracted in
tN8*normal manner at speeds from V (TG} to Vmax (T9).

min

3.2.3,4 Longitudinai control in landing. For powerzu landings, the elevator

control shall be sufficiently effective in the landing Flight Phase in close
proximity to the ground that:

a. The geometric limited touchdown attitude can be maintained in level flight,
or

b. the lower of VS(L} or the guaranteed landing speed can be obtained.

For unpowered landings, the vehicle speed and elevator control effectiveness
shall be sufficient in the landing Flight Phase in close proximity to the ground
such that a trim incremental load factor of at least 0.5 can be attained al al
equilibrium glide speeds down to minimum touchdown speed as defined ir 3,2.3.4.2
without exceeding stall or the geometry limited touchdown attitude.

These requirements shall be met with the vehicle trim, control
surface bias, longitudinal force control devices, and SAS gains set for the
approach Fiight Phase, at the required zpproach speed for the landing Flight
Phase, prior to flare initiation, The requirements of 3.2.3.4 and 3.2.3.4.1
define Levels i and 2, For Level 3, it shall be possible to execute safe
approaches and landings in the presence of atmospheric disturbances and cross-

winds that are applicable to the vehicle as defined in this specification or
by the procuring activity.

3.2.3.4.1 Longitudinal control forces in landing. The elevator control forces
required to mest the reauirements of 3.2,3.4 arnd 3.2.3.4.2 shall be pull forces

and shall not exceed the following limits when the vehicle is trimmed for glide
at the preflare approach speed.

Class IV - 3% pounds

Class 11I - 56 pounds
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When flaps, landing gx.ar, spoilers, or other 1lift or drag modulating devices
are deployed or changed during ‘he flare and float of an unpowered landing,

the trim force change due to deployment in any sequence, including simultaneous
deployment ¢f twu »r more devices, shall not exceed the following limits:

Class IV - 5 pounds push or pull
Class {II - 10 pounds push or pull

3.2,3.4.2 Power-off and unpowered longitudinal contrcl requirements in
landing. For power-off landings, when such are required, and the landing of
unpowered vehicles, certain additional flare and float requirements shall be
met. For purposes of this specification the flare will be initiated from
equilibrium glide flight below an altitude of 2000 feet above ground level
with an initial incremental load factor exceeding 0,1. The flare will be
completed and the float initiated below 50 feet with a sink rate not exceeding
S feet per secsnd. The float will be considored completed as touchdown when
any part of the landing gear contacts the surface, The flare altitude versus
flare time shall be within the boundarizs of figure 3. These requirements are
for Class I¥(E) and III(E) vehicles. For Class III(0) and IV(0) vehicles, the

requirements will be established by the procuring dactivity after consultation
with the contractor,

Minimum and maximum float time requirements are indicated in table
VI and will apply to all Classes.

TABLE VI. Minimum and Maximum Float Time

Minimum Maximum

{seconds) (seconds)
Level 1 15 3e
Level 2 10 30
Level 3 5 30

These flare and float requirements for unpowered landings must be met with the
flight-path stability requirements of 3.2.1.3 and the longitudinal control re-
quirements of 3.2,3.4 for unpowered landings,

w
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3.2.3.4.3 Elevator 1ift and longitudinal control in landing. Any adverse
effects of eievator lift with pitcii-attitude changes must be sufficicrtly smaii
so that they do not interfere significantly with the pilot's ability to make
altitude and flight-path corrections during the approach, ftlzre, and landing

¢f powered and unpoweved lifting re-sntry vehicles.

3.2.3.5 Longitudinal control forces in dives - Service Flight Envelope,
With 2 nrwered vshicle trimmed for level flight, and an unpowered vchicle
trimmed for glide flight within the Service Flight Enveicpe, the elevator
controi forces in dives to all attainablie speeds within the Service Flight

Envelope shali not exceed 50 pounds push or 10 pounds pull for vehiclez with
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center-stick controllers, nor 75 pounds push or 18 pounds pull for vehicles
with wheel controllers. In similar dives, but with trim opticnal foilowing
the dive entry, it shall be possible with normal piloting techniques to main-
tain the forces within the limits of 10 pounds push or pull for vehicles with
center-stick controllers, and 20 pounds push or pull for vehicles with wheel
contrellers. The forces required for recovery from these c¢ives shall be in
accordance with the gradients specified in 3.2.2.2.1, although speed may

vayy during the pullout,

3.2.3.6 Longitudinal control forces in dives - Permissible Flizht

Envelope. With a powered vehicle trimmed for level flight and an un-

powered vehicle trimmed for steady gliding flight, with trim optional in

the dive, it shall be possible to maintain the elevator cont->1 force within
the limits of 50 pounds push or 35 pounds pull in dives to all attainable
speeds within the Permissible Flight Envelope. The force required for
recovery from these dives shall not exceed 120 pounds. Trim and deceleration
devices, etc., may be usad to assist in recovery if no unusual pilot technique
is required.

3.2.3.7 Longitudinal control in sideslips. With the vehicle trimmed with
zero sidesiip for straight and level powered flight or for unpowered
equilibrium glide flight, the elevator-control force required to maintain
constant indicated airspeed in steady sideslip, with up to 50 pounds of rudder
pedal force in either direction, shall not exceed tae elevator-control force
that would result in a 1 g change in normal acceleration. In no case,

however shall the elevator-control force exceed:

Center-stick controllers ----- 10 pounds pull to 3 pounds push
Wheel controllers  --~------ 15 pounds pull to 10 pounds push

1f S0 pounds of pedal force result in a sideslip angle that exceeds lateral-
directional sideslip requirements specified elsewhere, the same elevator-
contrel forces shall apply at the maximum allewable sideslip angle, If a
variation of elevator-control forces with sideslip does exist, it is preferred
that increasing pull force accompany increasing sideslip, and that the mag-
nitude and divection of the force change be similar for right and left side-
slips. These requirements define Levels 1 and 2. For Level 3, there

should he no uncontrollable pitching motions associuted with the sideslips.

3.3 Lateral-directional flying qualities.

3.3.1 lateral-directional mede characteristics.

5.3.1.1 Lateral-directional oscillatioiis {Dutch roil). The frequency, @y, ,
and damping ratio, %, , of the lateral-directional oscillations following a
rudder disturbance input, shall exceed the minimum requirements in table VII.
The regu?rements shall be met with cockpit controls fixed and with them free,
in osciliations of any magnitude that might be experienced in operational use.
If the oscillation is nonlinear with amplitude or time, the requirements shall
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apply to each cycle of the oscillation. Residual osciilaticus may be tolerated
only if the amplltude is sufficiently small that the motions are not objection-
able and do not impair mission perfcrmance.

TABLLE VIT.  Minimum Dutch Roll frequency and Dampiag

Level Flight Phase Class Min g& " Min Z;fw’?d " Min ’4),,0:
Category rad/sc rad/sec
AgC Il 0.08 .15 0.4**

1 Ag§C Iv 0.08 0.15 1.0
B Both 0.08 0.15 C.4»>
2 All Both | 0.02 | 0.5 0.4
3 ALl Both 0.02 S ] e

The governing damping requirement is that yielding the Iarger
value of ;d’

Class 111 vehicles may be excepted from the rinimum &), require-
ments, subject to approval by the preocuring activity, 1f the re-
quirements of 3.3.2 through 7.3.2.4.1, 3.3.5 and 3.3.9.4 are

met.

When a),, I¢//31 is greater than 20 (Ia(./SCC} , the
minimum Zd @Wny shall be increased above the g; 2y minimums
lrsted above by:

Level 1 - 83wy, - 014(0);; 18/ ]4 -20)
Level 2 - AYywy, = 009(@” |8/8[g -20)
Level 3 - 85,0, = .005 (& /¢/ﬂ/d -20y
with dd in rad/sec.

3.3.1.1.1 Directional control margin. When automatic stabiiization devices
are used to overcome an 2periodic instability of the basic vehicle both the
magnitude of the instability and the rudder control power shall be such that
sufficient control mcment can be commanded by the pilot in the critical direc-
tion through the use of the cockpit controls. Rudder control shali be suffi-
ciently effective to balance the vehicle in yaw at all sideslip angles in the
atmospheric disturbances of 3.7.3 and 3.7.4 for the operational vehicle and in

a reduced level of atmospheric disturbances that will be specified by the pro-
curing activity for the experimental vehicle.

3.3.1.2 Roll mode. The roll mode shall be stable and the time constant Ze
shall be no greater than the appropriate values in table VIIIf.

b
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TABLE VIII. Maximum Roil Mode Time Constant

T T

Class ! Flight Phase Level 1 Level 2 Level 3
Category

111-0 All 1.4 sec 3.0 sec 10 sec
Ag§gC 1.0 scc 1.4 sec 10 sec

Iv-0 B 1.4 sec 3.0 sec i0 sec

I1I1-E §

IV-E All 2.0 sec 5.0 sec (o]

3.3.1.3 Spiral stability. The combined effects of spiral stability, flight-
control-system characteristics, and trim change with speed shall be such that
following a disturbance in bank of up to 20 degrees, the time for the bank angle
to double will be greater than the values in table IX. This requirement shall
be met with the vehicle trimmed for wings-level, zero-yaw-rate flight with the
cockpit controls free.

TABLE IX. Spiral Stability - Minimum Time to Double Amplitude

Class Flight Phase Level 1 Level 2 Level 3
Category

1X1-0 &

IV-0 All 20 sec 12 sec 4 sec

HI-E & All 12 sec 8 sec 4 sec

IV-E

3.3.1.4 Coupled roll-spiral oyciilation. A coupled roil-spiral mode will not
be permitted.

34




[ENTRUE

ER N e o

F SN0 SR Lot IR GRS A

‘

»

TR TN A e e

3.3.2 Latersi-directional dynamic response characteristics. Lateral-direc-
tional dynanic response characteristics are stated in terms of response to
atmospheric disturbances and in terms of allowable roll rate and bank angle
oscillations, sideslip excursions, aileron stick or wheel forces, and rudder
pedal forces that occur during specified rolling and turning maneuvers. The
requirements of 3.3.2.2, 3.3.2.3, and 3.3.2.4 apply for both right and left
aileron commands of all magnitudes up to the magnitudes required to meet the
rell performance requirements of 3.3.4 and 3.3.4.1.

3.3.2.1 Ltateral-directional response to atmospheric disturbances.

Although no numerical requirements are specified, the combined effects of
Wnir3ds e 4L(p”5),l¢@yekj, gust sensitivity, and flight-control-system
nonlinearities shall be such that the vehicle will have acceptable response
and controllability characteristics in atmospheric disturbances. In partic-
ular, the roll acceleration, rate and dispiacement responses to side gusts
shall be investigated for the vehicle during glide, landing approach, flare
and the float prior to touchdown at all anales of attack within the Cpera-
tional and Service Flight Envelopes. The procuring activity shall specify
the different types and magnitudes of atmos;heric disturbances under which
the operational and experimental vehicles shall have acceptable response and
controllability characteristics.

3.3.2.2 Reil rate oscillations. Following a rudder-pedals-free step aileren

control command, the roll rate at the first minimum following the first peak
shall be of the sam: sign and not less than the following percentage of the

roll rate at the first peak:

Flight Phase

Level Category Percent
1 AgC 60
B 25
2 Ag§gC 25
B 0

For aJl lLevels, the change in bank angle shall aiwiys be in the direction of
the sileron control command. The aileron command <hall be held fixed until
the bank angle has changed at !east Y0 degrees.
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3.3.2.2.1 Additional roll rate requirements for small inputs. The value of
the parameter L, /0,y following a rudder-pedals-free step aileron con-
trol command, shall be within the limits shown in figure 4.

I S

T o m emmmpmmn i mmm e S pommn .
' 1 ] ! i i i : ' E
i 1 ] ! H 1 i 1 1 ]
: : : :/ ] ' ! 3 ; !
) ) 1 ! Z 4 /) [ S S +
stalb i e T A et ¢+ 4 7 -- r
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1 ] I Y/ . 1 ]
() S e oY LI e R SRRRRS:
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] [ [} . 1 /. ]
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> : ; l ; ! ? ; !
R e boeeecbemenect o b SN Y - - - - -y - - -- S
Y A : P
3 : : ; : :
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% ~80 Z760 200 -320 %0
Y5 (DEG) WHEK p LEADS @ BY 45 TO 225 DEG
-180 -280 -340 -60 -14%0 -220

Ys (DEG) WHEN p LEADS 3 BY 225 TAROUGH 360 TO 45 VEG
FIGURE 4 ROLL RATE OSCILLATION LIMITATIONS

3.3.2.3 Bank angle oscillations. The value of the parameter ¢05G/'¢m,
following a rudder-pedals-free impulse aileron control command shall be within
the limits in figure 5 for Levels 1 and 2. The impulse shall be as abrupt as

practical within the strength limits of the pilot and the rate limits of the
aileron controi system.

36




TS,

Ats kg

Ty

Ui

Eit-tla oo o YT

LA N Ly

B R NI

9
»

Tk wg

2

.......................................

N
-\
)
+
]
[]
1
1
-
]
]
[
[
1

FLIGHT PHASE
CATLAORY B

PR R L

]
'
1
v
]
-
D
'
.
:
1
]
3
e s —————
1
[
1
)
t
]

0.8] <n~u-

R R L L

Q%s¢,¢%v

Rk L pruny U SR T )

0 -80 2160 240 [0 10
ygg (DEG) WHEN p LEADS /2 BY 45 TO 225 DEG
-180 260 -340 -60 T -220

Vs (DEG) WHEN p LEADS @ BY 225 THROUGH 360 TO 45 DEG
FIGURE 5 BANK ANGLE OSCILLATION LIMITATIONS

3.3.2.4 Sidesiip excursions. The amount of sideslip follewing a rudder-pedals-
frece step aileron control command shall be less than the values specified here-
in. The aileron command shall be held fixed unt:l the bank angle has changed

at leasti 90 degrees.

Adverse S.deslip Proverse Sideslip
(Right roil com- (Right roll com-

Flight Phase mand causes mand causcs left
lLevel Category right side:xlip) sideslip)
1 o 6% degre-: 2t degrees
AE&B 10£ degrees 3% degrees
2 All 1S% degrees 4% degrees

When the roll performance exceeds the requirements of 3.3.4 the maximum
amount of sideslip allowed shall be determined assuming® = 1.0.

5.5.2.4.1 Additional sideslip rcquirements for small inputs. The amount of
sideslip following a rudder-pedals-free step aileron control command shall be
within the limiis shown on figure 6 for Levels 1 and 2. This requirement
shall apply for step aileron control commands up to the magnitude which causcs
a 60-degree bank angle change within one period of fhe Dutch roll oscillation
or 2 scconds, whichever is longer.
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3.3.2.5 Control of sideslip in rolls. In the rolling maneuvers described in
3.3.4, but with the rudder pedals used for coordination for all Classes, direc-
tional-control effectiveness shall be adequate to maintain zero sideslip with

a rudder pedal force not greater than 5C pounds for Class IV vehicles in Flight
Phase Category C, Level 1 and 100 pounds for all other combinatiocns of Clsass,
Flight Phase Category, and Level.

3.3.2.6 Turn coercination. It shall be possible to maintain steady coord nated
turns in either direction, using 60 degrees of bank for Class IIT vehicles, with
a rudder pedal force not exceeding 40 pounds and zileron stick force rot ex-
ceeding 5 pounds or an aileron wheel force not exceeding 10 pounds. These x2-
quirements constitute Levels 1 and 2 with the vehicle trimmed for wings-level
straight flight.

o
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3.3.3 Pilot-induced oscillarions. There shall be no tendency for sustained
or uncontrollable lateral-directional cscillations resulting frem efforts of
the pifot to ccaitrol the vehicle.

5.7.4  Roll control effectiveness. Roll centrol 2ffectiveness is specified
in table X in terms of bank angle change in a given time, @y . Ailer- con-
trol commands shall be initiated from zero roll rate in the form of abrupt in-
puts, with time measured from the initiation of control force application.
Pudder pedals shall remain free for Class I11-0 and Class IV-0O vehicles for
Flight Phase Category C, Level 1. Otherwise, rudder pedals may be used tc
reduce sideslip that retards roll -ate {not to produce sideslip that aug-
ments rell rate) if rudder pedal inputs are simple, easily coordinated with
aileron-control inputs, and consistent with piloting techniques for the vehi-
c¢le Class and mission. Roll control shall be sufficiently effective to balance
the vehicle in roll throughout the Service Flight Envelope in the atmospheric
disturbances of 3.7.3 and 3.7.4 for the operational vehicle and in a reduced
level of atmospheric disturbances that will be specified by the procuring
activity for the experimental vehicle.

TABLE X. Roll Control Effectiveness

rFlight
Phase

Class | Category Level 1 Level 2 Level 3
11-0| ¢ @ = 45° in 3.2 sec| @, = 45° in 4.1 sec| @ = 45° in 5.4 sec
and
[HI-E]A & B (@ = 30° in 2.0 sec; & = 30° in 3.0 sec| & = 30° in 4.0 sec
V-0 | C @ = 45° in 1.2 sec| @ = 45° in 1.6 sec|@, = 45° in 2.6 sec
and
V-8 [A§B |B =45° in 1.2 sec| & = 45° in 1.6 sec| @, = 45° in 2.1 sec

PR T L o
vy

3.3.4.1 Roll response to aileron coatrol force. Stick-controlled vehicles
in Category C Flight Phases shall have a roll response to aileron force not
greater than 7.5 degrees in 1 second per pound for Level 1, and not greater
than 12.5 degrees in 1 second per pound for Level 2. For Category A Flight
Phases, the stick roll sensitivity shall be not greater than 15 degrees in

1 sezond per pound for Level 1, and not greater than 25 degrees in 1 second
per pound for Level 2. Stick-controlled vehicles in Category B Flight Phases
shall have a4 roll response to aileron force not greater than 25 degrees in 1
second per pound for Level 1. In case of conflict between the rsquirements
of 3.3.4,1 and 3.3.4.2, the requiremer s of 3.3.4.1 shall govern.
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3.3.3 Pilot-induced oscillations. There shall be no tendency for sustained
or uncontrollable lateral-divcctional cscillations resulting frem efforts of
the pilot to ccatrol the vehicle.

3.7.4  Roll control effectiveness. Roll contxol 2ffectiveness is specified
in table X in terms of bank angle change in a given time, be . Ailer-n con-
trol commands shall be initiated from zero roll rate in the form of abrupt in-
puts, with time measured from the initiation of control force application.
Rudder pedals shall remain free for Class I11-0 and Class IV-0 vehicles for
Flight Phase Category C, Level 1. Otherwise, rudder pedals may be used tc
reduce sideslip that retards roll -ate {not to produce sideslip that aug-
ments roll rate) if rudder pedal inputs are simple, easily coordinated with
aileron-control inputs, and consistent with piloting techniques for the vehi-
cle Class and mission. Roll control shall be suifficiently effective to balance
the vehicle in roll throughout tlie Service Flight Envelope in the atmospheric
disturbances of 3.7.3 and 3.7.4 for the operational vehicle and in a reduced
level of atmospheric disturbances that will be specified by the procuring
activity for the experimental vehicle.

TABLE X. Roll Controi Effectiveness

l Flight
Phase

Class | Category Level 1 Level 2 Level 3
111-0} ¢ @ = 45° in 3.2 sec| @, = 45° in 4.1 sec| B = 45° in 5.4 sec
and
IU-E|A§B [f=30°in 2.0 sec] & = 30° in 3.0 sec| @B = 30° in 4.0 sec
V-0 {¢C @ = 45° in 1.2 sec| @ = 45° in 1.6 sec @, = 45° in 2.6 sec
and
V- |A§B B =45 in 1.2 sec| & = 45° in 1.6 sec| @ = 45° in 2.1 sec

3.3.4.1 Roll response to aileron coatrol ferce. Stick-controlled vehicles
in Category C Flight Phases shall have a roll response to aileron force not
greater than 7.5 degrees in 1 second per pound for Level 1, and not greater
than 12.5 degrees in 1 second per pound for Level 2. For Category A Flight
Phases, the stick roll sensitivity shall be not greater than 15 degrees in

1 second per pound for Level 1, and not greater than 25 degrees in 1 second
per pound for Level 2. Stick-controlled vehicles in Category B Flight Phases
shall have 4 roll response to aileron force not greater than 25 degrees in 1
second per pound for Level 1. In case of conflict between the requirements
of 3.3.4.1 and 3.3.4.2, the requiremer s of 3.3.4.1 shall govern.
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3.3.4.2 Aileron control forces. The stick or wheel force required to achieve
the roll control effectiveness in table X of 3.3.4 shall be less than the max-
imum in table XI. The minimum force shall be greater than the breakout force
plus one-fourth and one-eighth the values in table XI for Levels 1 and 2,
respectively. For Level 3, the minimum aileron control force shall be greater
than the breakout force.

3:3.4.§ .Lin?arity of roll response. There shall be no objectionable non-
linearities in the variation of rolling response with aileron control deflec-

tion or force. Sensitivity or sluggishness in response to small aiieron con-
trol deflections or forces shall be avoided.

TABLE XI. Maximum Aileron Control Force

Flight
Phase Maximum Maximum
Level Class Category Stick Force Wheel Force
(1b) (1b)
I11-0 AgB 25 S0
i C 25 25
V-0 AGB 20 30
20 20
111-0 A4 B 30 60
2 C 30 30
V-0 AGB 20 60
C 20 20
3 I11-0 & All 35 70
iv-0
IV-E

3.3.4.4 Wheel contvol throw. For vehicles with wheel controllers, the wheel
throw necessary to meet the roll control effectiveness requirements specified
in 3.3.4 shali not exceed 60 degrees in either direction. For completely
mechanical systems, the requirement may be relaxed to 80 degrees.
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3.3.4.5 Rudder-pedal-induced rolls. For Levels 1 and 2, it shall be possible
to raise a wing by use of the rudder pedal alone, with right rudder pedal force
required for right rolls and left rudder pedal force required for left roils.

For Level 1, with the aileron control free, it shall be possible to produce a
roll rate of 3 degrees per sscond with an incremental rudder pedal force of

50 pounds or less. The specified roll rate shall be attainable from coordinated
turns at up to 230 degrees bank angle with the vehicle trimmed for wings-level,
zero-yaw-rate flight. For Levels 1 and 2, cffective dihedral shall not be so
great that use of rudder pcdals adversely affects precision of bank angle control
or causes excessively large roll rates.

3.3.5 Directional control characteristics. Directional stability and control
characteristics shall enable the pilot to balance yawing moments and control

yaw and sideslip. Sensitivity to rudder pedal forces shall be sufficiently

high that directional control and force requirements can be met and satisfactory
coordination can be achieved without unduiy high rudder pedal forces, yet
sufficiently low that occasional improperly coordinated control inputs will

not seriously degrade the flying qualities.

3.3.5.1 Directional control with speed change. With the vehicle initially
trimmed directionally with symmetric power, the trim change with speed shall

be such that wings-level straight flight can be maintained over a speed range

of #30 percent of the trim speed or +100 knots equivalent airspeed, which-

ever is less (except where limited by boundaries of the Service Flight Envelope).
The rudder pedal forces shall not be greater than 40 pcounds for Levels 1 and 2,
and 180 pounds for Level 3, without retrimming.

3.3.5.1.1 Directionul control with asymmetric loading. With the vehicle
initially trimmed directionally in the asymmetric loading conditions specified
in the contract at any speed ir the Operational Flight Envelope, it shall be
possible to maintain a wings-level straight flight path throughout the Opera-
tional Flight Envelcpe with rudder pedal forces not greater than 100 pounds
for Levels 1 and 2 and not greater than 180 pounds for Level 3, without
retrimming.

3.3.5.2 Directional control in go-around. For the vehicle with a landing
engine, the response to thrust, configuration, and airspeed change during land-
ing abort shall be such that the pilot can maintain straight flight during go-
around initiated at speeds down to V_{PA). The rudder pedal forces shall not
exceed 40 pounds fou Levels 1 and 2 ﬁor 180 pounds for Level 3.

3.3.6  Lateral-directional characteristics in steady sideslips. The require-
ments of 3.3.6.1 through 3.3.6.3.1 and 3.3.7.1 are expressed in terms of
characteristics in rudder-pedal-induced steady, zero-yaw-rate sideslips with
the vehicle trimmed for wings-level straight flight. For 3.3.6.1 through
3.3.6.3, sideslip angles shall be considered up to those produced or limited
by:

a. Fuil rudder pedal deflection, or
b. 250 pounds of rudder pedal force, or
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maximum aileron control.or surface gefiection, or

a maximum sideslip angle to be specified by the procuring activity for

the operational and the experimental vehicles for the various Flight
Phase Categories.

Q2. 0

3.3.6.1 Yawing moments in steady sideslips. For the sideslips specified in
3.3.6, right rudder pedal deflection and force shall produce left sideslips,
and left rudder pesdal deflection and force shall produce right sideslips. The
variation of sidesiip angle with rudder pedal deflsction and force shail be
essentially linear for sideslip angles between ~ 5 degrees and -5 degrees for
Levels 1 and 2, Flight Phase Categories A and B. For larger sideslip angles

an increase in rudder pedal deflection shall always be required for an in-
crease in sideslip. For Flight Phase Category C, linearity between rudder
pedal deflection and sideslip and rudder pedal force and sideslip shall apply
between + 10 degrees and -10 degrees for the operational vehicle and between

+ 5 degrees and -5 degrees for the experimental vehicle. Although the gradient
of sideslip angle versus pedal deflection and sideslip angle versus rudder pedal
force may be reduced outside the linear range specified, in no case shall this
reduction be less than 50 percent of the linear gradient, except for level 3,
when the gradient must always be greater than zero. The term gradient dJdoes

not include that portion of the rudder pedal force versus sideslip angle curve
within the preloaded breakout force or friction band.

3.3.6.2. Side forces in steady sideslips. For the sideslips of 3,3.6, an in-
crease in right bank angle shall accompany an increase in right sideslip, and
an increase in left bank angle shall accompany an increase in left sideslip.

3.3.6.3 Rolling moments in steady sideslips. For the sidesl.ps of 3.3.6,
left aileron-control deflectior and force shall accompany left sideslips, and
right aileron-contrcl deflection and force shall accompany right sideslips.
For Levels 1 and 2, the variation of aileron-control deflection and force with
sideslip angle shall be essentially linear.

3.3.6.3.1 Exception for go-around. The requirement of 3.3.6.3 may, if necessary,
be waived for go-around if task performance is not impaired and no more than 50
percent of roll control power available to the pilot and no more than 10 pounds
of aileron-control force, are required in a direction opposite to that specified
in 3.3.6.3.

2,3.6.3.2 Positive effective dihedral limit. For Level 1, positive effective
dihedral (right roll control for right sideslip and left roll control for left
sideslip) shall never be so great that more than 50 percent of the roll con-
trol power availabie to the pilot and no more than 7.5 pounds of aileron-stick
force or 15 pounds of aileron-wheel force, are required for sideslip angles
which might be experienced by the operational vzhicle in service employment.
The corresponding limits for Level 2 shall be 75 percent and 10 pounds of
aileron-stick force cr 20 pounds of aileron-wheel force. For the experimental
vehicle, Levels 1 and 2, positive effective dihedral shall never be so great
that more than 75 percent of the roll control power available to the pilot

and no more than 20 pounds of ailieron-stick force or 40 pounds of aileron-
wheel force are required for sideslip angles which might be experienced in
service empleyment.
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3.3.7 Lateraj-directional control in crosswinds. 't shall be possibie to

take oft and land with normal pilot skill and technique in 90 degree crosswinds,
from either side, of velocities up to those specified in table XII. Aileron
control forces shall be within the limits specified in 3.3.4.2, and rudder

pedal ferces shall not exceed 100 pounds for Level 1 nor 180 pounds for Levcls

2 and *  This requirement can normally be met through compliance with 3.3.7.1
and 3.3.7.2.

TABLE XIJ. Crosswind Velocity

Crosswind
Level ]
Operational Experimental
Vehicle Vehicle
1 § 2 30 knots 10 knots
3 15 knots 0

3.3.7.1 Final approach in crosswinds. For all operational vehicles except
vehicles equipped with crosswind landing gear, or otherwise constructed to
land in a large crabbed attitude, rudder- and aileron-control power shall be
adequate to develop at least 10 degrees of sideslip or the sideslip specified
in 3.3.6, whichever is less, with rudder pedal forces not exceeding the values
specified in 3.3.7. For Level 1, aileron control shall not exceed either 7.5
pounds of force cr 50 percent of control power available to the pilot. For
Level 2 the corresponding limits are 10 pounds or 75 percent. The aileron con-
trol force shall not exceed 20 pounds for Level 3. For Levels 1 and 2, the
experimental vehiclie shall develop at least S degrees of sideslip or the side-
slin specified in 3.3.6, whichever is less, with rudder peda! forces not ex-
ceeding the values specified in 3.3.7. For the experimental vehicle, Levels

1 and 2, aileron control shall not exceed either 20 pounds of force or 75 per-
cent of the roll control power available to the pilot.

3.3.7.2 Takeoff yun and landing rollout in crosswinds. Rudder and aileron
control, in conjunction with other normal means of control, shali be adequate
to muintaia a straight path on the ground or other landing surface in calm air
and in crosswinds up to the values specified in table XII. This requirement
applies with forces not exceeding the values specified in 3.3.7.

3.3.7.2.1 Cold- and wet-weather operation. The requirements of 3.3.7.2 apply
on wet runways for ail operational vehicles, and on snow-packed and icy run-
ways for operational vehicles intended to operate under such conditions. If
compliance is not demonstrated under these adverse runway conditions, direc-
tional contro}l shatl be maintained by use of aerodynamic controls alone at ali
airspeeds above 5C knots for Class IV-O and above 30 knots for Class I111-0.

For very slippery runways, the requirements need not apply for crosswind
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components at which the force tending to blow the operational vehiclz off the
runway §xceeds the opposing tire-runway frictional force with the tires
supporting all of the vehicle's weight.

3.3.7.3 Taxi .ag wind speed limits. It shall be possible te taxi an operational
vehicle at any angle in a 45-knot wind.

3.3.8 Lavcral-directional control in dives. Rudder and aileron control power
shall be adequate t maintain wings level and sideslip zero, without retrimming,
throughout the div  and =ullouts of 3.2.3.5 and 3.2.3.6. In the Service Flight
Envelope, aileron control forces shall not exceed 10 pounds and rudder pedal
forces shall not exceed 50 pounds.

3.3.9 Lateral-directional control with asymmetric thrust. A powered vehicle
shall be safely controllable with asymmetric loss of thrust from any factor.
The requirements of 3.3.9.1 through 3.3.9.4 apply for the appropriate Flight
Phases when any single failure or malperformance of the propulsive system, in-
cluding inability to get an air start, causes the absence or loss of thrust of
one or more engines. The effect of the failure or malperformance on all sub-

systems powerced or driven by the failed pror ‘sive system should also be can-
sidered. )

3.3.9.1 Thrust loss during takeoff run. It shall be possible for the pilot
to maintain control of a powered vehicle on the takeoff surface following sud-
den loss of thrust from the most critical factor. Thereafter, it shall be
possible to achieve and maintain a straight path on the takeoff surface with-
out a deviation of more than 30 feet from the path originally intended, with
rudder pedal forces not exceeding 180 pounds. For the continued takeoff, the
requirement shall be met when thrust is lost at speeds from the refusal speed
(bascd on the shortest runway from which the vehicie is designed to operate)
to the maximum takeoff speed, with takeoff thrust raintained on the operative
engine(s), using only elevator, aileron, and rudder coatrols. For the aborted
takeoff, the requirement shall be met at all speeds below the maximum takeoif
speed; however, additional controls such as nose-wheel steering and differen-
tial braking may be used, Automatic devices which normally operate in the
event of a thrust failure may be used in either case.

3.3.9.2 Thrust loss after takeoff. During takeoff, it shall be possible with-
out a change in selected configuration for the pilot to achieve straight flight
following sudden asymmetric ioss of thrust from the most critical factor at
speeds from V_. (TC) to V___(TO), and thereafter to maintain straight flight
throughout the climbout. ™Re rudder pedal force required to maintain straight
flight with asymmetric thrust shall not exceed 180 pounds. Aileron control
shall not exceed either the force limits specified in 3.3.4.2 or 75 percent

of available control power, with takeoff thrust maintained on the operative
engine(s) and trim at normal settings for takeoff with symmetric thrust. Auto-
matic devices which normally operate in the event of a thrust failure may be
used, and the vehicle may be banked up to 5 degrees away from the iroperative
engine.
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3.2.9.3 Transient effects. The vehicle motions following sudden asymmetric

loss of thrust shali be such that dangerous conditions can be avoided by piiot
corrective getien. A realistic time delay (3.4.9) of at least 1 second shail
be considered.

3.3.9.4 Asymmetric thrust - rudder pedals free. The static directional stab-
i}ity shall be such that at all specds above 1.4V‘in, with asymmetric loss of
thrust from the most critical factor vhile the otger engine(s) develop nermal
rated thrust, the operational vehicle with rudder pedals free may be balanced
directionally in steady straight flight. The trim settings shall be those
required for wings-level straight flight prior to the failure. Aileron con-
trol forces shall not exceed the Level 2 limits specified in 3.3.4.2 for Levels

Y

i1 and 2 and shall not exceed the Level 3 limits for Level 3.

3.3.9.5 Two eng}ves inoperative. With any engine inonerative, it shall be
possible upon failure or the inability tc get an air s.art of the most critical
remaining engine to stop the transient motion. Furthermore, it shall be
possible to maintain straight flight from the cne-engine-out speed for maxi-
mum range to the speed for maximum range with both engines inoperative. In
addition, it shall be possible to effect a safe recovery at any service speed

above v°m' (CL) following sudden simultaneous failure of the two critical
failing engines.

3.4 Miscellaneous flying qualities.

3.4.1 Approach to dangercus flight conditions. Dangerous conditions may
exist where the vehicle should not be flewn. When approaching these flight
conditions, it shall be possible by clearly discernible means for the pilot
to recognize the impending dangers and take preventive action. Final deter-
mination of the adequacy of all warning of impending dangerous flight con-
ditions will be made by the procuring activity, considering functional effec-
tiveness, whether the vehicle is operational or experimental, and the reli-
ability required as determined by the vehicle mission. Devices may e used
to prevent entry to dangerous conditions only if the criteria for their de-
sign, and the specific devices, are approved by the procuring activity.

3.4.1.1 Warning and indication. Warning or indication of approach to a
dangerou: condition shall be clear and unambigucus. For example, a pilot
must be able to distinguish readily among stall warning (which requires pitch
down or increasing speed), excessive sink rate (which requires a decrease in
angle of attack), Mach buffet (which may indicate a need to de~rease speed),
and normal vchicle vibration (which indicates no need for pilot action). If

a warning or indicaticn device is required, functional failure of the evice
shall be indicated to the pilot.

3.4.1.2 Prevention. As a minimum, dangerous-condition-preventicn devices

shall perform their function whenever needed, but shall not limit flight within
the Operational Flight Envelope. Hazardous operation, normal or inadvertent,
shall never be possible. For an operational vehicle, for Levels 1 and 2,
neither hazardous nor nuisance operation shall be possible.
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3.4.2 Stalls. The requirements of 3.4.Z through 3.4.2.4.1 are to assure

that the airflow separation induced by high angle of attack, which causes loss
of aerodynamic lift or control about any one axis, does not result in a dan-
gerous or mission-limiting conditien. When the maximum angle of attack and
minimun speed re limited by other considerations than stall, any or all the
requirements of 3.4.2 through 3.4.2.4.1 may be waived with the prior approval
of the procuring activity,

3.4.2.1 Required condirions. The requirements for stall characteristics apply
for all Vehicle Normal States in straight unaccelerated flight, turns including
gliding and climbing turns, and pullups with normal acceleration up to 7o pay-
The requirements shall also apply to Vehicle Failure States that affect stall
characteristics.

3.4.2.2 Stall warning requirements. The stall approach shall be accompanied
by an easily perceptible warning. Acceptable stall warning may consist of
shaking of the cockpit controls, buffeting or shaking of the vehicle, or a
combination of both. The onset of this warning shall occur within the rarges
especified in 3.4.2.2.1 and 3.4.2.2.2 but not within the Operational Flight
Envelope. The increase in buffet intensity with further increase in angle of
attack shall be sufficiently marked to be noted by the pilot. The warning may
be provided artificially only if it can be shown that natural stall warning is
not feasible. These requirements apply whether Vg is as defined in 6.2.2 or
as allowed in 3.1.9.2.1.

Stall warning may not be required for certain Flight Phases since the
vehicle may never exhibit stall characteristics or approach the stali. How-
ever, in lieu of stall warning a limiting angle of attack or sowe other warn-
ing may be necessary to indicate the approach to a dangerous flight condition.
The Flight Phases exempted, and the type of warning used in liev of stall warn-
ing, will be established with the approval of the procuring activity.

3.4.2,2.1 Warning speed for stalls at 1 g cos ¥ normal to the flight path.
Warning onset for powersd or unpowered vehicles for stalls at 1 g cos 9 normal
to the flight path shall occur between the following limits:

Minimum Stall Maximum Stall
Flight Phase Warning Speed Warning Speed
c Higher of 1.05 VS Higher of 1.10 Vs
or VS + 5 knots or VS + 10 knots
AGB Higher of 1.0S VS Higher of 1.15 VS
oT Vg + 5 knots or VS + 15 knots

3.4.2.2.2 Warning range for accelerated stalls. Onset of stall warning shal)l
occur outside the Operational ¥light Envelope associated with the Vehicle
Normal State and within the following angle-of-attack ranges:
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Minimum Stall Maximum Stal!
Flight Phase Warning Angle Warning Angle
e, of Attack of nttack
C @ + 0.82(eg - w,) % + 0.90(e, ~%,)
Ag§gB @, + 0.75(eg - ,) o + 0.90(x, ~0, )

where @g is the stall angie of attack and =, is the angle of attach for zero
lift ( «, may be estimated from wind-tunnzl tests or flight tests).

3.4.2.3 Stzall characteristics. In the unaccelerated stalls of 3.4.2.1, the
vehicle shail not exhibit uncontrollable rolling, yawing, or downward pitch-
ing at the stall in excess of 20 degrees fox Class III, or 30 degrees for Class
1V vehicles. It is desired that no pitch-up tendencies cccur in unaccelerated
or accelerated stalls. In unaccelerated stalls, mild nose-up pitch may be
acceptable if no elevator control force reversal occurs and if no dangerous,
unrecoverable, or objectional flight condition results. A mild nose-up ten-
dency may be acceptable in accelerated stalls if the operational effective-
ness of the airplane is not compromised and:

a. The vehicle has adequate stall warning

b. Elevator effectiveness is such that it is possible to siop the pitch-up
promptly and reduce *he angle of attack, and

At no point during the stall, stall approach, or recovery does any
portion of the vehicle exceed structural limit loads.

C.

The requirements apply to all stalls resulting from rates of speed reduction

up to 4 knots per second. The stall characteristics will be considered un-
acceptable if a spin is likely to result.

3.4.2.4 Stall recovery and prevention. It shall be possible to prevent the
complate stall by moderate use of the contrcls at the onset of the stall warn-
ing. It shall be possitle to recover from a complete stall by use of the
elevator, aileron, and rudder controls with reasonable forces, and to regain
level fiight for a powered vehicle and steady-state glide flight for an un-
powered vehicle. Such recovery shall be possible without excessive loss of
altitude or buildup of speed. For a powered vehicle, throttle shall remain
fixed until speed has begun to increase when an angle of attack below the
stall has been regained. In the straight-flight stalls of 3.4.2.1, with the
vehicle trimmed at a speed not greater than 1.4 V¢ and with a speed reduction

rate of at least 4.0 knets per second, elevator contrel power shall be suf-
ficient to recover from any attainable angle of attack.

3.4.2.4.1 One-engine-out stalls. On multi-engine vehicles in cruise flight,
it shall be possible to recover safely from stalls with the critical engine
inoperative. This requirement applies with the remaining engines at up to

thrust for level flight at 1.4 Vg, but these engines may be throttled back
during recovery.
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3.4.5 Spin recovery. If spin demonstration is required by MIL-$-25015 cr
MIL-D-8708 (with any modifications to make them applicable to lifting re-entry
vehicles), consistent prompt recoveries shall be possible from all modes of
incipient and fully developed erect and inverted spins, using controls as
required by the referenced specifications. If such controls include a special
spin recovery device, that device shall satisfy the following additional re-
quirements: required pilot action shall be easy, consistent, and simple;

the device shall be immediately reusable for several spins on the same flight.
Recovery control forces shall not exceed 250 pounds rudder, 75 pounds elevator,
or 35 pounds aileron,

3.4.4 Roll-pitch-yaw coupling. For Class III and Ciass IV vehicles in rudder-
pedal free, elevator-control-fixed, maximum-performance rolls through 90 de-
grees, entered from straight flight or gliding flight, or from turns, gliding
turns, pushovers, or pullups ranging from 0 g to 6.8 7, , the resulting yaw-
ing or pitching motion and sideslip or ngle-of-attack changes shall neither
exceed structural limits nor cause other cdangerous fligh. conditions such as
uncontrollable motions or roll autorotation. These requirements define Level

1 and Level 2 operation.

3.4.5 Control harmony. The elevator and ailevon force and displacement sen-
sitivities and breakout forces shall be compatible so that intentional inputs
to one centrol axis will not cause inadvertent inputs to the other.

3.4.5.1 Control force coordination. The cockpit control forces required to
perform maneuvers which are normal for the vehicle should have magnitudes which
are related to the pilot's capability tc produce such forces in combination.
The following control force levels are considerrd to be limiting values com-
patible with the pilot's capability to apply simuitaneous forces:

Type Control Elevator Aileron Rudder
Center-stick 50 pounds 25 pounds 175 pounds
Wheel 75 pounds 40 pounds 175 pounds

3.4.6 Buffet. Within the boundaries of the Operational Flight Envelope, there
shall be no objectionable buffet which might detract from the effectiveness of
the vehicle in executing its intended missions.

3.4.7 Release of stores. The intentional release of any stores shall not
result in objectionable flight characteristics for Levels 1 and 2. However,

the intentional release of stores shall never result in dangerous or intolerable
flight characteristics. This requirement applies for all flight conditions and

store loadings at which normal or emergency store release is structurally per-
missible.

3.4.8 LCffects of special equipment. Operation of movable parts such as cnrgo
doors, refueling devices, rescue equipment, or delivery or pickup of cargy
shall not cause buffet, trim changes, or other characteristics which impair the

tactical effectiveness of the vehicle under any pertinent flight condition.
These requirements shall be met for Levels 1 and 2,
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3.4.9 Transients following failures. The vehicle motions following sudden
vehicle system or component failures shall be such that dangerous conditions
can be avoided by pilet corrective action. A realistic time delay between
the failure and initiation of pilot corrective action shall be incorporated
when determining compliance. 7This time delay should include an interval be-
tween the occurrence of the failure and the cccurrence of a cue such as
acceleration, rate, displacement, or sound that will definitely indicate to
the pilot that a failure has occurred, plus an additional interval whic'

represents the time required for the pilot to diagnese the situation anc
initiate corre.tive action.

3.4.10 Failures. No single failure of any component or system shall result
in dangerous or intolerable flying qualities; Special Failure States (3.1.6.2.1)
are excepted. The crew member concerned shall be provided with immediate and

easily interpreted iidications whenever failures occur that require or limit
any crew action or decision.

3.5 Characteristics of the primary flight control system.

3.5.1 General characteristics. As used in this specification, the term
primary flight control sy.tem includes the elevator, aileron, and rudder con-
trols (including control suarface interconnects), stabiiity augmentation system,
and all mechanisms and devices that thev operate. The requirements cof this
section are concerned with thosc aspects of the primary flight control system
which are directly related tc flying qualities. These requirements are in

addition to the requirements of the applicable control system design specifica-
tion, e.g., MIL-F-9490 or MIL-C-18244.

3.5.2 Mechanical characteristics. Some of the important mechanical charac-
teristics of control systems (including servo valves and actuators) are: fric-
tion and preload, lost motion, flexib!lity, mass inbalance and inertia, non-
linear gearing, and rate limiting. Requirements for these characteristics are
contained in 3.5.2.1 through 3.5.2.4. Meeting these separate requirements,
however, will not necessarily ensure that the owerall system will be satisfactory;
the mechanical characteristics must be compatible with the nonmechanical por-
tions of the control system and with the airframe dynamic characteristics.

3.5.2.1 Control centering and breakout forces. Longitudinal,. lateral, and
directional controls should exhibit positive centering in flight at any anormal
trim setting. Although absolute centering is not required, the combined effects
of centering, breakout force, stability, and force gradient shall not produce
objectionable flight characteristics, such as poor precision-tracking ability,
or permit large departures from trim conditions with controls free. Breakout
forces, including frictiom, preload, etc., shall be within the limits of table
XIII. The values in table XIII refer to the cockpit control force required to

start movement of the control surface in flight for Levels 1 and 2; the upper
limits are doubled for Level 3.

3.5.2.2 Cockpit control free play. The free play in each cockpit control,
that is, any motion of the cockpit centrol which does not move the control
surface in flight, shall not result in objectionalble flight characteristics,

particularly for small-amplitude control inputs,

40
-7




R R AT N T T

S e s o

TABLE XIII, Allowable Breakout Forces, Pounds
Class 1V Class Il
Min Max Min Max
Elevator Stick 1/2 3 1/2 5
Wheel 1/2 4 1/2 7
Aileron Stick 1/2 2 1/2

Wheel 1/2 3 1/2 6

Rudder 1 7 1 14

3.5.2.3 Rate of control displacement.

The ability of the vehicle to perform

the operational maneuvers required of it shall not be limited in the atimospheric

disturbances specified in 3.7 by control surface deflection rates.

For powered

or boosted controls, the effect of engine zpeed and the duty cycle of both
primary and second4ry controls together with the pilot control techniques shall

be included when establishing compliance with this requirement.

3.5.2.4 Adjustable controls.

the mean adjustment.

When a cockpit control is adjustable for pilot
physical dimensions or comfort, the contxol forces defined in 6.2 refer to

A force referred to any other adjustment shall not differ

by more than 10 percent from the force referred to the mean adjustment.

3.5.3

Dynamic characteristics.

The response of the control surfaces in flight
shall not lag the cockpit control force iiputs by more than the angles shown
in table XIV, for frequencies equal to or less than the frequencies shown in

table XIV.
TABLE XIV. Allowable Control Surface Lags
v Allowable Lag - Deg. Control Upper Frequency
Level Category C | Category A & B rad/sec
Flight Phase | Flight Phase
Elevator Dnep
16&2 30 45
0
3 60 Ruzder ng o 0ﬁqe
Aileron {(whichever is
| larger)

The lags referred to are the phase angles obtained from steady-state frequency
respenses, for reasonably large-amplitude force inputs.
small control-force amplitudes shall be small enough that they do not inter-
fere with the pilot's ability to perform any precision tasks required in

normal operation.
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Alternate methods of defining acceptable dynamic characteristics or
the magnitude of conirol surface lags and frequencies at which the lags should
be determined may be used by the contractor provided substantiating data is
supplied to, and approval is obtained from the procuring activity.

3.5.3.1 Control feel. In flight, the cockpit-control deflection shall not
lead the cochpit-control force for any frequency or force amplitude, This
requirement applics to the elevator, aileren, and rudder controls. In flight,
the c.ckpit-control deflection shall ro. lag the cockpit control force by more
than the angles listed in 3.5.3, for freauencies equal to or less than those
listed in 3.5.3, for reasonably large force inputs. The lags for very small
control-force amplitudes shall not interfere with the pilot's ability to per-
form precision tasks required in normal operation.

3.5.3.2 Damping. All control system oscillations shall be well damped, unless
they are of such an amplitude, frequency, and phasing that they do not result
in objectionable oscillations of the cockpit controls or the airframe during

abrupt maneuvers and during flight in the atmospheric disturbances specified
in 3.7.3 and 3.7.4.

3.5.4 Augmentation systems. Normal operation of stability augmentation and

control augmentation systems and devices shall not introduce any objectionable
flight or ground handling characteristics.

3.5.4.1 Performance of augmentation systems. Performance degradation of aug-
mentation systems caused by atmospheric disturbances, limit cycle, and coupling
due to structural vibrations and structural modes, shall be considered when

such systems are used. When considering atmospheric disturbances, the dis-
turbance of 3.7.3 and 3.7.4 should prevail.

3.5.4.2 Saturation of augmentation systems. Limits on the authority of the
augmentation systems, or saturation of equipment shall not resuit in objection-
able flying qualities. In particular, this requirement shall be met during
rapid large-amplitude maneuvers, during operation near Vg, and during flight
in the atmospheric disturbances of 3.7.3 and 3.7.4.

3.5.5 Failures. If the flying qualities with any or all of the avgmentation
devices inoperative are dangerous or intolerable, special provisions shall be
incorporated to preclude a critical sirgle failure. Failure-induced transient
mctions and trim changes resulting either immediateiy after failure or upon
subsequent transfer to alternate control modes shall be small and gradual
enough that dangerous flying qualities neveir result.

3,5.5.1 Failure transients. With controls free, the vehicle motions due to
failures described in 3.5.5 shall not exceed the following limits for at least

2 seconds following the failure, as a function of the Level of flying qualities
after the failure transient has subsided:
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Level 1 $0.1 g normal or lateral acceleration at the
(after failure) pilot's statior and t} degree per second in roll

Level 2 o 0.5 g at the pilot's station,
(afcer failure) +5 degrees per second r !1, and the lesser of
t5 degrees sideslip or the structural limits.

Level 3 No dangerous attitude or structural limit is

{(after failure) reached, and no dangerous alteration of the
flight path results from which recovery is
impossible.

3.5.5.2 Trim changes due to failures. The change in control forces required
to maintain attitude and sideslip for the failures described in 3.,.5 shall
not exceed the following limits for at least 5 seconds following the failure:

Elevater ------- 20 pournds
Aileron ------- 10 pounds
Rudder -~--~--- 50 pounds

3.5.6 Transfer to alternate control modes. The transient motions and trim
changes resulting from the inten:ional engagement and disengagement of any
portion of the primary flight control system by the pilot shall be small and
gradual enough that dangerous flying qualities never result.

3.5.6.1 Transients. With controls free, the transients resulting from the
situations described in 3.5.6 shall not exceed the following limits for at
least 2 seconds following the transfer:

Within ths Operational $#0.1 g normal or lateral acceleration
Flight Envelope at the pilot's station and %] degree
per second roll

Within the Service *0.5 g at the pilot's station, 25

Flight Envelope degrees per second roll, and the lesser
of 5 degrees sideslip or the
structural limit

These requirements apply only for Vehicls Normal States.

3.5.6.2 Trim changer. The change in control forces required to maintain atti-
tude and sideslip Eor the situations described in 3.5.6 shall not exceed the
foliowing limits for at least 5 seconds following the transfer:
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Elevater  ------- 2C pounds
Aileron ------- 10 -pounds
Rudder ~  ------- 50 pounds

These requirements apply only for Vehicle Normal States.

3.6 Cnaracteristics of secondary contrei systems.

3.6.1 Trim system. In straight flight, throughout the Operational Flight
CLnvelope the trimming devices shall be capable of reducing the elevator, rudder,
and aileron control forces to zero for Levels 1 and 2. For Level 3, the un-
trimmed cockpit control forces shall not exceed 10 pounds ¢levator, S pounds
aileron, and 20 pounds rudder. The failures to be considered in applying the
Level 2 and 3 requirements shall include trim sticking and runaway in either
direction. It i3 perm.<sible to meec the Level 2 and Level 3 requirements

by providing the pilot with alternate trim mechanisms or override capability.

Additioral requirements on trim rate and authority are contained in MIL-F-6490
and MIL-F-18372.

3.6.1.1 Trim for asymmetric thrust. For all multi-engine vehicles, it shall
be possible to trim the clevator, rudder, and aileron control forces to zero

in straight flight with up to two engines inoperative folloving asymmetric loss
of thrust from the most critical factors (3.3.9). This requirement defines
Level 1 in level-flight cruise of speeds from the maximum range speed for the
engine(s)-out configuration to the speed obtainable with normal rated thrust

on the f :tioning engine(s). Systems completely dependent on the failed
engines chail also be considered failed.

3.6.1.2 Rate of trim operxation. Trim devices shall operate rapidly encugh to
enable the pilot to maintain low control forces under changing conditions nor-
mally encountered in service, yet not so rapidly as to cause oversensitivity
or trim precision difficuities under any conditions. Specifically, it shall
be possible to trim the elevator control forces to less than +10 pounds for
center-stick vehicies and :20 pounds for wheel-controlled vehicles through-~
out: (a) moderate dives, unpowered or powered glides, angle-of-attack transi-
tions, and othcr maneuvers that may be required in normal service operation,
and (b) level-flight accelerations at maximum thrust from 250 knots or Vp/c,
whichever is less to Vp,x at any altitude when the vehicle is trimmed for
level flight prior to initiation of the maneuver.

3.6.1.3 Stalling of trim systems. Stalling of a trim system due to aero-
dynamic loads during maneuvers shall not result in an unsafe condition. Spec-
ifically, the longitudinal trim system shall be capable of operating during

the dive recoveries of 3.2.3.6 at any attainable permissible », at any possibie
pesition of the trimming device.

3.6.1.4 Trim system irreversibility. All trimming devices shall maintain a
given satting indefinitely, unless changed by the pilot, by a special automatic
interconnect such as to the landing flaps, or by th2 operation of an augmenta-
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tion device. If an automatic interconnect or augmentation device is used in
conjunction with a trim device, provision shall be made to ensure the accurate
return of the device to its initial trim position on completion of each inter-
connect or augmentation operation.

3.6.2 Speed and flight-path control devices. The effectiveness and response
times of the fore- and aft-force cortrols, in combination with the other longitu-
dinal contrels, shall be sufficient to provide adequate control of flight path
and airspeed at any flight condition within the Operational Flight Envelope.

This requirement may be met by use of devices such as throttles, thrust rever-
sers, auxiliary drag devices, and flaps. For an unpowered vehicle in the land-
ing apprvach, ¢n auxiliary drag device shall be provided that is easily and con-
tinuously controllable by the pilot from its retracted to fully extended posi-
tion. The drag should vary reasonably linearly with extension, and when fully
extended it must be capable of at least doubling the drag cf the vehicle during
an equilibrium glide at a speed fo. minimum drag. The minimum drag and speed
for minimum drag are defined for the vehicle with speed and flight path con-

trol devices used during the landing approach, including landing gear, retracted.

3.6.3 Transient and trim changes. The transients and steady-state trim changes
for normal operation of secondary control devic:s (such as throttle, flaps,
slats, speed brakes, deceleration devices, dive recovery devices, wing sweep,
and landing gear) shall not impose excessive control forces to maintain the de-
sired heading, altitude, attitude, rate of climb, speed or load factor without
use of the trimmer control. This requirement applies to all in-flight configura-
tion changes and combinations of changes made under service conditions, includ-
ing the effects of asymmetric operations such as unequal operation of landing
gear, speed brakes, slats, or flaps. In no case shall there by any objection-
able buffeting or oscillation of such devices. More specific requirements on
secondary contruvl devices are contained in 3.6.3.1, 3.6.4, and 3.6.5 and in
MIL-~F-9490 and MIL-F-18372.

3.6,3.1 Pitch trim changes. The pitch trim changes caused by operation of
secondaxry control devices shall not be so large that a peak elevator controi
force in excess of 10 pounds for center-stick controllers or 20 pounds for wheel
controllers is required when such configuration changes are made in flight under
conditions representative of operational procedure. Conditions will be estab-
lished by the procuring activity for detemmination of compliance with this re-
quirement. With the vehicle trimmed for each specified initial condition, the
peak force required to maintain the specified parameter constant following the
specified configuration change shali not exceed the stated value for a time
interval of at least 5 seccnds following the completion of the »ilot action
initiating the configuration change. The magnitude and rate of trim change
subsequent to this time period shall be such that the forces are easily trim-
mable by use of the normal trimming devices. These requirements define Level

1. For Levels 2 and 3, the allowable forces are increased by 50 percent.

3.6.4 Auxiliary dive recovery Jdevices. Operation of any auxiliary device in-
tended solely for dive recovery shall always produce a positive increment of
normal acceleration, but the total normal load factor shall never excveed 0.8
»,, controls free,
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3.6.5 Direct nommal-force control. Use of devices for direct normal-force
centrol shall net produce obiectionable changes in attitude for any amount of
control up to the maximum available. This requirement shall be met for Levels
1 and 2.

3.7 Atmospheric disturbances.

3.7.1 Use of turbulence models. Paragraphs 3.7.2 through 3.7.5 specify
continuous turbulence models and a discrete turbulence model that shall be
used in analyses to determine compliance with those requirements of this
specification that refer to 3.7 explicitly, to assess:

a. The effect of turbulence on the flying qualities of the vehicle
b. The ability of a pilot to recover from the effects of discrete gusts

3.7.2 Turbulence models. Where feasible, .he von Karman form shall be

used for the continucus random turbulence model, so that the flying qualities
analyses will be consistent with the comparable structural analyses. When no
comparable structural analysis is performed or when it is not feasible to use
the von Karman form, use of the Dryden form will be permissible. in gcneral,
both the continuous random model and the dis~rete model shall be used. At
the request of the procuring activity, the contractor may be required to use
a continuous non-Gaussian model for one or more of the turbulence velocities

in lieu of the models defined in 3.7.2.1 and 3.7.2.2. The scales ancd intensities

used in determining the gust magnitudes for the discrete model shall be the
same as those used in the continuous random model.

3.7.2.1 Continuous random model {von Karman form). 7The von Karman form of
the spectra for the turbulence velocities is:

2L, {
mo [1+(1.339L, (2)2]%

T 2
5,,(0) 5,

8 2
(o) = st Ly | +5(1339L,02)
@"9 Y Tie(13394, 0) ] %

L 1+2(1339L,0)*
3 ()=, 2w 7 w
“ Y Tw Tie(rasei, 0%

3.7.2.2 Continuous random mode]l {Dryden form). The Dryden form cf the spectra
for the turbulence velocities is:
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3.7.2.3 Non-Gaussian models (von Karman or Dryden form). The contractor may
be required to use a non-Gaussian model for one or more of the turbulence
velocities when such representation seems advisable for a more realistic
simulation of turbulence, especially at lower altitudes. Nor-Gaussian models
may be especially advisable for vehicles with large roll acceleration due to
sideslip. The turbulence model in such cases will be sele«ted by consultation

between the contractor and the procuring activity.

3.7.2.4 Discrete model. The discrete turbulence model may be used for any
of the three gust-veiocity components. The discrete gust has the "1 - cosine"

shape:
v =0 y <0
i,
=21 ["005‘—"—77‘”) ,Oﬁ%éZd
2 dy, g
= 0 y ¥ > 7d,,
Fr/sEC :
]
i
!
]
¢ 5. } ——
0 dm DISTANCE, X~ FT
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Several valves of d,, shall be used, each chosen so that the gust is tuned to
each of the natural frequencies of the vehicle and its flight control system
(higher-frequency structural modes may be expected). The magnitude %, shall
then be chosen from figure 7. The parametersl and & to be used with figure 7
are the Dryden scales and intensities from 3.7.3 or 3.7.4 for the velocity
compenent under consideration.

3.7.3 Scales and intensities (clear air turbulence). The root-mean-sguare
intensity o, for clear air turbulence is defined on figure 8 as a function of
altitude. The intensities ¢, and 6, may be obtained using the relationships

S 8 G _ 60" (von Karman form)
L% T LB T L,

of _ & _ o

L, - Ly, = Z‘;’ (Dryden form)

The root-mean-square intensity & for clear air turbulence as defined on
figure 8 may be reduced for an experimental vehicle. The degree of reduction
will be determined by consultation between the contractor and the procuring
activity.

The scales for clear air turbulence are defined in 3.7.3.1 and
3.7.3.2 as a function of altitude. Th~ altitude shall be defined consistently
with any applicable terrain models specified in the contract. For those
Flight Phases involving climbs and descents, a single set of scales and
intensities based on an average altitude may be used. If an average set of
scales and intensities is used for Category C Flight Phases, it shall be based
on an altitude of 500 feet.

3.7.3.1 Clear air turbulence (von Karman scales). The scales for clear air
turbulence using the von Karman form are:

Above h 2500 feet: L, = L,= Lar’ 2500 feet

u

Below h

h feet

2500 feet: Ly

Ly = L= 184 h!/3 feet

3.7.3.2 Clear air turbulence (Dryden scales). The scales for clear air
turbulence using the Dryden form are:

Above h = 1750 feet: L,= L”,= Lar= 1750 feet
Below h = 1750 feet: Hv = h feet

o= Ly= 145 b7 feet

('
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. 3.7.4 Scales and intensities (thunderstorm turbulence). The root-mean-square

) intensities o, , 5, , and o, are all equal to 21 feet per second for thunder-

- storm turbulence 1he scales for thunderstorm turbulence are defined in

' 3.7.4.1 and 3.7.4.2. These values are to be used when evaluating the airplane's

controllability in severe turbulcnce, but need not be considered for altitudes
above 40,000 fee«.

T T TR T

A e

Thunderstorm turbulence is not a consideration for Class IIl (E) and
1V (E) vehicles.

3.7.4.1 Thunderstorm turbulence (von Karman sca:=s)}. The scales for thunder-

) storm turbulence using the von Karman form are L, = Lv,= L,-= 2500 feet.

3.7.4.2 Thunderstorn turbulence (Dryden scales). The scales for thunderstorm
turbulence using the Dryden form are L, = L,= Lar= 1750 feet.

E : 3.7.5 Application of the turbulence models in analysis. The gust velocities
2 shall be applied to the vehicle equations of motion through the azrodynamic
terms only, and the direct effect of the gust on the aerodynamic sensors shall
be included when such sensors are part of the vehicle augmentation system.
. When using the discrete model, all significant aspects of the penetration of
: the gust by the vehicle shall be incorporated in the analyses. Application of
. the continuous random model or the centinuous non-Gaussian model depends on the
range ot frequencies of concern in the analyses of the airframe. When structural
o modes are significant, the exact distribution of the gust velocities over the
E airframe should be considered. For this purpose, it is acceptable to consider
&, and u; as being one-dimensional functions only of % , but & si:a’l be
considered two-dimensional, a function of both % and ¢ , for f%e evaluation of
aerodynamic forces and moments. When structural modes are not signif{icant,
airframe rigid-body responses may be evaluated by considering uniform gust
immersion along with linear gradiehts of the gust velocities. The uniform
immersion is accounted for by & , and &, defined at the vehicle center of
gravity. The angular veloc1t1eg due to the turbulence are equivalent in effect
to the vehicle angular velocities. These angular velocities are defined

B I e

oA e

T AP TI T T TR T
>

“ (precisely at very low frequencies only) as follows:
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—— (_"év (€))  vhere b = wing span

The twibitlence ve.ccities Uy b; s Wg s Py Gg > and ry are then applied to
the airplane equetions of motion through the aerodynamic terms. For
longitudinal analyses w, , @5 . and ¢, gusts should be employed. For lateral-
directional ounalyses o7, 3 and r3, should be used. The gust velocities
components i, , ?, , and «; shall be” considered mutually independent and

© is correlated with o .” The rolling velocity gust 2 is statistically inde-
pgndenr of all the other gust components, g

After consultation with the contractor, the procuring activity may
require that a non-Gaussian gust model be u.ed Tor one or more of the gust
velocities in the simulation, when "patchy' turbulence may be an important
consideration for lifting re-entry vehicle configurations. A simplified gust
representation, such as the effects of gusts on only ¢ and 4 , will be accepted
when justification can be supplied by the contractor to the procuring activity
that such simplification adequately accounts for the important gust effects on
the vehicle flying qualities.

4. QUALITY ASSURANCE

4

4.1 Compliance demonstration. Quaiity assurance shall be determined through:

Analysis

Simulation
Ground test
Flight test

The contract end item specification for -.ach procurement will delineate, for
each requirement of Section 3, which of these methods shall be used. The
extert to which compliance will be determined by flight test will be 3 function
of the vehicle flight time or endurance during various Flight Phases. Emphasis
on compliance during flight tests will be placed on vehicles and Flight Phases
with adequate flight time for testing. For an unpowered vehicle, compliance
with many requirements will be determined Jdusing glide and gliding turns. When
speed is to be held constart, constant indicated airspeed in glides and gliding
turns will be accepted in lieu of equilibrium flight at constant speed and
altitude. Requirements associated with variations frem one eguivalent speed to
another a2t constant altitude will be applicable (within certain altitude and
attitude limitations) to glide and gliding turns from one indicated airspeed to
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another. 1u order to restrict the number of design and test conditious, repre-
sentative flight conditions, configuvations, external store complenents, loadings,
etc., shall be deternined for detailed investigation. The selected design

points must be sufficient to allow accurate extrapolation to the otiwer conditions
at which the requirements apply. The required failure analysis shall be thqrqggh
except when alternate and simplified methods of accounting for failures or tailiure
analysis are accepted and amroved by the procurving activity. An additional
exception is approved Special Failure States (%.1.6.72.10.

4.2 Vechicle states.

4.2.1 Weights and momerts of inertia. Sclected desigs points should include
conditions of hecaviest weight and greatest moment of iacrtia. '"Heaviest weight"
and "greatest moment of inertja' mean the hecviest and greatest consistent
. with 3.1.2 and 3.1.5. When a critical center-of-gravity position is identified,
the vehicle weight and associated moments of i ertia shali cerrespond tu the
most adversc service loading in which that critical :ealer-of-gravity position
is obtained.

4.2.2 Center-of-gravity positions. Selected design points should include

most forward and most aft c.g. points that are consistent with 3.1.2. Wwhen
, a critical weight or moment of inertia is identifiecd, the center-of-gravity
- position shall correspond to the most adverse service loading 1n which the
critical weight or mement of inertia is cbtained.

4.2.3 Thrust settings. When the vehicle is powvered, thrust settings fur

- selected design conditions shall be established by agreement between the

g procuring activity and the contractor. Similarly. nominal scttings of drag
; devices shall be established for unpowered vehicles.

H

¥

4.3 Design and test conditions.

4.3.1 Altitudes. For the terminal Flight Phases of the vehicle s1tn an onboard
propuision system for sustained flight, it will nomally suffice to examine
selected Vehicle States at only one altitude below 10,0GG feet {low altitude).
For nonterminal Flight Phases of the vehicle with an onboard propulsion system
for sustained flight, it will normally suffice to examine the selected Vehicie
States at one altitude below 10,000 feet or at the lowest operational altitude
(low altitude), the maximum operational aititude fhypszx), and enc intermediate
altitude. When the maximum operational altitude is above 10,006 feet or when
stability or control characteristics vary rapidiy with altitude, morc .nter-
medizte altitudes shail be investigated. When the Service Flight Envelope
2xtends far above or below the Operational Flight Lnvelope. the service-zititude
extremes must be considered. For an unpowered vehicle, the terminal and non-
terminal Flight Phases shall be explored at aititudes as they occur during glide
and gliding turns to touchdown.
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4.3.2 Special conditions. In addition to the flight conditions previously
indicated, the speed-altitude combinatious that result in the following shall
all be investigated, where applicable and possible:

a. Maximum normal acceleration respons : per degree of elevator
deflection

b. Maximum normal acceleration vesponse per pound of stick force

c. Highest dy~amic pressure and hignest Mach number

d. Lowest dynamic pressure and lowest Mach number

e. Highest angle of attack.

£f. Lowest angle of attack

g. Most critical angle of attack condition as determined by mutual agree-

ment between the contractor and procuring activity.

4.4 Interpretation of qualitative requirements. In several instances through-
out the specification, qualitative terms such as "objectionable fiight charac-
teristics”, "realistic time delay", and "normal pilect technique", have been
employed to permit latitude where absolute quantitative criteria might be unduly
restrictive, final determination of compliance with requirements so worded will
be made by the procuring activity (1.5).

5. PREPARATION FOR DELIVERY

5.1 General. Not applicable to this specification.

5, NOTES 5

6.1 Intended use. This specification contains the handling qualities re- ‘
quirements for lifting re-entry vehicles during terminal flight at low super- J
sonic, transonic, and subsonic speeds and forms one of the bases for deter- ;
mination by the procuring activity of vehicle acceptability. The specifica-

tion serves as design requirements and as criteria for use in stability and

control calculations, analysis of wind-tunnel test results, flying qualities

simulation tests, and flight testing and evaluation. The requirements are

intended to assure adequate flying qualities regardless of design implementa-

tion or flight control system mechanization. To the extent possible, this

specification should be met by providing an inherently good basic vehicle.

Where that is not entirely feasible, or where inordinate penalties would

result, 2 mechanism is provided herein to assure that the flight safety, fiy-

ing qualities and reliability aspects of dependence on stability augmentation

and other forms of system complication will be considered fully.

6.2 Definitions. Terms and <ymbols used throughcut this specification are
defined as follows:
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6.2.1 General

Axis system

ro

h -

max

homax

Vg .
‘Omin

c.g. -

6.2.2 Speeds

Equivalent airspeed

Refusal speed

M -

v -

Unlecss otherwise stated, the motion, lcad factor
and similar quantities are referred to an orthogonal
body-axis system with its origin at the airplane
c.g., with:

x along the projection of the undisturbed (trim or
operating point) velocity onto the plane of .ymmetry

y perpendicuiar te the plane of symmetry, directed
out the right wing

z completing a right-hand axis system.

Wing area

Laplace transform variable

dynamic pressure

time to double amplitude; 7, = ("693/5‘@”) for oscilla-

tions,T, = -.6937 for first-order divergences

maximem service altitude (defined in 3.1.8.3)

maximum operational altitude (3.1.7)
minimum operational ~ltitude (3.1.7)

vehicle center of gravity

true airspeed multiplied by /o , where @ is the
ratio of free-stream density at the given altitude
to standard sea-level air density

the maximum speed to which the vehicle can accel-
erate and then stop in the availeble runway length

Mach number

airspeed (where appropriate, V may be replaced
by M in this specification), along the flight
path

stall speed (equivalent airspeed), at lg ccs
normal to the flight path, defined as the higzihcst
of:
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VX(X), \

min

(%),

b.

speed for stead straight flight at Cppay,
the first local maximum cf the curve of
lift coefficient (L/qS) vs. angle of
attack which occurs as Cf, is increased
from zero

speed at which abrupt uncontrollable pitching,
rolling or yawing occurs; i.e., loss of con-
trol about a single axis

speed at which intolerable buffet or structural
vibration is encourtered

(Note that 3.1.9.2.1 allows an alternative defini-
tion of vs in some cases)

short-hand notation for the speeds Vg, Vamin, VYmax
for a given configuration, weight, center-cf-
gravity position, and external stere combina-

tions asscciated with Flight Phase X, For

example, the designation Vgux(TO) is used in
3.2.3.3.2 to emphasize that the speed intended (for
the weight, center of gravity, and external store
combination under consideration) is Vpax for the
configuration associated with the takeoff Flight
Phase. This is necessary to avoid confusicn, since
the configuration and Flight Phase cnange from
takeoff to climb during the maneuver.

speed for maximum lift-to-drag ratio
speed for maximum rate of c¢limb
high speed, level Slight, normal rated thrust

high speed, level flight, military rated thrust
high speed, level flight, maximum augmented thrust
maxinum service speed (defined in 3.1.8 1)

minimum service speed (ﬁefined in 3.1.8.2)

maximum opcrational speed (3.1.7)

minimum operational speed (3.1.7)

o>
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6.2.3 Thrust and Boost

NRT -

MRT -

MAT -

Takeoff thrust -

Powered boost -

6.2.4 Control parameters

Elevator, aileron, -
rudder controls

Elevater control -
force

Aileron control -
£-rce

Ruuder pedal force -

normal rated thrust, which 15 the maxiumia threst
at which the enginc can be operated cantinuously

military rated threust, which 1s the manimu thruat
at which the engine can be operated for a spcecificd
period

maximum augmented thrust; maximum thru.
mented by all means available for the
Phase

—

NEEE
“Treht

maximum thrust availabice for takcoft

The boost with power tlight phase of o siagee stag.
experimental vehicle which occurs just after launch
of the vehicle from another aircraft.

The stick or wheel and rudder pedals manipulated
by the pilot to preduce pitching, rolling, and yaw-
ing moment respectively; the cochpit controls

Component of applied force, eaertud by the »ifor

on the cockpit control, in or parat:sel ¢ tuc

plane of symmetry, acting at the center of the
stick grip or wheel in a direction perpendicular to
a line between the center of the stick grip or
wheel and the stick or control cclumn pivot.

For a stict control, the component of control

force exerted by the pilot in a plane perpendicular
to the plane of symmetry, acting at the center of
the stick grip in a direction perpendicular to a
line between the center of the stich grip and the
stick pivot.

For a wheel control, the total moment applied by
the pilet about the wheel axis in the plane of
the wheel, divided by the average radius from
the wheel pivot to the pilot's grip.

Difference of push-ferce components of rorces
exerted by the pilot on the rudder pedals, lying
in planes parallel to the plane of symmetyry,
reasured perpendicular to the pedals at the normal
point of application of the pilot's instep on the
respective rudder pedals
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Control surface - A device such as an external surface which is
positioned by a cockpit control or stability aug-
mentation to produck aerodynamic or jet-reaction
type forces for controlling the attitude of the
vehicle. As used in this specification the elevator
surface, aileron surface, and rudder surface are
the control surfaces or devices which are controlled
by the stick or wheel and rudder pedals, and auto-
matically by stability augmentation systems.

X

I

Direct normal - A device producing direct normal force for the

force control primary purpose of controlling the flight path
of the vehicle. Direct normal force control is
the descriptive title given to the concept of

irectly modulating the normal force on a vehicle

by changing its lifting capabilities at a con-
stant angle of attack and constant airspeed or
by controlling the normal force component of such
items as jet exhausts.

Control nower - Effectiveness of control surfaces in applying
forces or moments to a vehicle. For example, 50%
of available aileron control powevr is 50% of the
maximum rolling moment that is available to the
pilot with allowable aileron control force.

6.2.5 Longitudinal parameters

Zep - damping ratio of the short-period oscillation

Dngp ~ undamped natural frequency of the short-period
oscillation

;p - damping ratio of the phugoid oscillation

whp - :?g:mped natural frequency of the phugoid oscilla-

n - normal acceleration or normal loac factor,

measured at the c.g.

n - symmetrical flight limit load factor for a given
L .
Vehicle Normal State, based on structural con-
siderations
n , . - maximum and minimum Service load factors
max’ “min
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n(+}), n{-) - for a given altitude, the upper and lower
boundaries of n in the V-n diagrams depicting the
Service Flight Envelope
n ng_. - maximum and minimum operational load factors
Omax’ “min
n_(+), n (-) - for a given altitude, the upper and lowgr .
© ° boundaries of n in the V-n diagrams lepicting the
Operational Flight Envelope
Mnay f— = = —— ——— — —,[- - ~
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: /
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= n(+) AND n(~) (SERVICE FLIGKT EKVELOPE)

angle of attack; the angle in the plane of symmetry
between the fuselage reference line and the tangent
to the flight path at the vehicle center of gravity

- the stall angle cf attack at constant speed for
the configuration, weight, center-of-gravity position
and external-store combination associated with a
given Vehicle Normal State; defined as the lowest
of the following:

a. Angle of attackh for the highest steady load

factor, normal to the tlight path, that can
be attained at a given speed cr Mach number
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b. Angle of attack, for a given speed or Mach
number, at which abrupt uncontrollable pitch-
ing, rolling or yawing occurs, i.e., loss of
control about a single axis

c. Angle of attack, for a given speec or Mach
number, at which intolerable buffeting is
encountered

d. An arbitrary angle of attack allowed by
3.1.9.2.1

nja - the steady-state normal acceleration change per
unit change in angle of attack for an incremental

elevator deflection at constant speed (airspeed
and Mach number)

gradient of steady-state elevator control force
versus 1 at a constant speed (3.2.2.2.1)

i . -1 vertical speed
d - flight path angle, ¥ = sin :
positive for climbing flight Crue airspeed

aerodynamic lift plus tkrust component, normal
to the flight path

Flare time -  For an unpowered vehicle during landing, the time

from the initiation of flare to the completion of
flare. Flare is initiated by pulling g's from an
equilibrium glide. Flare is completed when the
flight path angle is near zero (2= 0 ) at an
altitude no greater than 50 feet above ground level.

Float time -  For an unpowered vehicle, the time from the com-

pletion of the landing flare to touchdown.

6.2.6 Lateral-directional parameters

-

A8 -~ displacement of the aileron control stick or
wheel along its path

(A - first-order roll mode time constant, positive for
stable mode
Ts - first-order spiral mode time constant, positive

for stable mode

(<3
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Fav

undamped natural frequency of the Dutch roll
oscillation

damping ratio of the Dutch roll oscillation

bank anglc mecasured 1n the y-z plane, between
the y axis and the horizontal (6.2.1)

bank angle change in time t, in responsc to con-
trol deflection of the form given in 3.3.4

roll rate about the x-axis (6.2.1)

a measurc of the ratio of the oscillatory com-
ponent of roll rate to the average component of
roll rate following a rudder-pedals-free step
aileron control command:

Posc PitPs= 2P,
Pav — Pr+Pst2p

%,écxz;

gd N 0'23 Poso £~ P2
Pay Py 92

where py, p,, and p; are roll rates at the first, °’
second and third peaks, respectively (see figures
9 aand 10)

a measure of the ratio of the oscillatory component
of a3 bank angle to the average component of bark
angle following a rudder-pedals-frec impulse
aileron control command:

¢ogc _ ¢’*¢3‘2¢z
Pav ¢1‘¢3"2¢z

gd > 0.2; Posz — ¢1“¢z
Bav ¢')*¢2

where @, , @, and @, arc bank angles at the first,
second and third pcaks, respectively

sideslip angle at the center of gravity, angle be-
tween undisturbed flow and plane of symmetry.
Positive, or right, sideslip corvesponds to
incident flow approaching from the right side

of the plane of symmetry.
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A ﬁ max

-

maximum sideslip excursion at the c.g., occurring
within two seconds or one haif-period of the
Dutch roll, whichever is greater, for a step
aileron-contrel command

ratio of 'commanded roll performance' to "applicable
roll performance requirement' of 3.3.4 or 3.3.4.1,

vhere:

a. '"Applicable roll performance requirement',
( @2 ) requirement, is determined from 3.3.4
and 3.3.4.? for the Class, Flight Phase
Category and Level under consideration

b. "Commanded roll performance", ( @2 ) commands
is the bank angle attained in the stated time
for a given step aileron command with rudder
pedals employed as specified in 3.3.4 and
3.3.4.1

()
(@)

command

€=

requirement

time for the Dutch roll oscillaticn in the sideslip
respense to reach the nth local maximum for a riﬁht
step or pulse aileron-control command, or the nt
local minimum for a left command. In th. event a
step control input cannot be accomplished, the con-
trol shall be moved as abruptly as practical and,
for purposes of this definition, time shall be
measured from the instant the cockpit control de-
flection passes through half the amplitude of the
commanded value. For pulse inputs, time shall be
measured from a point halfway through the duration
of the pulse.

phase angle in a cosine representation of the
Dutch roll component of sideslip - negative for a
lag

% - - E;di t”ﬂ +(n-1) 360 (degrees)

with n as in ¢,  above
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% £ - phase angle between roll rate and sideslip in the
I free Dutch roll oscillation. Angle is positive
when o leads g

,jél - at any instant, the ratio of amplitudes of the
PBly bank-angle and sideslip-angle envelope in the
Dutch roll mode

LA ot S22 0y

Examples showing measurement of roll-sideslip coupling parameters arc given in
figure 9 for right rolls and figure 10 for left rclls. Since several oscilla-
tions for the Dutch roll are rcquired to measure these parameters, and since
for proper identification large roll rates and bank angle changes must gener-
aily be avoided, for flight test, step aileron inputs should generally be small.
It should be noted that since ¥, is the phase angle of the Dutch roll com-
ponent of sideslip, carc must be taken to sclect a peak far enough downstream
that the position of the peak is not influenced by the roll mode. In practice,
peaks occurring one or two roll mode time constants after the a_leron input
will be relatively undistorted. Care must also be taken when there is ramping
of the sideslip trace, since ramping will displace the position of o peak of
the trace from the corresponding peak of the Dutch roil component. In prac-
tice, the peak: of the Dutch roll component of sideslip are located by first
drawing a line through the ramping portion of the sideslip trace and then
noting the times at which the vertical Jistance between the line and the side-
slip trace is the greatest. (sz2e following sketch for Case (a) of figures 9

Lissly

and 10.)
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Since the first local waximum of the Dutch roll component of the sideslip re--
sponse occurs at t = 2.95 seconds,

- ~360 .
U, =259 ¢, +(n-1)360 = (2.95)= -303
/d v R ’ 3.5
Let us assume that the roll performance requirement, upon which the parameter
"% " in the sideslip excursion requirement (figure 6) is based, is @ = 30

degrees in 1 second with rudder pedals free (as in tne rolls of 3.3.2.4). From
the definitions, " £ " for this condition is:

£ = wf)command
azdrequirement
Therefore, from figures 9 and 10 for:
Case (a), % =2! -0.30 Case (¢}, %= &€ _ 023
30 30
Case (b), % =81 - p.27 Case (d), =202 _ o020
B0 bo17]

6.2.7 Atmospheric disturbances parameters

0 - spatial (reduced) frequency (radians per foot)
@ - temporal frequency (radians per second),
wvhere w = QLY
uy - random gust velocity along the x body axis
(feet per second)
z@ - random gust velocity along the y body axis
(feet per second)
a@ - random gust velocity along the z body axis
(feet per second)
Note: «, , v, , w; have Gaussian (normal) dis-
tributions, and are defined positively along the
positive vehicie body axes.
] - root-mean-square gust intensity, where

of = /?o@ (0)dS = /m¢((o)da)
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6, - root-mean-squarc intensity of te

Oy - root-mean-square intensity of vé
S - root-mean-square intensity of aj
Lu - scale for u? (feet)
by - .cale for Vg (feet)
Lo - scale for ¢ {feet)
@”’q () - spectrum for &, where @a‘,(a)"wéug(w)
é% () - spectrum Yor v, where Q"g )= V¢%(w)
@“,q (o) - spectrum for wj , where §wg(ﬂ.} = \’¢a@(“’)
v - generalized di_crete gust velccity, positive along
" the positive ver’cle bedy axes, m = X, y, 2
(feet per second)
do - generalized discrete gust length (always positive)

m= x, y, z (feet)

6.3 Interpretation of the F</n limits of table V. Because the limits on Fs/n
arve a function of both nj, and n/e , table V is rather complex. To illus-
trate its use, the limits are prescnted on figure 11 for a vehicle having a
center-stick -ontroller and ny = 4.0

6.4 Gain scheduling. Changes of mechanical gearings and stab; iity augmenta-
tion gaias in the primary flight control system are sometimes accomplished by
scheduling the changes as a function of the settings of secondary control de-
vices, such as flaps or wing sweep. This practir¢ i. generally accep:abie,
but gearings and gairs normally should not be scheduled #s a functior of trim
control settings since pilots do not always keep vehicle, i.: tvim,

6.5 Engine considerations. Secondary effects of engine opeiri'. 7 may ‘ve

are important bearing on flying qualities and should not be »iver...ked in de-

sign. These considerations include such effects as engine gyroscopic moments
influencing airframe dynamic motions, the effects of engine operation on spin
characteristics and spin recovery, and the variation of engine-derived power

for actuating the flight controls with engine speed.

6.6 Lffects of aeroelasticity, control equipment, and structural dynamics.
Since acroelasticity, control equipment, and structural dynamics may exert an
important infivence on the vehicle flying qualities, such effects should not
be overlooked in calculations or apaiyses direcisd toward investigation of
compliance with the requirements of this specification.
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6.7 Application of Levels. Part of the intent of 3.1.10 is to ensure that

the probability of encountering significantly degraded flying qualities because
of component or subsystem failures is small. For example, the probability of
¢ncountering very degraded flving qualities {Level 3) must be less than speci-
fied values per flight.

T

0.7.1 Theoretical compliance. To determine theoretical cempiiance with the
requirements ot 3.1.10.2, the foltowing steps must be perfermed:

Lo e g sy

a. Identify those Vehicle Failure States whiun have a significant effect
on flying qualities (3.1.6.2)

TG

b. Define the longest flight duration to be encountered during operational
missions (3.1.1)

1 c. Determine the probability of oncountering various Vehicle Faiiurce
i St tes, per flight, based on the above flight duration (3.1.10.2)

H d. Determine the degree of flying qualities degradation associated with
‘ each Vehicle Failure State in terms of Levels as defined in the specific
requirements.

e. Determine the most critical Vehicle Failure States (assuming the fail-
ures are resent at vhichever pcint in the Flight Envelope being considered

is most critical in a flying qualities sense}, and compute the total probability
cf encountering Level 2 flying qualities in the Operational Flight Envelope

due to equipment failures. Likewise, compute the probability of encounter-

ing Level 3 flying qualities in the Operational Flight Enveiope, etc.

£. Compare the computed veziues above with the requirements in 3.1.10.2

and 3.1.10.3. An example which illustrates an approximate estimates of the
probabilities of encounter follows: if the failures are all statisrically

. independent, determinc the sum of the probabilities of encountering all

B Vehicle Failure States which degrade flying qualities to Level 2 in the Opera-
: tional Envelope. This sum must be less than 10-¢ per flight.

CTPERT A AT

If the requirements are not met, the designer must consider alternate courses
such as:

WAL A W

a. Improve the vehicle flying qualities associated with the more prcbable
Failure States, or

yeeTImy e

b, Reduce the probability of encountering the more probable Failure States
through equipment redesign, redundancy, etc.

Regardless of the probability of encountering any given Vehicle Failure States
(with the exception of Special Failure States), the flying qualities shall
not degrade below lLevel 3.

9 'F"W i A R R Y
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6.7.2 Level definitions. To determine the degradation in flying qualities
parameters for a given Vehicle Failure State, the following definitions are
provided:

a. Level 1 is better than or equal to the Level 1 boundary, or number,
given in Section 3.

b. Level 2 is worse than Level 1, but no worse than the Level 2 boundary,
or number.

c. Level 3 iz worse than Level 2, but no worse than the Level 3 boundary,
or number.

When a given boundary, or number, is identified as Level 1 and Level 2, this
means that flying qualities outside the boundary conditions shown, or worse
than the number given, are at best Level 3 flying qualities. Also, since Level
1 and Level 2 requirements are the same, flying qualities must be within this
common boundary, or number, in both the Qperational and Service Flight Envelopes
for Vehicle Ncrmal States (3.1.10.1). Vehicle Failure States that do not de-
grade flying qualities beyond this common boundary are not considered in meet-
ing the requirements of 3.1.10.2. Vehicle Failure States that represent de-
gradations tc Level 3 must, however, be included in the computation of the
probability of encountering Levcl 3 degradations in both the Operational and
Service Flight Envelopes. Again degradation beyond the Level 3 boundary is

not permitted regardless of component fzilures.

6.7.3 Computational assumptions. Assumptions a and b of 3.1.10.2 are some-
what conservative, but they simplify the required computations in 3.1.10.2 and
provide a set of workable ground rules for theoretical predictions. The reasons
for these assumptions are:

a. . ..components and systems are...operating for a time period per flight
equal to the longest operational mission time...”. Since most component failure
data are in terms of failures per flight hour, even though continuous operation
may not be typical (e.g., yaw damper on during supersoaic flight only), failure
probabilities must be predicted on a per flight basis using a '"'typical" total
flight time. The 'longest operational mission time' as "typical" is a natural
result. If acceptance cycles-to-failure reliability data are available
(MIL-STD-756), these data may be used for prediction purposes based on maximum
cycles per operational missicn, subject to procuring activity approval. In

ary event, compliance with the requirements of 3.1.10.Z as determined in
accordance with section 4, is based on the probability of encounter per flight.

b. "...failure is assumed tc be pvesent at whichever point...is most
critical...". This assumption is in keeping with the requirements of 3.1.6.2
regarding Flight Phases subsequent tu the actual failure in question. In cases
that are unreaiistic from the operational standpoint, the specific Vehicle Fail-
ure States might fall in the Vehicle Special Failure State classitication
(3.1.6.2.1).

18




6.8 Related documents. The documents listed below, while they do not form
a part of this specification, are so closely related to it that their contents
should be taken in account in any application of this specification.

SPECIFICATIONS

Military

MIL-C-5011 Charts; Standard Aircraft Characteristics and Performance,

Piloted Aircraft

MIL-S§-5711 Structural Criteria, Piloted Airplanes, Structural Tests,

--- Flight

MIL-M-7700 Manual, Flight

isinaies oot s AT
TSN PO

MIL-A-8860 Airplane Strength and Rigidity - General Specification for

s

2R

MIL-A-8861 Airplane Strength and Rigidity - Flight Loads

E ‘ MIL-G-38478 General Requirements for Angle of Attack Based Systems
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Section lil
FLYING QUALITIES RATIONALE, BACKUP DATA AND USER'S GUIDE

Before presenting the rationale and backup data ro supvort the han-
dling qualities requivements of Section II, it may be well to discuss briefly
past history and the present status of a lifting re-entvy vehicle handling
qualities specification. [t will then be possible to view the requircments
prescented in Section i! and the rationale and backup data in this section with
a proper perspective.

The development of handling qualities requirements for Jifting rc-entry
vehicles has been a probiem of interest to the Flight Dynamics Laboratory at
Wright Field over a number of yecars. The first vehicle ¢35 which such require-
ments were applied as an aid in design and development was the X-20 (Dyna-Soar)
re-entry vehicle.

A preliminary investigation of handling qualities requirements for
lifting re-entry vehicles was completed in May, 1969 {Reference 1). This
study was completed for the Air Force Flight Dynamics Laboratory under
Contract AF33(9i5)-3294 and is based on the Air Force's continuing interest
in the military potential of lifting re-eniry vehicles. This investigation
surveyed the literature and some of the important problems associated with
specification of handling qualities requirements for lifting re-entry vehicles
throughout the flight envelope of such vehicles. Suggestions were made on
how these problems might b2 attacked through analysis ard simulation so
that handling qualities requirements could be developed.

Based on the preliminary investigation of Reference 1, the Flight
Research Department of CAL, under contract to the Air Force Flight Dynamics
Laboratory (Contract F33615-69-C-1906), prepared a working draft of preliminary
handiing requirements for lifting re-entry vehicles completed in July, 1970
(Reference 9). These requirements were to be applied to small lifting re-entry
vehicles of medium to high maneuverability based on hypersonic (L/D)g,x. Re-
quirements were confined to the terminal phase cf re-entry flight at low
supersonic, transonic, and subsonic speeds. This preliminary draft was
developed in support of the design and analysis of the FDL-8 #rom the stand-
point cf handling qualities. The FDL-8 is a high-hypersonic (L/D)pax lifting
re-entry vehicle developed primarily "in~house' at the Fiight Dynamics
Laboratory. As part of this contract the Flight Rusearch Department of CAL
also gave some handling qualities support to both the FDL-8 and FDL-7 1ifting
body projects at the flight Dynamics Laboratory. An additional part of this
investigatior was a preliminary analysis of some of the unique aspects of
lifting re-entry dynamics (Reference 6).
The lifting re-entry vehicle handling qualities requirements,
ionale, and substanti g datz presented in this report are a follow-on
the work performed in the two previous years. This work has been performed
for the ir Force Flight Dynamics Laboratory under Contract Mo. F33615-70-C-1755.
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Copies of the working draft developed in the previous year (Reference
10) were sent to the contractors and government agencies listed in the
Foreword. During the month of January 1971, review meetings were held with
these contractors and government agencies. The requirements prescnted in
this report reflect those comments that seemed pertinent to the development
of general Jifting re-entry vehicle handling qualities requirements during
terminal flight at low supersonic, transonic, and subsonic flight. The
requirements are also based on the lifting rc-entry vehicle handling qu. f1ties
liteiature and they are an expansion and revision of the requirements iu
Reference 9. The present requirements cover both large and small vehicles and
vehicles with both low and high cross-range based on hypersonmic (L/D)y.y and
load factor. The rationale and backup data presented in this section are
also a revision and expansion of Reference 9.

In the past year, several other investigations of handling qualities
specification requirements for a specific vehicle, the Space Shuttle, have
been uadertaken. The NASA Flight Research Center at Edwards Air Force Base
has proposed a flying qualities specification for Space Shuttle vehicles.

In its present form, the specification is intended as a working draft and it

is based primarily, but not exclusively, on MIL-F-8785B(ASG). A preliminary
stability and control specification for the Space Shuttle Booster, not a
handling qualities specification as such, has been proposed by General
Dynamics, Convair Division. This specification has been used in some of

their design efforts on the Space Shuttle Booster. Handling qualities criteria
for the Space Shuttle Orbiter are presently under investigation by Systems
Technology Inc. (STI) under contract to NASA Ames. All of these efforts,

to the extent that they are presently understocd, have influenced to sor--
extent the requirements and rationale as they are presented in this report.
This section is writter in support of the handling qualities requirements
presented in Section II. It supports tne Section Il requiremencs vy presenting
the rationale aad backup data upon which the requirements are based. The
rationale, backup data, and the discussi>n of specific requirements are also
useful as a user's guide. They explain what the specific reguire-zuats are
attempting to provide, and how well founded these requirements are in the

sense that they are or are not supported by actual data. It becomes readily
apparent where additional handling qualities research effort is requirad, and

this is discussed in terms of handling qualities research programs in
Reference 10.

An examination of the requirements in Section II makes it readily
apparent that many of the requirements for lifting re-entry vehicles are the
same or adaptations of the requirements for piloted airplanes as they appear
in Reference 2. Lifting re-entry vehicles, when cruising, gliding or maneu-
veringz near the terminal phase of re-entry at low supersonic, transcnic, and
subsonic speeds are subjected to the same flight environment and reguire
piloting tasks similar to those of conventio~zl airplanes. In fact, some of
the data used in establithing some of the recuirements in Reference Z were
chbtaincd from fixed-base and in-fiight handiing quaiities simulation programs
on lifting re-entry vehicles.
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In adapting requirements in Reference 2 to lifting re-entry vehicles,
care has been taken to account for the differences as well as the similarities
between conventional airplanes and lifting re-entry vehicles during terminal
flight. An examination of these differences and similarities has extended to
vehicle Classes, Flight Phases, handling qualities Levels, and individual
handling qualities requirements. Some requirements have been added that
are new and possibly unique to lifting re~entry vehicles.

In the discussion of individual requirements, extensive comments are
made only on those requirements that have been altered considerably from
similar requirements in MIL-F-8785B(ASG) (Reference ?), or cn specific
requirements that are completely unique to lifting ve-entry vehicles. When
the data to support particular requirements is essentially that contzined in
Reference 8, the data ic not repeated here. One should refer to Reference 8
for the rationale and substantiating data.

The actual statement of the requirements that appear in Section II
is not vepeated in this section, only the paragraph numbers and titles are
repeated as they appear in Section II. In some cases, several paragraphs
and reguirements are discussed together since they are interrelated and the
discussion applies equally weil to all the paragraphs and requirements.

1. Scope and classifications

1.1 Scope

1.2 Applicatien

1.3 Classification of vehicles

1.3.1 Operational or expcrimental designation
Discussion

The working draft of lifting re-entry vehicle handling qualities
requirements (Reference 9) was limited both in scope and in the proposed
classification scheme. It was stated that the ccope of the specification was
limited to wmedium-to-isigh .maneuverability lifting re-entry vehicles during
flight at low supersonic, transonic and subsonic speeds in the lower atmo-
sphere. The specification was restricted to small lifting re-entry vehicles
with an (L/D)pax 8t hypersonic speeds greater than 1.5, but possibly as low
as 1.0. Therefore, the specification was considered to be applicable to
lifting bodies that have flown such as the M2-F2, HL-10, and X-24, It was
also considered to be appliceble to vehicles that have been designed and
wind tunnsl tested, but not built or flown, such as the X-20 {Gyna-Soar),
FOL-7, FDL-8, citc. In Reference 3, re-ennry vehicles were further categorized
as to Class, based c¢n whethey the vehicle mission is to be considered oper-
ational or experimental. In soms cases, for 3 vehicle designed specifically
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for experimental use, the requirements were relaxed for the same level of
flying qualities. This seemed rational based on the more restricted missions,
limited flight envelopes, ideal flight environment, and the intensive training
and high skiil of pilots that would be used for experimental missions.

In essence, the requirements in weference 9 were limited to two
Classes of re-entry vehicles, small operational and small experimental
vehicles, during flight at the terminal phase of re-entry at low supersonic,
transonic, and subsonic speeds. Such requirements obviously do not cover
the entire scope of lifting re-entry vehicle Classes as they are presently
envisioned. Since the classification of lifting re-entry vehicles based on
vehicle missions is central to the specification of flying qualities, it is
important to set up a classification scheme before detailed requirements can
be formulated.

It is suggested in Reference 1 that a classification of lifting re-entry
vehicles based on hypersonic (L/D)pzx may be most descriptive of the vehicles
in terms of their missions and therefore their handling qualities requirements.
A suggested classification based on (L/D)pax at hypersonic speeds taken from
Reference 1 is the following:

Classification Based on Hypersonic (L/D)max

Class Description
1 Low (L/D)max : 0.5¢ (L/D)mxé 1.5
\edi . -
11 Medium (L/D)max : 1‘5<(L/D)max< 2.5
111 High (L/D)max : (L/D)max> 2.5

It is suggested in Reference 1 that a further subclassification that
would aid in defining the lifting re-entry mission, flight phases, and tasks,
and relating these to flying qualities requirements might be the following:

Subclassification a - based on hypersonic flight speed within and
out of the sensible atmosphere

Subclass a Description
afl) Superorbitel
a(2) Orbital
a(3) Suborbital
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Subclassification b - based on the configuration for terminal
glide and landing

Subclass b Description
b(l) Fixed Geometry
b(2) Variable Geometry
b(3) Decoupled Landing

Including all classes and subclasses, the classification scl.ome of
Reference 1 allows for 27 different classes of vehicles that may or may not
have distinct flying qualities requirements during the different flight phases
at hypersonic, supersonic, and subsonic flight. It is noteworthy that flight
vehicles exist for just one of these 27 classes, and designs and analytical
studies for re-entry vehicles preseatly proposed, or proposed in the past,
fit only a few of these categories. Flight vehicles such as Mercury, Gemini,
and Apollo fall below an (L/D)pax of 0.5 and therefore are excluded as 1ifting
re-entry vehicles based on this classification. Flight vehicles such as
the M2-F2, HL-10, and the X-24A would be included as Class I - a(3) - b(l).
All the proposed lifting re-entry vehicles having an (L/D)p,x at hypersonic
speeds greater than 0.5, upon which infcrmation appears in the literature,
whether or not a flight vehicle has been designed, are categorized according
to this classification matrix as shown in Table XV.

Size or weight, as it may be related to load factor and maneuverability,
and hence the mission of the vehicle, is not a factor in the classificatinn
scheme of Reference i. Only cross-range as related to (L/D)pay at hypersonic
speeds is a consideration. The classification scheme of Reference 1 requires
modification since the Space Shuttle Booster, which is comparable in size to
a Boeing 747 cr Lockheed C-5A, is grouped with the smaller and more highly
maneuverable M2-. 2, HL-10, and X-24A vehicles.

In Reference 8, the Backgrourd Information and User Guide for MIL-F-
8785B(ASG), a statement is made that flying qualities reguirementc for con-
ventional airplanes are tailored according to:

(1} the kind of airplane (Class)
(2) the job to be done (Flight Phase), and
(3) how well the job must be done (Level).

The airplane mission is defined in a broad sense by the airplane Class, and
MIL-F-8785B(ASG) categorizes airplanes into four Classes. Each Class is
somewhat related te weight and maneuverabpility, and through these to the
load factor for which the airplane is designed. None of these Classes is
mutuzlly exclusive. Overlapping in terms of weight, mancuverability, and
load factor exists between types of airplanes categorized in the different
Classes based on missions, especially missions as they wmay be related to
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handling qualities. A great deal of operational experience with conventional
airplanes over many years makes the classification of airplanes in MIL-F-
8785B(ASG) both reasonable and rational. Unfortunately, such experience

does not exist for lifting re-entry vehicles. In order tu compare airplane
Classes to suggested lifting re-entry vehicle Classes, it may be well to

3 restate the airplane classification of MIL-F-8785B(ASG):

TR WX it

BV R i

Class I - Small, light airplanes
4 Class I - Medium weight, low-tc-medium
i maneuverability airplanes
: Class III - Large, heavy, low-to-medium
manreuverability airplanes
Class IV -

High naneuverability airplanes.,

In attempting tu classify lifting re-entry vechicles, it is well to
keep in mind the rationale used in classifying military airplanes. This
classification is based primarily on weight and meneuverability, and the
airplane maneuverability is based to a large extent on the airplane design
load factor. In general, .he larger the airplane, the lower the design load
factor and the lower the maneuverability. The lower design load factor and
maneuverability as the weight increases are considered acceptable since the
missions, for which larger aid heavier airplanes are designed, can be fulfilled
with lower maneuverability. This correspondence between size and weight,
maneuverability, and load factor is not always satisfied since the airplane
mission and maneuverability are not always primarily related to airpiane
weight. Such is the case for Class I airplanes (small, light airplanes) which
are not designed to as high load factors as small fighters. The circumstances
are the same for some medium weight airplanes which may be in Class Il or
Class IV depending on their mission. For example, the FB-111 is classified
as a bomber and placed in Class II, but the weight is not that significantly
different from the F-111A, the fighter version, that is placed in Class IV.

In consideration of the previous discussior, it is possible to suggest
several ways of classifying a lifting re-entry vehicle based un the vehicle
mission as it can be related to vehicle size, maneuverability, mode of

operation, and tasks during its important flight phases. These possibie
classificatiens are suggested below.

1, Classification Based on Missicn as it ReJates to
Weight and Maneuverability

Class Description
I medium-to-heavy weight, low-to-medinn
maneuverability
iv lighi-to-medium weight, medium-to-high
maneuverability.
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2. Classification Based on Mission as it Relates to Cres:-
Range as Determined by Hypersonic (L/D)

max
Class pescrigtion
H{1) (L/D)max<0.5
H(2) 0.5¢ (L/D)max <1.5
H(3) (L/D)max> 1.5

3. C .ssification Based on Intended Use of Lifting
Re-Entry Vehicles

Class Description
0 Operational Vehicle

Experimental Vehicle

Tf all of these classes are considered to be sufficiently distinut
and not interrelated, this type of classification will allow for 36 classes
of 1ifting re-eniry vehicles. For many of these classes, no vehicles presentiy
exist or are even envisioned. A possivle classification of lifting re-entry
vehicles, built, designed, or presentiy hypothesized, based on this ciassifi-
cation scheme, is shown in Table XVI.

The only convenient way of designating some of the propused Space
Shuttle Vehicle configuratious in Table XVI is by numbers, 1 through 12. The
letters in parentheses following the numbers are used to designate whether
the vehicle is the Space Shuttle Vehicle Orbiter or Booster as indicated by
the key below Table XVI. Re-entry vehicles 1 through 12 have appeared
recently in References 11 thrsugh 19. A short description of these vehicles
is helpful in examining Teble XVI and is presented bhelow:

1. Bell's ACLS (Reference 11)

Bell's Air Cushien Landing System (ACLS) would be used
in landing a Space Shutt:le Orbiter (530} of up to
200,000 pounds and a Spaze Shuttle Booster (58B) of up
to 700,000 pounds.

2. Chrysler's Single Stage-te-Orbit Vehicle (Reference 13}

Chrysler's Singie Stage-to-Otbit
would use V/STUGL rechniques for the
mode,

-
W

nace Shuttle System
cerminal landing
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3. North Americ~n Rockwell's Deployable Rotor System
(Reference 13)

Jlorth American Rockwell's Depleyable Rotor System
would ret rn a space craft at a near zero landing
speed tc dry land tcachdowns.

4. Manned Spacecraft Center Reusable Space Shuttle
(Reference 14)

NASAfs Manned Spacecraft Center (MSC) design for a
Teusable space shuttle would use a fixed straight
wing design for both the Orbiter and the Bocster.
The payload capability of the Orbiter would only

be 10,000 pounds and it would fit into the Class IV
Category because of its medium weight. 7The Booster,
like all the other carriers, would still be classi-
fied as a Class III vehicle. Because of the straight
wing planform and the onboard propulsion system,

the effective subsonic (L/D)pax capability of each
vehicle would be g eater than 5.0.
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5. General Dynamics' Space Shuttle Orbiter (Reference 15)

T —
stn NRRSDT R

Cne of General Dynamics' versions of the Space Shuttle
Orbiter would have a -ros: vange capability of 2000
miles at hypersonic speeds.

i s

[

McDonnell Douglas' Space Shuttle Systems (Reference 16)

~N o Oh

One of the McDonnell Douglas' Space Shuttle Orbiters
incorporates drawbridge wings. The wings would remain
folded upward agezinst the sides of the fuselage for a
large cross-range mission and extended outward for a
minimum cross-range mission. With the wings down, a
high angle of attack (Faget) re-entry would be made.

A different version of the Orbiter would have a delta
planform and a cross-range gveater than 1,500 nautical
miles.

8. North American Rockwell's Space Shuttie Versions
{(Reference 17)

One design of Nnrth American Rockwellfs Space Shuttle
Orbiter would have a straight wing which would give the
Crbiter minimum cross-range capability. The second
version would have a delta planform and an (L/D)pax of
> 1.5 at hypersonic speeds.

o S e 2 grers At 8 Lo e Phrrian fLaipi i o e
TN (e Ui g st RO o T R HETME A TROCS
(To 3~
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10. Manned Spacecraft Center "DC-3 Shuttle' (Reference 18)

NASA's Manned Spacecraft Center "DC-3 Shuttle' would
have a small payload of 15,000 pounds and a very limited
cross-range at hypersonic speeds. The Shuttle would
have a straight wing and therefore it would fit into

the L(3) classification because of its significant
(L/D);,x at subsonic speeds.

11. Air Force Flight Dynamics Laboratory'’s ''ILRV" Concepts
& (Reference 19)
12.

Two integral launch/re-entry vehicle (ILRV) configurat.ons,
the stauge-and-one half expendable tanks and the two-stage
fully reusable vehicles would have a high hypersonic
(L/D)qax- The first configuration consists of a core
vehicle which contains all the high cost propulsion
systems, etc., plus external propellant tanks. The core
vehicle carries about 5 percent of the propellant for

the remainder of the boost and to make orbital maneuvers.
As soon as the propellant in the drop tanks is expended,
the tanks are jettisoned and the cive vehicle becor:s

the shuttle orbiter which eventually makes a horizontal
landing.

The two-st. ‘e jully reusable confjguration would have a
winged-body orhit vehicle with a doublo structure to Xeep
the structural mass fraction as lo as possible so that
land recovery can be made without vacrificing launch
capability.

The classification based on weight and maneuverability and the classi-
fication based on cross-range as it relates to hypersonic (L/D}pyax may appear
to be redundant. The maneuverability coupled with the weight is associated
with design load factor as it is related to the vehicle mission. The cross-
range as described by hypersonic (L/D)j,, is more associated with vehicle
performance as it relates to vehicle mission. Attributing high maneuverability
to vehicles with high (L/D)yax can be incorrect since maneuverability is
traditionally associated with a vehicle's ability to pull g's. Thus it is
possible to think of large vehicles with good hypersonic (i/D);,x that wouid
have good cross-range capability but still be limited in their design load
factor. All other things being equal, however, an increase in load factor or
maneuverability will increase cross-range.

One of the hypersonic (L/D)p,, Classes, (/D) ax < 0.5, Class H(1),
considered here is essentially ballistic and vehicles 1a this Class (Mercury,
Gemini, Apollo, etc.) are not thought of as lifting re-entry vehicles. This
Class is included merely for reference purposes to complete the classification
matrix. In terms of hypersonic (L/D)p,x, lifting re-entry vehicles are
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1 %r restricted to two Classes, H{2) and li{3), rather than tkhe three classes
3 § suggested in Reference 1. By eliminating Class H{l), the grid of Table XVI
F 7 is reduced by one-third to a smaller matrix of 24 classification catecories.
3 ? No marned lifting re-entry vehicles presentiy flying, excluding
§ g vehicles with an (i./2}p5¢ <0.5, have ever flows at hypersonic speeds. Because
S of the lack of adequate information on lifting re-entry missions and tasks at
> kypersonic speeds, and the lack of experimental data, the specification of
T £iying qualities requirements at hypersonic speeds at this stage in lifting
S re-entry vehicle development is questionable. If the specification of lifting
; k re-entry vehicle requirements is limited to the present state of the art, such
E 3 a specification must be confined to terminal glide and ianding at low super-
S sonic, transonic, and subsonic speceds. Therefore Classes H{2) and {I{3) will
T not be considered for th: present as distinct Classes. It will be censidered
S that handling qualities requirements will be adequately specifiad if

Classification H(2) is combined with Class III and Classification H(3) is
considered a part of Clazs 1V. By eliminating H(2) and H(Z) as distinct
Classes, the classification matrix is reduced to 12 distinct Classes.

4 classificaticn based Cn use appears warranted since most lifting
re~entry vehicles that have been designed and built are essentially experi-
mental vehicles. Their mission is to investigate lifcing re-entry vehicie
concepts and to do research work. The mission and flight envelope of these
vehicles are generally more restricted than they would be if the vehicle were
to be considered operational. In addition, as an experimental vehicle, a
lifting re-entry vehicle will be flown by highly trained and very experienced
test pilots under only ideal flight conditions. Thus Level 2 and i.evel 3
requirements for an operational vehicle may in some cases be acceptable as
Level ! and Level 2 requirements whren the vehicle is considered =xpevimental.
It is advisable tc have minimum fiying qualities
vehicles since some of the vehicl:s buiilt in the future vill be corsidered
experimental. It is important to have available handling qualities guide lines
for thes2 vehicles in the form of requirements that would be useful ir design.
It is also important to distinguish between acceptalle flying qualities require-

ments for an experimental, as opposed to an operational, lifting re-entry
vehicle with a different mission.

rzguirements for experimental

NS AT " ST REN ARSI U ST G 7 e T R :rwr?.“‘~"’ﬁ"‘?‘”"""f )

Since the classification of a vehicle as experimental or operational
3 is made on the basis of its specific use, it may be better to treat require-
¢ ments for an experimental lifting re-entry vehicle like special 1and- or
carrier-based requirements are handled in MIL-F-8785B(ASG) in Seetion 1.3.1.
By not distinguishing between operational and experimental vechicles in tne

classification scheme of Table XVI, the classification inatrix is now reduced
to only 6 categories.

TS

A classification scheme based
of operatien appears to be necessary.
the subsonic (L/D)ma" and the mode of operation can have considerable impact
on the flying qualities requirements. If the vehicle is expected to operate

with power during landing, uen the subsonic (L/D),, referred to is the (L/D]pax
with power.

on the terminal giide and landing mode
The mode of operatien is related to

S
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ALl indicatiens are that a vehicle with a subsonic (L/B)pax € 2.5
will be unable to perform a successful horizontal lunding. Such a vehicle
will, in all probability, have a decoupled landing mode such as a deployable
rotor or parachute, psraglider wing, etc. for terminal glide and landing.
The handling qualities vequirements for such vehicles during terminal flight
will be quite unique.

A vehicle with 2.5 < (L/D)ax < 5.0 will require special handling
qualities requirements during terminas glide and landing that are different
than those »f a conventicual airplane. Unpowered and underpowered low (L/D)pax
vehicles will fit in this category. The M2-F2, M2-F3, HL-10, and X-24A are
examples of such vehicles.

A lifting re-entry vehicle with a subsonic (L/D)pax greater than 5.0
is expected to have flying qualities requirement< similar to those of conven-
tional airplanes. An (L/D)p,, » 5.0 may be attainable for a re-entry vehicle
if it has fixed unswept wings (Faget concept), variable geometry wings, or
pow r for landing.

Vehicles with a subsonic (L/D)pax < 2.5 are considered to operzte
with a decouplea mode during terminal flight acd are not considered within the
present state of the art from the standpoint of a flying qualities specification.
If the classificatioix of 1ifting re-entry vehicles is limited tc the preseant
state of the art af low superscnic, transonic, and subsonic speeds, the numbuer
of classifications in Table XVI can be reduced to the following:

1. Classification Based on Mission as it Relates to Weight
Cross-Range, and Load Factor

Class Description
11l Medium-to-heavy weight, low-to-medium

cross-range based on hypersonic (L/Djpax
and normal load factox

v Small-to-medium weight, medium-to-high
cross-range based on hyper:ionic {L/D)rax
and normal load factor

ro
.

Classification Based on Terminal Glide and Landing Mode
as it Relates to (L/D)p,x at Subsonic Speeds

—

g Class Description
3 L(2) 2,5 € (L/D)pax < 5.0
L(S) (L/D)max > S‘O
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This classification system is shown as Table XVII.

e 0

The present and

next generation of lifting re-entry vehicles are categorized according to this

scheme in the table.

TABLg XVII,

Suggested Lifting Re-Entry Vehicle Clzssification Based cn Term-

inal Flight at Low Supersenic, Transonic and Suvbsonic Speeds

Ciassification based
on the .crminal glide
and landing mode

Classification based on
o weight, cross-range,

mission as it relates
ard load factor

[11

Iv

Meaiom-to-hzavy weight,
low-to-medium cross-
range based on hyper-

sonic (L/D)max and

rormal lcad factor

Smali-to-medium weight,
medium- to-h.gh cross-
range nased on hyper-
sonic (L/D)max and

e e

normal load factor

L(2}

2.5 « (L/D)max <5.0

Spece Shuttle Booster
and Orbiter (i.ifting-
body without pover)

.-—-—1-

M2-F2, HL-19, X-244,
FDL-7, FDL-8
{all without power)

SE——
L(3)

> 5.0
max

(L/D)}

fpace Shuttle Booster
and Orbiter (Lifting-
body with power)

Space Shuttie Booster
and Orbiter (Nepleyable
wing or Faget concept
with or without psower)

FDL-7 with deployable
7ing

FDL-8 with deployable
wing

M2-F2, HL-10, X-24A,
FDL-7, FDL-8, ali
vith power

It is questionable whether the Classificaticn Scheme of Table XVII
adequately considers re-entry vehicles with 2 high angie of attack re-er.ry
(¢ #60°) when this angie of attack is maintained throughout the supersonic,
transcnic, and into the high subsonic speed region befors transition is made

to low angles of attack.
that re-enter in this way.

coverad by special requirements in the specification.

Faget type re-entry vehicles have been proposed

Flying quaiities requirements for Faget tvpe
Boosters or Orbiters flying under these conditions at low {(L/D)*: must be
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The reason for including a classification based on (L/D)pax 2t
subsonic speeds during the terminal glide and landing phase of flight is -
that there are special landing requirements for low (L/D)pax vehicles,
especially when such vehicies are unpewered. These requirements are associated
with the need for maintaining excess kinetic energy in the appreach, that is,
an approach speed significantly above stall speed, and the need for executing
a precise flare fellowed by a float period prisr ¢c touchdown. Since the
effective (L/D)max can be varied by the use of power, the classification
scheme must allow fo. the use of power during the landing approach to increase
the effective (L/D)p,, and reduce the glide angle. In fact, if landing
approach requirements of unpowered or underpowered lifting re-entry vehicles
can be related to some simple landing approach handling qualities parameters,
and particular requirements on these parameters, it will not be necessary
to designate vehicles with a low (L/D)p.. at subsonic speeds as a special
Class. This procedure is followed in this lifting re-entry vehicle handling
qualities specification. 1In this event, the classification scheme of Table
XVII can be reduced to only two Classes as follows:

Class III: Medium-to-heavy weight, low-to-medium
cross-range bised on hypersonic (L/D)p..
and normal load factor

Class IV: Light-to-medium weight, medium-to-high
cross-range based on hypersonic (L/D)max
and normal load factor.

The Roman numerals III and IV were used to designate these two lifting
re-entry vehicle Classes since they are most comparable to Classes III and IV
in MIL-F-8785B(ASG). Based on the discussion presented, it becomes readily
apparent why the Scope, Application, Classification of Vehicles, and Operational
or Experimental Designation Sections are defined as indicated in Section II,

Although this specification will be limited to flying qualities require-
ments at low supe -sonic, transvnic, and subsonic specds, it is the intention
that in the futur: these requirements 1+ i1l1 be extended to flight at hypersonic
speeds, including rlight at low dynamic pressures. The two Classes can then
be easily extended to four Classes based on cross-range as determined by
hypersonic (L/D), ... This classification scheme is indicated in Table XVIII.

Reguirement

1.4 Flight Phase Categories

Discussion

Experience with the operation of airplanes indicates that certain
Flight Phases are more demanding and require better handling qualities than
others. Therexore, where possible, handling qualities requirements are stated
in teirms of Flight Phases as well as airplane Class.
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TABLE XVITI. Suggested Lifting Re-Entry Vehicle Classifications at all

Flight Speeds

Classification based on weight and maneuverability

Classification based Iil

: 1v

N on cross-range as

H determined by Medium-to-heavy weight, low- Small-to-medium

¥ hypersonic to-medium maneuverability weight, medium-to-

: (L/D) based on load factor high maneuverability
max

! based on load factor
H(2)

0.5 < (L/D) nax <1.5

H(3)
(L/D)max > 1.5

g o L TR TR T e

Piloting experience with lifting re-entry vehicles is extremely
limited but the experience that does exist supports the idea of specify:..,
flying qualities requirements as a function of Flight Phases, at least for
terminal flight at low supersonic, transonic, and subsonic speeds. This
experience, interestingly enough, also appears to support the idea that
these Flight Phases can at least be broadly categorized as Nonterminal Flight
Phases and Terminal Flight Phases. All of this should not be surprising
since, during terminal flight, re-entry vehicles will fly under similar

environmental conditicns and the piloting tasks will be similar to those of
airplanes.

¥ ‘W“ et T

The Nonterminal Flight Phases of re-entry vehicles appear to lend
themselves to two categories, A and B, as is true for Nonterminal Flight Phase
categeries of airplanes as presented in MIL-F-8785B(ASG). It is also true
that the grouping of re-entry vehicle Flight Phases in the various Categories,
except for Category A, bear a striking resemblance to the classification of
Flight Phases for conventional airplanes. But from here on, the similarities

between Flight Phase Categories of re-entry vehicles and airplanes appear to
ceare.

The most demanding Flight Phases for airplanes are Category A Flight
Phases. They require rapid maneuvering, precise tracking, er precise flight
path control. Present experience with 1lifting re-entry vehicles, threough
actual flight and simulation, does not support the need for rapid maneuvering
or very precise tracking. The most demanding Flight Phases appear to be

G5




Catugory € Terminai Flight ehases that require precise flight-path contro)
and may require rapid mancuveriag, but certainly not as rapid mancuvaring as
Category A Flight Phases for ccuventional airplanes.

Category A Flight Phases for ve-entry venicles bear nc resemblance
to Category A Flight Phases for conventional airplanes primarily because
of the difference in the missions of re-en'ry vehicles and z2irplanes.
Category A Tiight Phase for re-entry vehicles rogquire precise but only
moderate mancuveriny and accurate flight-path control and precise tracking
may be required, such as tracking or maintaining angle of attack or bank
angle, but the rapidity of maneuvering asscciated with tracking or attitude
and bank angle control is not expectcd to be comparable to Category A Flight
Phases for airplanes or Category C Flight Phases for re-entry vehicles.

Category B Flight Phases for re-entry vehicles are expected to be
the least demanding for re-entry vehicles as is tyue of Category B Flight
Phases for airplanes. In the case of re-entry vehicles, these Flight Phases
are normally accomplished using gradual maneuvers without precision tracking
or very accurate flight-path control.

An explanation of some ol the Flight Phases for re-entry vehicles,
and why they are placed in particular Flight Phase Categories is in order.

Air launch and powered boost Lategory A Flight Phases are valid for
experimental lifting re-entry vehicles such as the M2-F2, HL-10, X-24A, and
M2-F3. It would appear that moderate maneuvering and accurate flight path
control and precise tracking may be required. The requirements in this
specification are not expected to apply to multi-stuge vehicles while they
are attached during boost. Powered boost of multi-stage vehicles is not a
Flight Fhase within the limitations of this specification. 1In discucsions
with some participants in review meetings, some sentiment was expressed that
high Mach numter high altirude cruise, based on experience with the XB-70 and
SR-7i, can be a more demanding ¥Flight Phase than cruise at lower altitudes
and speeds. This appears to be especially true when trying to control flight
path and altitude. High altitude, high speed cruise is therefore included as
a Category A Flight Thase even though its validity as a lifting re-entry
vehicle Flight Phase is questionable. It seemed appropriate that large angle
of attack transitions that are preseuntly being considered for the Space Shuttle
Vehicle Booster and Orbiter vehicles would togically fail into Category A
Flight Phases when they zre being perforaed with the pilot in the loop. They
will probably vequire procise altitude and flight path control.

Category B Flight Phases for re-entry vehicles are similar to
Category B Flighct Phases for airplanes and appear to require no further
explanation.

Category C Fiight Phases for re-eatry vehicles are generally similar
to Category C Flight Phase. for sirplunes. As operational vehicles, lifting
re-entry vehicles arc expected to be launched vertically with one and one-half
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Or more stages. As previously stated, under such conditions of atrached

stages these requiraments are not expected to apply. As experiwmental vehicles,
it may be that Booster and Orbiter stages of re-entry vchicles will first

be tested in the lower atmosphere and they will be required to take off
horizentally from the ground. Under such conditions a conventional horizuntal
takeoff is a valid Flight Phase. Emergency abort is also a valid Terminal
Phase for any stage of a multistage vechicle when it flies alone following an
abort that occurs in the lower atmosphere at low supcrsonic, transonic ..ad
subsonic speeds. Pilot controlled emcrgency aborts will require procis. flight
path control and rapid mancuvering.

Requirement

1.5 Levels of flying qualities
Discussion

The definitions of Levels that are used in specifying handling
qualities requirements for lifting re-eatry vehicles are essentially the same
as the definitions in Section 1.5 of MIL-F-8785B(ASG) (Refevence 2). The
explanation of how these Levels are used and how they are related to the
pilot rating scale are presented in Reference 8.

A slight difference exists in the definition of Level 3 for lifting
re-entry vehicles. In the definition of Level 3 for conventional airplanes it
is stated that '"Category A Flight Phases can be terminated safely, and
Categories B and C Flight Phases can be completed.” In the case of re-entry
vehicles this statement becomes '"All Flight Phases that can be term.na.cd
can be safely terminated. All Flight Phases that must be completed can be
completed safely."

Although all Category A Flight Phases for airplanes in MIL-F-8785B
(ASG) can be terminated, such is not the case for all Category A Flight Phases
for re-entry vehicles. Phases such as "air launch" or "angle of attack
transition" once started must be completed. In the case of Category B Flight
Phases for re-entry vehicles, some of the Flight Phases must be completed. In
the case of Category C, all Flight Phases must be completed with the possible
exception of a powered approach. It is generally true that for the Terminal
Flight Phases of re-entry vehicles without power, &all the Flight Phases must
be compieted and completed safely for Level 3.

Serious thought is presently being given to the design of very sophis-
ticated lifting re-entry vehicles that are expected to be operational vehicles
that will be required to fly the total flight profile from boost to orbit to
re-entry and horizontal landing. Reliability requirements for the various
stages of such a vehicle and all the subsystems will be high because of high
program and vehicle costs, the environmental unknowns, and the requirement for
crew and passenger safety. Reliability and safety considerations may be such
that the procuring activity may choose not to allew Level 3 handling qualities.
If such is the case the probability of occurrence of Level 3 handling qualities

due to failures will also need to be reduced considerab.y as indicated in
3.1.10.2,
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Reguizgment

=.0 Applicable documents
Discussion

In the specification of the flying qualities of airplanes in MIL-F-
8785B(ASG) it is felt neccssary to refer to other documents in presenting the
specific requirements. To the extent that lifting re-entry vehicles fly like
conventional airplanes during terminal flight at low supersonic, transonic,
and subsonic speeds, these documents are also likely to be applicable to
1ifting re-entry vehicles with corrections, deletions, and additions that may
be required and will be established by the procuring activity. Because of the
many undefined aspects of lifting re-entry vehicle design, it is difficult to
establish at this time what, if any, corrections, deletions, and additions must
be made in these specifications. If the centractor finds particular specifica-
tions not applicable in their vresent form, the necessary corrections, dele-
tions, or additions must be established through mutual consultation between
the contractor and the procuring activity.

MIL-D-8708 (Demonstration Requirements for Airplanes) has been removed
entirely as a specification since it is not expected to be applicable to lifting
re-entry vehicles.

The procuring activity may find it necessary to establish special
specifications and standards for 1ifting re-cntry veaicies that will replace or

supplement existing standards. To the extent that such standards relate to
handling qualitiec requirements t¥ will become a pait of this specification.

Reguxrements

3.0 Reguirements

3.1 General requirements

3.1.1 Missions

3.1.2 Loadings

3.1.3 Moments of inertia

3.1.4 External stores

3.i.5 Configurations

Discussion
The need to define missions, loadirgs and envelopes of center of

gravity travel, moments of inertia, external store loadings, and vehicle con-
figurations required o perform the missions seem obvious. These requirements
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are expected to be equally applicable to lifting re-entry vehicles and airplanes
although many of thz details in such definitions will undoubtedly be different

for lifting re-entry vehicles whose missions are different than those of airplanes.
In the definition of missions, differences will also exist when the vehicle is

to be considered operational or experimental.

in the definition configurations for lifting re-entry vehicles, it is
recognized that in all probability such vehicles will be highly augmented and
it is emphasized that SAS gains may be variable and selected by the pilot or
crew. Obviously such SAS gains are part of the configuration definition. It
is also true that longitudinal and lateral-directional contrsl bias, other
than that required for trim, may also be essential to configuration definition.
These additional requirements for configuration definition may be especially
applicable to an experimental lifting re-entry vehicle.

Reguirements

3.1.6 State of the vehicle

3.1.6.1 Vehicle Normal States

3.1.6.2 Vehicle Failure States

3.1.6.2.1 Vehicle Special Failure States

Discussion

The purpose and need for defining 1ifting re-entry vehkicle states
including Vehicle Normal States, Vehicle Failure States, and Vehicle Special
Failure States appear to be equally valid for a re-entry vehicle or an air-
plane. The requirements in the specification of handling qualities arve
therefore logically related to re-entry vehicle states, Normal States and
Failure States. The discussion pertaining to Airplane States that appears in
Reference 8 is expected tc be equally valid for re-entry vehicles.

In 3.1.6.2 an additional qualification has been added that the con-
tractor may waive definition of all Vehicle Failure States for experimental
vehicles. It is recognized that a definition of all Failure States and pro-
bability of failures can be very difficult and expensive for low budget, 'one
of a kind," experimental vehicles. It is recognized that in such cases, a
simplified yet acceptable alternate way of specifying Failure States may be
acceptable to the procuring activity.

There are certain Failure States, such as engine failures, that may
be perfectly acteptable as Special Failure States for airplanes. Engine
failvres, or failure of an enginc to start, in certain Flight Phases of a
1ifting re-entxy vehicle, may result in handling qualities that make the
vehicle extremely difficult to fly or unflyable. Such may be the cace for a
lifting re-entry vehicle whose (L/D)p,x unpowered is so low that it requires
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an '"instant (L/D)" or landing engine to perform a horizontal landing. Even
though the failure probability of the engine to start or continue to operate
may be difficult to predict, the remoteness of the probability of failure is
extremely important even though the probability is not well known. In such
cases, it can be argued that engine failures should not be acceptable as
Special Failure States and the paragraph on Special Failure States should
exclude such engine failure for vehicles with a low (L/D)pax without power.
The contractor in such cases should be required to determine the probability
of failure or through adequate redundancy give assurance to the procuring
activity that the probability of failure is indeed remote. Since little actual
experience exists in this area for 1lifting re-entry vehicles, it is left to
the discretion of the procuring activity whsther such engine failures can or
cannot be considered as Special Failure States.

Requirements
3.1.7 Operational Flight Envelopes

3.1.8 Service Flight Envelopes

3.1.8.1 Maximum service speed

3.1.8.2 Minimum service speed

2.1.8.3 Maximum service altitude

3.1.8.4 Service load factors

Discussion

The definitions of Operational Flight Envelopes and Service Flight
Envelopes for lifting re-entry vehicies follow the basic philosophy used in
defining Operational and Service Flight Envelopes of airplanes in MIL-F-8785B
(ASG). It is recognized, however, that Operational Flight Envelope bounduries
for lifting re-entry vehicles may be more conveniently or adequately defined
in other ways than speed, altitude, and load factor for particular Flight
Phases. ioad factor and speed may not always be the important controlling
parameters during re-entry, or the terminal phase of re-entry. Mach number,
dynamic pressure, or angle of attack may be more important paramsters from
the standpoint of longitudinal deceleration, temperature, or stability. This
may be especially the case when the re-entry vehicle is unpowered. These
parameters may also be more appropriate in defining the boundaries of the
Service Flight Envelopes for the same reasoms,

It is recognized that the Operationzl and Service Flight Envelopes of
an experimental lifting re-entry vehicle caan difrfer from those of an opera-
tional vehicle. If a lifting re-entry vehicle is to be considered experimental
the procuring activity may be willing to accept more restricted Operational
and Service Flight Envelopes.
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Definition "¢ in Section 3.1.8.1 recognizes that the vehicle maximum
service spced may be detervmined by the fact that the vehicle is unpowered.
Definition "d" recognizes that a maximum service speed may he defined by
engine limitations.

It is also recognizeu that additional conditions exist which may
define minimum service speed for a lifting re-entry vehicle. Minimum speed
for wipowered lifting re-ent.y vechicles must be definec in gliding flight.
Definition "e" recognizes that safe unpowered landings with 1ifting re-entry
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velicles require excess kinetic energy. Thus unpowered landing requirements
= may determine the minimum service spezds at low aititudes, Definition "f"
& recognizes that some lifting re-entry vehicle configurations have no clearly
¥ defined stall. If sufficient control power exists, the vehicle may be
£ trimmable to rather large angles of attack where the (L/D}pax is low. An

unpowered vehicle trimmed a2t such large angles of attack in gliding flight,
especially at the lower altitudes, may have an excessive sink rate or steep
glide angle which may determine the minimum service speed.

;T”,!‘;‘;:\ g

For Flight Phases at altitude for some re-entry vehicles, minimum
and maximum service speed may not be as meaningful as minimum and maximum
dynamic pressure as a function of altitude. Thus mirimum and maximum dynamic
pressure may be used in lieu of minimum and maximum service speed with the
approval of the procuring activity provided that the maximum dynamic pressure
is less and the minimum dynamic pressure is greater than the dynamic pressures
cemputed using the maximum or minimum service speed respectively.

The maximum service altitude of a vehicle with power that is capable
of cruising in level flight is reasonably easy to define., It can be defined in
the same way that the maximum service altitude of an aixpiane is defined. For
an unpowered re-entry vehiclie which is truly operational, which has re-entered
from orbital altitudes where the dynamic pressure for all practical purposes
is zero, defining maximum service altitude is not meaningful.
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It has been stated in the Introduction {Section 1}, that the require-
ments of this specification are expected to apply only when the vehicle is
sustained by primarily aerodynamic forces. It has been suggested that below
dynamic pressures equal te 0.7 times the dynamic pressure required to sustain
the vehicle in level flight may be considered as a minimum dynamic pressure
below which these handling qualities are not expected to apply. Based on
this definition, a maximum service altitude may be defined as the altitude
above which the dynamic pressure is less than 9.7 times the minimum service
speed dynamic pressure as defined by the minimum service speed of 3.1.8.2.

NI W

Since this specification is only expected to apply t0 low supersonic,
transonic, and subsonic speeds during terminal flight in the lower atmosphere,
it may be necessary to define a maximum service altifude for purposes of
applying this specification. This altitude will be established by mutual
agreemenit between the contractor and the procuring activity,
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The service load factors for re-antry vehicies are defined in essen-
tially the same way as they are for airplanes in MIL-F-8785B(ASG), except
for an unpowered vehicle they are defined in equilibrium glide flight at
constant indicated airspeed. In the case of re-entry vehicle configurations,
a clear stall warning angle or huffet angle of attack may not exist and the
load factors may be defined by a maximum (minimum) allowable angle of attack
defined by considerations such as those in 3.4.2.2.

Reguirements
3.1.9 Perrissible Flight Envelopes

3.1.9.1 Maximum permissible speed (minimum permissible

angle of attach)

3.1.9.2 Minimum pernissible spesd (maximum permissible

angle of attack)

3.1,9.2.1 Minimum permissible speed (maximvm permissible
angle of attack) based on other considerations

Discussion

The rationale for defining Permissible Flight Envelopes for lifting
re-entry vehicles is similar to that used fer airplanes in MIL-F-§785B(ASG).
There are regions outside the Operational and Service Flight Envelopes where
lifting re-entrv vehicles might be allowed to operate for short periocds of
time and one would not expect Level 1 or Level 2 handling qualities to prevail.
Although stalls may be sucl a region for lifting re-entry vehicles, one can
scve no rational reason at ti:.s time why spins, zooms, or steep dives need be
considered as permissibie flight conditions for re-entry vehicles as may be
true of airplanes. High angle-of-attack flight may, however, be such a flight
condition for a re-entry vehicle. Again, the boundaries of the Permissible
Flight Envelopes for re-entry vehicles at altitude during some Flight Phases
may ve defined more meaningfully in terms of such parameters as dynamic
pressure and angle of attack rather than speed and load factor,

It is recognized that unpowered lifting re-entry vehicles must be
capable of performing urvowered landings. Such landings can only be performed
safely within certain maximum or minimum speed limits. The minimum speed
limit is determined by having sufficient kinetic energy available to perform
a safe flare and float to touchdown. Thus maximur and minimum permissible
speeds determined by landing requirements are appropriate for vapowered lifting
re-entry vehicles.

Lifting re-entry vehicles have both static and dynamic stability and
centrel characteristics which are usually strong functions of angle of attack.
In somwe cases, even with augmented vehicles, the stability and control
characteristics from the point of view of handling gualities can be unacceptable
belaw’or above particular angles of attack. Thus maximum permissible speed
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(minimum permissible angle of attack) or minimum permissible speed (maximum

pernissible angle of attack) may be determined by unsafe ctability and control
characteristics.

Minimum permissible speed (maximum permissible angle of attack) for
lifting re-entry vehicles can also be determined by other considerations such

as ability to perform alt.tude corr.ctions, excessive sink rate, too steep
an equilibrium glide angle, etc.

Reguirements

3.1.10 Application of Levels

3.1.10,1 PRequirements for Vehicle Normal States

3.1.10.2 Requirements for Vehicle Failure States

3.1.10.,2.1 Requirements on the effects of specific failures

3.1.10.3 E;ceptions

3.1.10.3.1 Grous¢ operation and terminal Flight Phases

3.1.10.3.2 When Levels are not specified

3.1,10.3.3 Flight outside the Service Flight Envelopes

Discussion

The Level approach to the achievement cof adequate flying qualities
with a degradation of flying qualities being acceptabie, if the combined pro-
bability of such degradation is sufficiently small, is rational and appears
reasonavle for iifting re-entry vehicles as well as airplanes. Fly.ng qualities,
flight safety, and system relizbility are very ir.errelated. TL is cbvious that
such interrelationships should be recognized in che specification of handling
qualities requirements.

The basic approach used in the application of Levels to airpianes in
MIL-F-8785B(ASG) is rectained in the specification of handling qualities re-
quirements for 1i:fting re-entrs vehicles. The argument for the Level concept
and its application presented in Reference 8 are in general equally applicable
to lifting re-entry vehicles. It is recognized in Reference 8 that the procuring
activity czn change the numerical probability per flight of encountering
degraded Levels, lLevels 2 and 3, of flying qualities due tc failures. These
changes are made to reflect specific vehicle requirements and to assure that
the probabilities of encountering degraded Levels are consistent with the
design goals, Although the degraded Level probabilities per flight as pre-
sented are reasonable, an attempt has been made in this specification to

reflect the possible differences in the design goals of various lifting re-
entry vehicles.




For "one of a kind", low budget, experimental 1ifting re-entry
vehicles, detailed determinatior. of each Vehicle Failure State, the probabilivy
of occurrence of each vehicle failurs per flight, and the effect of such
Failure States on the flying cualities may be both impractical and impossible
tfor the contractor. In lieu of su % eotermination, a simplified procedure
is allowed for experimental 1ifting re-entry vehicles. One procedure is to
consider only a very limited number of critical faiiures and their effect on
flying qualities and simultaneously reduce the probability of the occurrence
of degraded flying qualities duc to .uch ciitical failures. Another alternate
method may be tc associzte decgraded Levels with total system failures, such
as total SAS system failurc and not be required to predict the probability of
oncountering degraded Levels. Such alte.nate procedures seem warranted
for "one of a kind", low budget, experimental vehicles and such alternate
procedures are not considered inconsictent with MiL-F-8785B(ASG).

Similar arguments in terms of vehicle design goals can be used to
veduce the probability per flight of encounteving degraded flying aualities
because cf failures. Serious thought is presently being given to the design of
very sophisticated lifting re-entry vehicles, such as the Space Shuttle Vehicle
(SSV) Booster and Orbiter. Such vehicles will be required to fly the total
flight profile from boost to orbital flight, through re-entry and down to a
horizontal landing, Reliability requirements for the various stages of such
a vehicle and its subsystems will be high. The feeling presently is that any
flight control system will be required to first fail operationally twc times
without any degradation in handling qualities and the third failure will be
fail safe, safe to fly home. Juch high reliability requirements are con-
sidered necessary because of high program and vehicle costs, the enviren-
mental unknowns, and the overriding requirement for crew and passenger
safety. It is also felt that the reliability requirements for guidance and
navigation, which is essential to successful flight, automatic or piloted,
allow for high total systems reliability at relatively little additional cost.
When ali of these factours are overriding considerations in 1ifting re-entry vehicle
design, the procuring activity may choose to reduce the probability of
encountering degraded flying qualities because of failures, even to the extent
of not allowing Level 3 handling qualities at all. Obviously for such to be
the case, the probability of occurrence of Level 3 per flight must be quite
small. In one such prelimina2ry handling qualities specification for the SSV
proposed by the NASA Flight Research Centev at Edwards, California, it
has been suggested that the probability of occurrence of Level 3 for flight
should be less than :0-6 since this low a probability would essentially
eliminate Level 3 as a consideration,.

In Feference 8 arguments and data are presented, based on certain
assumptions, to confirm that the probability of encountering Level 3 handling
qualities of 10-4 per flight is reasonable for aircraft. It is argued that
"due to a lack of knowledge,---espec:aily when many flying qualities are
degraded at once, the Level 3 boundaries are at least safety rcistad" even
though Level 3 handling qualities are uot considered unsafe as they ars
usually defined. Using 1967 accident lc.z rates for aircraft, and assuming
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"Level 3 to represent a safety problem, which it conservatively does not, then
the aliowable 10-4 probability of encountering Level 3 per flight would account
for zoout 1/4 to 1/9 of the total probability of aircraft loss--" during 19€7.
The other aircraft losses would be due to cther things that are not flying
qualities oriented., It is therefore argusd that the 10-~4 probability for Level
3 is reasonable,

Using the same data and arguments presented in Reference 8, a 10-6
probability of encountering Level 3 per flight would conservatively sccount for
only 1/400 to 1/900 of the aircraft lnss during 1967. It seems reasonable +O
assume that such a low probability of encountering Level 3 for airccaft or
lifting re-entry vehicles will esse- *ially eliminate Level 3 as a probability.

Requirement
3.2 Longitudinal flying qualities

Discussion

Section 3.2 deals with essentially the same longitudinal flying
qualities subjects treated ror airplanes in MIL-F~8785B(ASC). This should not
be surprising since lifting re-entry vehicles during terminal flight at low
supersonic, transonic, and subsonic speeds are expected to fly much like conven-
ticnal airplanes and require similar characteristics from the point of view
of handling q:alities, Modifications have been made to specific requirements,
in scme cases significant modifications, to make the requirements mnre
adaptabie to the Flight Phases of lifting re-entry vehicles, These changes
are discussed in some detail as they arise. Some very special and new re-
quirements that are urique tc lifting re-eutry vehicles have been added.
Section 3,2,1,1.3 presents some qualitative requirements on elevator sontrol
force variations during angie of attack transitions, Section 3.2.3.3.7.
“Longitudinal control in catapult takeoff'" in MIL-F-8785B(ASG), has beun
replaced by a requirement called "longitudinal control during air launch".
Section 3.2,3.4.2 covers a completely new requirement for unpowered
landings, Section 3.2.3.4.3 is a new qualitative requirement on the ‘effects
of adverse elevator 1lift during the Landing Approach Flight Phase.

Reguirements

3.2.1 Longitudinal stability with respect to speed

5.2.1.1 Longitudinal trim stability

Discussion

In MIL-F~-8785B(ASG), requirements under Section 3.2.1 are spoken
of as longitudiral stability requirements with respect to speed and deal pri-
marily with long term requirements as the speed is varied in level flight.
These topics are discussed in the airplane flying qualities specification as
static stability, phugoid st.ability, and flight-path stability. There is some




question as to how important these long term stability requirements are “0 a
Jifting re-entry vehicle during terminal descent tc a horizontal landing when
the pilot will undoubtedly be controlling the vehicle rather attentively.
There is also some question of the meaning of long term requirements and how
they are defined when the vehicle is operating in a rapidly changing environ-
ment of altitude, Mach rumber, etc. There is ample evidence based on flight
test experience with unpowered landings of lifting re-entry vehicles that
flight-path stability is of importance to the pilot. Providing some long term
stability, or at least limiting the degree of instability, is expected to
improve lifting re-entry vehicle handling qualities in much the same manner
that handlin; qualities of airplanes are improved. Thus the rationale and data
on speed stability used to develop requirements in MIL-F-8785B(ASG) should
apply to lifting ~e-entry vehicles with some modification teo make the require-
ments applicable to lifting re-entry Vehicle Flight Phases.

Section 3.2.1.1 which is identified as 'Longitudinal static stability"
in MIL-F-8785B(ASG) is identified simply as '"Longitudinal trim stability" in
the case of lifting re-entry vehicles. This was dcne to overcome any misunder-
standing that the requirement does in fact measure static stability, that is,
the slope of the pitching moment with angle of attack, independent of other
factors. It also does not measure pitching moment variation with Mach number,
neutral point location, etc. This is especially true of lifting re-entry
vehicles that will spend much of the torminal phase of flight in gliding
turns or simply gliding flight. All orf the characteristics just described
certainly do influence the tendency of the vehicle to diverge from or return
to trim, However, it would be difficult to isolate the effect of each character-
istic on the basic stability conditions of the vehicle without performing a
lengthy test program. The imrortant consideration in this requirement is not
what specific characteristics caused the vehicle to react in the way it dnes,
but the overall trim characteristics of the vehicle with changes in airspeed
and the tendency of the speed to diverge aperiodically. It is these characcer-
istics that the requirement specifies.

The requirement follows the requirement for airplanes in MIL-F-8785B(ASG)
with some modifications. In terminal gliding flight, indicated airspeed will
be z more representative primary flight control variable than equivalent air-
speed. In certain Flight Phases of a re-entry vekicle, dynamic pressure or
angle of attack changes in gliding flight may be the primary flight parameter
and eithev of these may be used in lieu of airspeed.

For Level 3, an aperiocdic divergence of the incremental speed or other
flight variable from trim is permitted provided the time to double amplitude is
at least 60 seconds. As shcwn in References 20, 21, 22, 23, and ?4, a certain
amount of instability can be allowed for Level 3. Based on this data, and
the fact that the piiot will be generally maintaining tight control over the
vehicle during terminal flight, a slight aperiodic divergence in speed appears
reasonable,
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Reguirements

3.2.1.1.1 Relaxa*ion in trunsonic flight

3.2.1.1.2 Elevator contsol force variations during rapid speed
or Mach numbex changes

3.2.1.1.3 Elevator contro! force variations during angle of attack
transitions

Discussion

The relaxation in spevc stability requirements in the transonic region
follows essentially a similar rolaxation in MIL-F-8785B(ASG). The use of
equilibrium trim dynamic pressure or angle of attack is permissible as the
primary flight variable rather th2an speed for certain transonic Flight Phases
of a re-entry vehicle where these variables are more meaningful. Relaxation
is allowed for immore prolonged transonic flight of an experimental vehicle
with the approval of the procuring activity. A greater relaxation seems
reasonable for a vehicle which is primarily intended for an experimental
mission, but the degree of relaxation is left to be defined by the procuring
activity.

The requirements in 3.2.1.1.2 during rapid speed or Mach number
changes are similar for airplanes and re-entry vehicles for much the same
reasons. In the case of lifting re-entry vehicles, these rapid trim changes
may be associated with large and rapid dynamic pressure or angle of attack
changes,

Some lifting re-entry vehicles thau are presently under study are
expected to re-enter the atmosphere at large angles of attack, as high as
60 degrees, and perform an angle of attack transition before terminal flight
glide prior to landing. This has been described as a pitchover and pullout
mana2uver. A simulator study of such a maneuver is described in some detail
in Reference 25. The study indicates that suchk a maneuver can be performed
by the pilot, but the resul*s are too preliminary to establish general require-
ments. A qualitative requirement such as that presented as 3.2.1.1.3 ‘s,
however, in order. It is hoped that in the future a quantitative requirement
can be developed.

Reguirements

3.2.1.2 Phugoid stability

3.2.1.3 Flight-path stability

Discussion

As stated in Reference 8, "Although pilo*., can handle airplanes having
poor phugoid damping, they will make such comments as: the airplane 'requires
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constant attentien,® 'is frustrating to fly,' and 'is difficult to trim'."
Because of its nuisance value, if for no other reason, it is desirable to have

some slight phugoid stability or to at least limit the degree of instability
for some vchicles and some Levels.

For an operatricnal lifting re-entxy vehcile, the requirements of
MIL-F- 8785B(ASG) appear to be as valid for lifting re-entry vehicles as for
airplanes, 7The discussion in Reference 8 that substantiates these requirements,
even though the requirements are admittedly conservative, should also apply
te lifting re-entry vehicles. Data from Reference 26 suggests more lenient
phugoid requirements than those in MIL-F-8785B(ASG)., It should be possible tc
allow more lenient phugoid requirements for experimental vehicles than those
shown in 3.2.1.2, Experimental vehicles will be flown under more ideal flight
conditions by very experienced pilots. Although the data in Reference 8
appears to support the idea of more lenient phugoid requirements, it is difficult,
based on the available data, to establish reasonaole boundaries for an experi-
mental lifting re-entry vehicle.

For purposes of analyzing phugcid motions, especially at high spesds,
it sheould be understood that altitude changes .nd density gradients with altitude
will affect the phugeid characteristics, These ¢ffec’s on phugoid character-
istics are summarized at all flight velocities up to orbital velocities in
Reference 27. Reference 28 should also be consulted for these effects at
velocities applicable during the terminal Flight Phase of re-entry at low
supersonic, transonic, and subsonic speeds.

There is ample evidence to indicate that operation on the "backside'
of the drag curve can lead to problems in control of airspeed and flight-path
angle. For a powered vehicle this is alsc spoken of as operation on the
"backside" of the "power required" curve. For an unpowered vehicle in landing
approach, it is also spoken of as the 'backside' of the L/D curve.

The data upon which the requirements of MIL-F-8785B(ASG) are based
are presented in Reference 8 and there is every reason to believe that these
data are equally valid for powered lifting re-entry vehicles in the landing
approach. Although flight-path instability is allowed for powered vehicles,
there is little evidence to indicate that flight-path instability should be
allowed for unpowered approaches of lifting re-entry vehicles. In faczt, flight
test experience from high energy landing approaches of airplanes and lifting
re-entry vehicles tend to support the idea thai pilots need some flight-path
stability and will fly unpowered vehicles, especially low (L/D)p,, vehicles at
sufficiently high approach velocities so that frontside operation is assured
during the entire approach to touchdown (References 29, 30, 31, 32, 33, 34,
and 35). Based on these results, and the present opinions of those experi-
enced with unpowered landing at Edwards, California, it has been decided to
require that the flight-path angle versus indicated airspeed shall have a

negative local slope at 211 speeds greater than the vehicle operational touch-
down speed minus 5 knots,
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Feelinge have been expressed by some in the field of lifting re-entry
vehicle design that some "backside' operation can be safely allowed for
unpowered vehicles during the float period or following the flare. Unfortunately,
insufficient information exists at present on the degree of flight-path stability
or instability that is acceptable during the flare and float. F.i an unpowered
vehicle, drag modulation in the f{orm cf spoilers or drag brakes is very
desirable and would undoubtedly have an influence on the amount of "backside'
operation that a pilot can tolerate in the flare and floet.

Suggestions have been made that d97aaLlimits are not necessarily an
adequate specification of flight-path control requirements in the ianding
approach. It has been suggested that other factors may influence the problem
such as pitch attitude control, since the pilot first commands pitch-attitude
changes with the elevator, and flight-path angle and velocity changes result
from the commanded pitch-attitude change. In this connection, it may be
instructive to look at the gains and time ccnstants in the various longitudinal
transfer functions that may be important during the landing approach.

Assuming that the force damping terms ¢f the vehicle are neglieibly
small and the lift and drag derivatives of the elevator used for longit ilinal
control are negligibly small, it is possible to obtain the following longitudinal
transfer functions for elevator ccntrol inputs:

f
K .
u(s) “s, (s (A ,) (3)
= 2 2 2
3,(s) (s +2;’foa;',psra;)p Ms +2_Zspaiﬂsps.+w”s:
H
) kfg (S + —1—-)(5 + -.-....)
O(s) _ 5e , To, )
= A - —
S,(3) (s2+ Zzpwnps+ ca»p:)‘(,, +z;;p¢;7”«, vay
[4 5+ 1
v6) | 5 ( Tff) ()
Se(5> ($z+ ZZPQ)’?pﬁ'ﬁ* O)”pZ)(sz.p ZZSP%sps *vnspl)
K ( H )
e h S+
R AN (6)
Se(S) (524- ZZP(%.FS+¢,),7;)(52, 2;'”(()%:4‘(1)”6;

If it is further assumed that the initial flight-path angle is sufficiently
small so that terms containing sin (7,) can be dropped and cos (2, ) can be
made equal tc cne, it is possible to approximate the terms in these transfer
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functions as indicated below. It is of course recognized that assuming
sin (3,) to be small is not necessarily a good assumption for unpowered low
(L/D)jpax vehicles.
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It is interesting to note that many of the time constanis are strongly
interrelated through the derivatives and do not necessarily vary independently
of one another. It can easily be established that

ﬁ:—-._’_.—/—. :_i-—l‘-_:_-i-..!—-.;.-l_-.ﬁg&:_.. (7)
gu g z:‘), g TT, g ZO, ‘{; 2{”

The last terms,Z“/\{, Z,, can be related to the phugoid frequency and Z .
Equation 7 now becomes

1 4t (8
da‘g%,“qff"yﬁ*z‘,)

It is obvious from this reiavionship that //Z'/; and I/Z';- are the safie
differ from 0'3’/0’&' by only a constant,-1/g.

is identical to 7/Zj and 7/%y, , and it also differs from g7/l by the same
constant. The only way that 7//Zs, can be varied independently of da‘/a'd is
through the phugoid frequency and Z, When the phugoid frequency is small,

the term «2® /2, is likely to be negligibly small,
7 /7w

and
t zero phugoid frequency, % Zs,

In spite of the assumptions made in the approximation of the param-
eters discussed, it is likely to be true that these parameters are not inde-
pendent but highly functionally related. Variations in d&/du imply highly
functional variations in 7'/"1'/;, R //'Z'af, , and f/‘Z'g, and the independent
effects of these parameters on flight-path control are likely to be small.

Requirements

3.2.2 Longri_tudinal ma.neuverin& characteristics

3.2.2.1 Short-period vesponse

3.2,2.1.1 Short-period frequency and acceleration sensitivity

3.2.2.1.2 Shcrt-period damping

Discussion

The requirements under 3.2.2 are concerned with the vehicle maneu-
vering characteristics in response to pilot inputs. These maneuvering
responses occur over a relatively short periocd of time during which the flight
conditions of the vehiele in texms of speed, altitude and dynamic pressure
have not varied significantly from the dynamic response point of view. These
conditions usuaily prevail for airplanes and are expected to prevail for 1ifting
re-entry vehicles during terminal flight at low supersonic, transonic, and
subsonic speeds. They may not prevail generally for a lifting re-entry vehicle
flying over all th. Flight Phases of a fully operational lifting re-entyy
vehicle mission. The main topics of concern here are short-period responses,
control feel during maneuvers, and pilot-induced oscillations.
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Characteristics discussed such as short-period frequency, short-peviod
damping, acceleration sonsitivity, residual oscillations, control feel, ¢mtrol
forces, and pilot-induced oscillations are the same characteristics specified
for airplanes in MIL-F-8783B(ASG) and discussed in some detail 1n Reference 8.
Some modifications to these requirements have beer made to make them more
applicable to lifting re-entry vehicles.

All indications are that the short-pericd frequency requirements of
lifting re-entry vehicles shculd generally be similar to those of airplanes for
a comparable Class. Any deficiencies in these requirements for airplanes
are also likely to b= deficiencies for lifting re-entry vehicles, although such
generalizations can sometimes be misleading. The rationale and data presented
in Reference 8 in support of short-period frequency requirements as a rcunction
of r/a apply cqually wel! tou lifting re-entry vehicles during terminal flight
based on present experience with lifting re-entry vehicles.

Figure 1 in this specification indicates that short-period freguency
requirements for all Flight Phase Categories of Class 1V 1lifting re-entry
vehicles are equal to che requirements for Category A Flight Phases for con-
ventional airplanes. At low 7/¢’s, the Category C Flight Phase limits on »/x
for lifting re-entry vehicles are identical to the Category C Flight Phase
iimits for Class [V airplanes. Flight experience with small lifting re-entry
vchicles such as the M2-F2, HL-10, X-24A, and the X 15 airplane tend to sub-
stantiate the feeling that in their longitudinal requivements, Class IV lifting
re-entry vehicles are most like Class IV airplanes, even though the rapid
maneuverability and high load factors associated with Class IV airplanes are
not generally applicable to Class IV lifting re-entry vehicles. Experience has
indicated that precise flight-path control and reascnably rapid maneuvering
may be important considerations for Clasc [V lifting re-entry vehicles during
Category C Flight Phases. This is especially the case with unpowered vehicles
in the landing approach. Flight experience also indicates that Class 1V lifting
re-entry vehicles are marginal in their lateral-directional characteristics,
even when the vehicles are augmented, and the vehicles are generally more
sensitive to turbulence than is the case for conventional airplanes, All of
these factors combined to suggest that the lower boundaries of af;,p/?blk)for
Class IV }ifting re-entry vehicles in all Flignt Phase Categories should be
the same as the lower boundaries for Category A Flight Phases of airplanes.

A Class IV lifting re-entry vehicle with sluggish response or inadequate
sensitivity is likely to be significantly more difficult to fly than a Class IV
airplane for the reasons presented. The upper boundaries on ad;SP}/(n/v) are
the same for ali Flight Phase Categories of airplane and 1ifting re-entry
vehicles to limit the degree of abruptness or high sensitivity of the respomse.
There is no justifiable reason for :hanging these boundaries for 1lifting
re-entry vehicles,

Lower fimits on &, ., arc associated with tasks requiring precise
control of pitch attitude, and lower limits on @r,o and »/x are expected to
be associated wiith precise conirol of attitude and flight-path angle, especiaily
for Category C Flight Phases. Both D and 7/ lower boundaries are subjects
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for a great deal of discussion and difference of opinicn which are difficult
to resolve with the avaiiable data., Excupt for some qualifications on the
lower limit requirements of ab%P and 7/2 that will be discussed later, it
seemed reasonable to keep the lower limits on W, the same as Category A
Flight Phases of airplanes and the lower limits on »#& the same as Category O
Flight Phases of Class IV airplanes.

Class IIl lifting re-entry vehicles are wost like Class I1I a1 [lanes.
No actual flight experience exists tor Class I!l Iift.ng re-entry velrd! s.
Until quite recently, due to NASA efforts in connection with the 35Sy, nu
Class III 1ifting re-entry vehicles have been given serious consigeration.
The short-period frequency requirements established for Class III lifting
re-entry vehicles are shown as Figure 2 in the requirements presented in
Section II., Category C lower boundaries of a);sp,4%¢%)for lifting re-entry
vehicles are the same as the Category C lower houndaries for airplanes.
Catagory A and B lower boundaries ace essentially the same as Category b
jower boundaries for airplanes with one exception. In the interest of
simplicity, the Level 1 lower boundary was raised slightly fromcﬂ%sp/b149=
0.085 to Wyyp/(nfe) = 0,096 to coincide with the Level 2 and 2 boundary for
Flight Phase Category C. The lower limits on wu,, at low 7k s and the lower
lirits on »/x for Category C Flight Phases are identical to theose of Class {1}
airplanes. Class III lifting re-entry vehicles, because of their weights and
inertias, are expect~d to be isss sensitive to turbulence effects than Class IV
lifting re-entry vehicle. This, coupled with the lack of data and flight
experience, appears not to justify any stricter reguicements for Class IJ1
lifting re-entry vehicles.

Lower limits on @,., are asscciated with a degradation of the sensi-
tivity of the vehicle, i.e., the response becomes sluggish and the attitude
changes follcwing a pilot input are siow and difficult to predict. Lower limits
on »/w , or L, , are associated with a decrease in the responsiveness of the
vehicle in terms of flight-path angle changes. Adequate and sufficiently
rapid flight-path angle changes are especially important in the !anding approach
Flight Phase. Llower limits on L, and »f are difficult to establish based on
the available data, and to some extent thesc lower limits are arbitrary. It
is also true that lower limits on »/. can impose design constraints on the
maximum Cp of the vehicle or its wing loading, but constraints on C; or wing
loading are not fikely tc be a serious consideration for 1lifting re-entry
vehicles, especially unpowered vehicles which are required to fly much or ail
c¢f the approach and landing on the frontside of the (L/D)max curve, In view
of these considerations, it was decided that the »/x requirements can be
relaxed if adequate justification can be presented to the procuring activity.

As is the case for airplanes, both «)y_, and »fx requirements can be relaxed
if suitable means are provided for controlling lift directly.

For the unpowered landing of Class IIl vehicles, there is some¢ indica-
tion that the sluggish response will make it difficult to obtain adequate flight-
path changes without overdriving the vehicle through the pitch control which
can lead te closed-loop difficulties in fiight-path controi during the landing
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approach. Therefore, the adequacy of .e lower limit on &ipgs for Class III
vehicles must be established by the contractor for unpowerxed ismdings.

Considerable data are presented in Reference 8 from which these
short-period frequency requirements were established for airplanes. Handling
qualities data on short-period frequency requirements of lifting re-entry
vehicles is extremely limited. Nothing in published reports appears to refute
the requirements established here during terminal flight at low supersenic,
transonic, or subsonic speeds. There are differences of opinion, based on
limited and inconclusive data for airplanes, on the limits on Wy, at low 7A&’s
and the lower limits on 74 , especially for Category C Flight Phases. Some
of these differences extend to what the important parameters are in this

flight area and how the requirements should be stated in terms of these
parameters.

Reference 35 presents some data on flight test results with the M2-F2
and HL-10 1ifting re-entry vehicles, and some fixed-base ground simulator
results based on a similation of an HL-10 shuttle, i.e., an HL-10 increased
in sjze to perform the Shuttle mission (Figures 1z and 13}. Flight test results
or the HL-10 and M2-F2 agree quite well with the specification requirements
for Class IV vehicles. Also shown on Figure 12 are some flight test results
of the X-24A obtained from unpublished data. The HL-10 shuttle ground simulator
results {Figure 13) tend to show more restrictive boundaries on 7/# for both
Level 1 and Level 2. The Level 1 boundaries on frequency agree with the speci-
ficatior, but the Level 2 boundaries on frequency are expanded. The lack of
proper proprioceptive pilot cues may be an important consideration in these
discrepancies since it has been established that proper proprioceptive cues
are important in establishing short-period frequency requirements. Many of
the experimental details concerning these results are not known.

There is ample evidence in the published literature that the short
period frequency requirements can usually be met, at least during subsonic
terminal flight, and often without augmentation. Data on the M2-F2, HL-10,
X-24A, X-15, and X-20 were examined, Very little definitive pilot rating or
comment data exist to go with these shert-period frequencies, so the data
are not presented.

For an operational lifting re-entry vehicle, the short-period damping
requirements follow essentially the airplane requirements in MIL-F-8785B(ASG)
with one notable exception. Category A Flight Phases for lifting rc-entry
vehicles are certainly not as demanding as Category A Flight Phases of airplanes,
and they are certainly not as demanding as Category C Flight Phases oi airnlanes
or lifring re-entry vehicles, Based on the categorization of re-entry vehicle
Flight Phases, Category A and B Flight Phases are now logically grouped together
in specifying short-period damping requirements for re-entry vehicles.

The data upoa which these damping requirements are based are presented
in Reference 8, and these data actually indicate lower damping requirements
than those specified. It was felt that altnough the data did include the
effects of turbulence to some degree, the lower limits would not be adequate
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under realistic turbuience conditions, therefore the lower limits were increased
to those shown. Since experimental lifting re-entry vehicles are likely to
operate under cignificantly lower turbulence levels than operaticnal vehicles,
it was felt that the minimum damping requirements indicated by the data and
presented in Reference 8 shcould be adequate for experimental vehicles,

The upper limits of J,p in MIL-F-8785B(ASG) are based mostly on
engineering judgment, therefore it seemed advisable to allow the upper limits
to be relaxed for lifting re-entry vehicles, at least for Category C Flight
Fhases, if such relaxation can be justified by the contractor and approval is
obtained from the procuring activity.

A recent in-flight simulation program investigated minimum longitu-
diral handling qualities for transport aircraft (Reference 36). These flight
test results were obtained by NASA Flight Research Center in their GPAS
airplane, These results indicate that a transport airplane in cruising flight
(Category B Flight Phase) can have more lenient requirements than those
specified in both damping and frequesucy and still have acceptable handling
qualitics (Pilot Rating less than 6.,5). In fact, with frequencies greater :ihan
1.0 to 1.5, some negative damping is acceptable. The results also indicate
that a degree of static instability is acceptable if the airplane has adequate
damping. The tests were performed VFR in daylight and in smooth air., It
would, however, be necessary to perform these same tests with turbulence
before definite recommendatlons can be made to relax the damping requirements
and the requirements on a)nw / f) .

Reference 37 presents some short-period frequency and damping ratio
data, with associated pilot rating, on the X-15 airplane between M = 2.5 tc
5.5 and q = 100 to 1400 pounds per square foot. The data are not presented
here since no explanation of flight conditions and tasks associated with the
ratings is presented in the report, except that the flight conditions were at
high Mach numbers and must have been at reasonably high altitudes. It is

assumed that these can probably be considered as Category A or B Flight Phases,
All of the data presented agree quite well with the requirements established
for a Class IV (E), i.e., a Class IV experimental vehicle.

Suggestions have been made, especially for Category C Flight Phases,
that short-period requirements are more complex and are not adequately covered
py the requirements as stated in MYL-F-8785B(ASG). Requirements N Wy ,and
22, pWpyp as functions of 77 Te, or L, have been suggested as well as reqmre-
ments zor minimum »/& as a function of airspeed (V). None of these require-
ments, based on existing data, is adequately supported or introduces any
significant improvements over the requirements as they are presently stated.
Additional experimental and theoretical work in this area is desirable to
establish more definitive requirements.
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3.2.2.1.¢8 Residual oscillations

Discrssion

This pavagraph is essentiaily a qualitative requirement on resi ual
oscillations as ths/ zeflect on tne handling qualities of the vehicle. 7e
requirenent as stated for re-catry vehicles Jdoes emphasize the fact that
residual oscillations due to iimit cvele and structural resonance are to te
considered with the flight curtrol systen SAS gains required to meet handling
qualities requiroments., FExperlence with the X-15, M2-F2, and X-24A vehicles
has emphasized the fact that SAS systems can iead to limit cycle and structural
resonance probiems and thcse problens are a function of the gains required in
the SAS system channels. The requirement on pitch-attitude oscillations less
than +3 mils for Category A Flight Phases, which appears in MIL-F-8785B(ASC),
has been removed since tight tracking, in-flight refueling, or formation flying
are not requircments for Category A Flight Phases of re-entvy vehicles.

In a prelimnary draft of lifting re-entry vehicle handling cualities
requirements (Reference 9}, very specific quantitative requirements on limit
cycle and structural resonance were presented and these were obtained from
Refercnce 38. After considerable investigation of the data and discussions
with personnel at NASA Edwards, it was decided that the requirements were in
reality not handling qualities requirements but flight control system require-
ments. Therefore, these quantitative requirements have been removed; the
rationale is presented below.

Limit cycles are self-sustaining oscillations in closed-loop systems
caused by phase lag introduced through nonlinearities such as hysteresis,
"slop'", and '"dead-band". Since all flight control systems exhibit electrical
or mechanical nonlinearities, all augmented vehicles will have limit cycles
to some degree. In lifting re-entry vehicles, where it may be desirable or
necessary to operate at high augmentation system gains, there is a danger
of limit cycles reaching magnitudes which might cause icss of control by the
pilot or destruction of the vehicle. NASA TRC at Edwards, California has
developed a ground testing technique for limit cycle characteristics which
has been applied to aircraft such as the X-15, F-111, and to lifting bodies
such as M2-F2, HL-10, and X-24A,

Figu:e 14 is a block diagram of a typical ground test setup. The
analog computer is used to simulate the vehicie response to control surface
motion, A single vehicle transfer function in the analog computer relates
vehicle rate to control surface deflection. The computed angular rate orerates
the vehicie gyro through a torque circuit. The test technique consists of
introducing 2 disturbance into the system through the pilot contrels at each
level of total loop gain to be tested. As an example, the total pitch loop
gain is K A@k , SAS gain (k§:=éé/@)times the control power ﬁ4$é. The elevator
limit cyc?e aspli tude, K‘;Ag (SAS gain times pitch rate peak to peak amplitude),
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and limit cycle frequency are plotted as functions of total loop gain (kigﬁ4ﬁg>
in Figure 15. Figure 15 was taken from Reference 38 and shows the limit cycle
characteristics of the X-24A, Typically, as total loop gain is increased,
both the limit cycle amplitude and frequency increase. At low gains, the
limit cycle is primarily attributable to hysteresis effects in the control
system. At higher gains, the phase lag due to hysteresis diminishes and

phase lags due to elements such as the gyros and servo actuators begin to
predominate. The knee in the limit cycle amplitude versus loop gain plot
corresponds to the condition where the total loop phase lag begins to exceed
180 degrees. This condition is called the crossover point,

If the total loop gain continues to increase beyond the crossover point,
the limit cycle becomes unstable, Further increases in gain can result in
rate limits of the control surface actuztors, Under these conditions, the
control actuators cannot respond to stabilizing signals from the SAS and the
oscillations will rapidly diverge. Depending on the control system configura-
tion, rate limiting of control surface actuatcrs cannot respond to stabilizing
signals from the SAS and the oscillations will rapidly diverge. Depending on
the control system configuration, rate limiting of control surface actuators
may alsu result in forces being fed back to the pilot's controls.

Reference 38 states that flight test experience has shown that the
amplitude of the steady-state control surface limit cycle is a good indication
of both the proximity of the 1imit cycle to the crossover point and the degree
of pilot concern about the magnitude of the limit cycle. Figure 16 from
Reference 38 presents a limit c)'cle acceptance criteria in terms of limit
cycle control surface amplitude. The various regions have been established
through flight test experience with high performance aircraft and manned
lifting bodies. A qualitative description of the vehicle characteristics
appropriate to each of the regions from the pilot's point of view are summarized
below as obtained from Reference 38.

Acceptable - Limit cycle unnoticed by the pilot in flight, causes
no problems in controlling the vehicle

Marginal - Limit cycles detected by the pilot, controllability
decreased for precise maneuvers, The pilot feels
the normal acceleration and sometimes may feel
that it is buffet. It gives the pilot the feeling
that he is going to lose control of the vehicle

Limit cycles can cause the pilot to lose control
of the vehicle

Unacceptable

Aerodynanic loads approach the structural limitations
of the vehicle and continue until failure occurs

Destructive

Based on the above word descriptions, it may appear that limit cycle
amplitudes in the acceptable region are a requirement for Level 1 handling
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qualities. Similarly limit cycles in the Marginal and Unacceptable region
might be considered as requiremerts for Level 2 and Level 3 handling qualities.
This association of handling qualities regions with Levels was responsible for

the preliminary limit cycle requirements presented in Reference 9.

On closer examination, it was decided that the regions and their word
descriptions are probably not easily equatable to banaling qualities and
handling qualities Levels. It is obvious that the Acceptable limit cycle
region would lead to no handling qualities problem and would certainly be in
Level 1. The Marginal region indicates that limit cycles are ''detected" by
the pilot, but the pilot feels he is going to lose control of the vehicle.
These two word descriptions scem inconsistent except for the qualifying words
""the pilot feels'. Also, how are these words related to an "increase in pilot
workload or degradation in mission effectiveress or both', that would lead
one to believe that this amplitude of limit cycle would result in Level 2
handling qualities? The description of the Unacceptable limit cycle region
states that the "limit cycles can cause the pilot to lose control of the
vehicle", yet with Level 3 handling qualities, safe control of the vehicle is
never in doubt. It is also interesting to note that increasing the limit cycle
amplitude that is just detectable (Marginal regica) by less than 50 percent
will lead to limit cycles that '"can causs the pilot to lose control of the
vehicle" (Unacceptable region).

It appears that the word descriptions of limit cycle levels are nore
associated with pilot anxiety than they are with handling qualities control
problems, as such, If, in fact, the limit cycles are related to handling
qualities, they must be s related by the oscillatory accelerations in the
pilot's cockpit due to thc¢ limit cycles. This would suggest that a knowledge
of the cockpit acceleration levels at each of the boundaries would allow a
meaningful handling qualities criterion to be related to 'g'" levels at the
pilot's staticn., Such g levels are a function of more than just control
surface limit cycle amplitude and frequency. They are a function also of
control surface effectiveness, vehicle dynamics at the limit cycle frequency,
pilot's location with respect to the c.g., ncnlinearities, etc. All of these
characteristics would lead to different g levels in going from one vehicle te
another even though the control surface limit cycle amplitude is the same.
Since no published acceleration data were available, the cockpit normal
acceleration levels at the limit cycle criteria boundaries were calculated
for two of the lifting body configurations using a two-degree-of-freedom
analysis,

For the originai HL-10 SAS systen, the limit cycle frequencies at the
limit cycle boundaries were as follows:

Kqd4q
(Degregs peak Frequency
Region to peak) (cycles/second)
Acceptable 0.5 1.8
Marginal 1.0 2.4
Unacceptable 1.5 2.6
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] If it is assumed that K Aq:é;, i.e,, that there is negligible gain attenua-
; tion due to augmentation loop dynamics, it is possible to estimate the cockpit
acceleration ampiitude at the region boundaries, The results are as follows:

2N A{¢ A Cockpit
L (Degrees peak Acceleration
i Region to peak) (g's)
: L Acceptable 0.5 .006

! Marginal 1.0 .012
S Unacceptable 1.5 ,020

s fimilar calculations for the M2-F2 yield the foilowing acceleration levels

; Ky 8q Cockpit

£ (Degrees peak Accelerations

% Region to peak) (g's)

E Acceptable 0.5 .001

' Marginal 1.0 .003
Unacceptable 1.5 .00¢e

S, W

Reference 39 indicates that over the frequency range associated with
limit cycles, the acccleration perception threshold is of the order of 0.001
g's. Thus the acceleration levels estimated for these lifting bodies at &£,4q9=
0.5 would probably be noticeable to the pilot, but it is difficult to reconcile
that the word descriptions associated with the regions are really descriptive
of handling qualities characteristics related to the g levels at the pilot's
cockpit. A "g" level due to a limit cycle of .01 to .02 at the pilot's station
can hardly '"cause the pilot to lose control",

Informal conversations with NASA-FRC personnel who have been intimately
concerned with limit cycle problems, including pilots, indicates that the
primary ccncern has been the anxiety of the pilot and the danger that the
augmentation gains would reach levels that would cause limit cycle instability.
It was pointed out that the vehicle motions under the conditions of limit
cycle as presented in Reference 38 wer2 not of pazticular concern from the
standpoint of handling qualities difficulties, provided limit cycle instability

YAV{W@‘%’&“’M‘W! Ly et

T

5\ was avoided. Reference was made to recent studies (keference 40) conducted by

o the Flight Research Center (FRC) of NASA regarding the effects cof buffet

& intensity on handling qualities in precision tracking tasks, Aithough these

; aircraft motions under buffet conditions have a continuous power spectrum rather
o+ than a line spectrum as is the case with limit cycle motions, these experiments
g* are of significance to the limit cycle question. The results indicate that
éf' buffet intensity variations between 0 to 0.2 g's rms produced very small changes

in tracking precision for three high performance aircraft. However, tracking
errors increased greatly when the handling qualities of tne aircraft were
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degraded by such factors as high adverse yaw. It is concluded that much higher
acceleration levels can be tclerated with little loss of mission effectiveness
than the levels computed at the limit cycle criteria boundari«s of Reference 38.
These criteria are more related tc control system design requ.rements to
prevent augmentation system gains from reaching levels which can drive the
limit cycle unstable with the resulting ¢ nger of damage to the flight control
system, or structural damage to the airplane.

Similar arguments are appiicable to control system gains that will
cause structural resonance, i.e., control system gains that cause structural
resonance are to be avoided for reasons other than handling qualities, reasons
such as structural damage due to fatigue, etc.

Reguirements

3.2.2.2 Control feel and control motion in maneuvering flight

2.2.2.2.1 Control forces in maneuvering flight

3.2.2.2.2 Control motions in maneuvering flight

Discussion

The title of 3.2.2.2 has been changed from "Control feel and stovlility
in maneuvering flight', which appears in MIL-F-8785B(ASG), to ''Control feel
and control motion in maneuve.,ing flight". This smphasizes that the require-
ment has been changed such that a stahle variation of elevator surface positions
with normal acceleration is no longer required.

The requirement of stable contrel force and position variations with
normal acceleration at constant speed will insure *hat the vehicle has a stick-
free and stick-fixed short-period mode, The deletion of the requirement on
stable control surface motions, and unaugmented vehicle static stability is
thought to be justified for lifting re-entry vehicies that in all probability
will be highly augmented. Reliability requirements for such vehicles and their
subsystems will gererally bes high because of high program and vehicle costs,
mission complexity, passenger safety, and vehicle and environmental unknowns.
It i3 also true that in some instances, design requirements for optimizing
payload will be very critical considerations, and allowing more aft c.g.
positions, or unaugmented vehicle static instability for some Flight Phases
may be an impoxtant consideration in the optimization process. All of these
factors tend to suggest that cnce the handling qualities Levels and reliability
requirements are met, there should not be an inconsistent and special require-
ment that does not allow the basic, undaugmented vehicle to be unstable.

This is another instance where some data, such as that in Reference
36, indicate that some instability may be tolerated for Level 3 and possibly
even Level 2. But concerns for such effects as turbulence, desiga uncertain-
ties, and having several Level 3 flying qualities at the same time have
resulted in the specification of more conservative requirements.
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It should be emphasized that augmenting an unstable vehicle to a
particular level of stability will imply a larger percentage of total control
deflections or control power for augmentation than is true for a stable vehicle.
In such cases, one must be assured that sufficient control power remains for
maneuvering and trimming the vehicle during all of its Flight Phases.

The minimum and maximum maneuver force gradient limits (Fg /7) at the
higher »/w s are the same for liftirg re-entry vehicles and airplanes as
specified in MIL-F-8§785B(ASG). As is true for airplanes, the gradients are
higher for wheel controllers than for center-stick controllers, In the case
of unpowered 1lifting re-entry vehicles, the requirements apply in steady
gliding turns at constant indicated airspeed., Lifting re-entry vehicles in
terminal flight fly and maneuver much like airplanes; it therefore appears
to be rational to make the requirements a function of 1limit load factor as is
the case for airplanes.

As explained in Reference 8, there is ample evidence that at very low
values of n/d,, Fo |7 can i1d should be highex than at high values of n/c$.
Given a choice (References 41 and 42), the pilot tends to select a constant
value of Fy/n at high #/¢, but a constant value of £/« at low »/x, At
low 7/ the pilot is concerned with the control of pitch attitude. These
factors are related by the following formula:

£

Fs _ =
” n
oL

At low n/aa s, if F;/oo is held fixed at some desired value, then Fg/» will vary
inversely with »/e, The requirements for airplanes in MIL-F-8785B(ASG) also
spacify fixed maximum and minimum values of F_/» under certain conditions. For
airplanes, as 77/45 decreases, Fg fa will decrease when Fg/7n is held constant

at its fixed maximum or minimum values,

Although there may be rational reasons for establishing upper limitc
on F;/» at low values of »n/ee for airplanss, such upper limits are not well
founded, and this i3 especiaily true for lifting re-entry vehicles which will
fly under flight conditions of low dynamic pressure where n/k is small. Fixing
the maximum value of Fg/» will imply that the same attitude changes of the
vehicle can be made with lower stick forces as »/x is reduced. Whether such
low values of F;Ax at low dynamic pressures are permissible or Jesirable is a
function of many things such as mission, tasks, and the kind of stabi‘ization
system provided for the vehicle. 3uch requirements are outside the scope of
this specification which is expected to apply only when the vehicle is in
essentially atmospheric flight and it can develep aerodynamic forces to
essentially sustain the weight of the vehicle,

It was decided that for the purposes of this specification the fixed
upper limits on maximum Fg/» at low n/e'’s would be eliminated for Level 1 and
Level 2. This allows maximum Fz/ » tu vary inversely with »/a, and Fs /x to
remain constant as »A is reduced. For Level 3 the fixed upper limits for
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maximum £, /7 are the same as the requirements for airplanes, except that Level 3
values of maximum F5/7 are not ailowed to be lower than Level 2 values. The
minimwn limits on /% /7 were allowed to remain the same for lifting re-entry

vehicles and airplanes. When A /7 is fixed and independent of nﬁz,ﬁg/z is
allwed to decrease as »/x decreases.

It is well to point out that the requirements for lifting re-entry
vehicles differ from the requirements for airplanes only when 7/x is less than
8.5 for center-stick controllers and less than 4.25 for wheel controilers,

The limited data available and presented in Reference 8 indicate that
no requirements can be established for Category C Flight Phases on minimum
elevator control force per inch of control deflection for airplanes, The
limited data available for Category A Flight Phases appear to indicate that
control force per inch of elevator-control deflection at constant speed should
not be less than 17 pounds per inch for Level 1 and not less than 7 rounds per
inch for Level 2. Contractors have objected to these large values and have
cited numerous examples of airplanes and re-entry vehicies with smaller values
that have been acceptable to pilots. Therefore a minimum value of § pounds
per inch was specified for airplanes for Catezoyy A Flight Phases. In the
case of lifting ve-entry vehicles, this value is specified only for Category C
Flight Phases since Category C for re-entry vehicles is most comparable to
Category A for airplanes in terms of precision attitude and flight-path control.

Regquirements

3.2.2.3 Longitudinal pilot-induced oscillations

3.2,2.3.1 Transient control forces

Discussion

The qualitative requirement on pilot-induced oscillations is the same
requirement stated for airplanes in MIL-F-8785B(ASG). These requirements
will of ccurse be met with the SAS gains that are necessary to meet the other
requirements of this specification. The requirement on PIO's is to be met
whether the oscillztions are caused by short-period dynamics, feel-system
dynamics, control-system dynamics, friction, free play, hysteresis, bobweights,
aeroelastic coupling, or any other characteristics or combinations of these
factors for the complete vehicle.

It is hoped that eventually quantitative requirements can be established
tc eliminate P10's, but the problem is not well erough understood at the pre-
sent time. Reference 8 discusses in some detail the possible sources of PIO's
in airplanes. The discussion is equally applicable to lifting re-entry vehicles
during terminal flight at low supersonic, transonic, and subsonic speeds.

Some PI0-related factors uiscussed, such as bobweights, are nov likely to be
factors of importance to lifting re-entry vehicles, The discussion in Refer-
ence 8 should ke referred to in order to vbtain some insight into factors that
should be considered if PIO tende cies are to be avoided in lifting re-entry
vehicles.
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Suggestions have been made for quantifying control system requirenents
to avoid or limit PTO tendencies. An analytic treatment of PIO tendencies is
contained in Reference 44, A class of PI0O's that can be related directly to
control system phase lags has been investigated in flight and the results are
presented in Reference 3. Some PIQ tendencies that can be related to high
short-period frequercies and low short-period damping were inves.igated experi-~
mentally in Reference 44. The effects of control system nonlinearities and
pitch and normal acceleration bobweights are presented in Referemnce 5. Refer-
ence 4, a very recent in-flight research program, investigated some additional

aspects of control system dynamics and contains information on their possible
relationship te PIO's.

Based on the results of References 3, 5, and 44, it has been suggested
that it should be possible to subdivide the combined dynamic effects of the
control system and airtrame iato an "effective contrel system' and an "effective
airframe'", The "effective" control system phase lag can then be computed at
the "effective' short-period irequency. An "effective'" PIO parameter that
relates PIO tendencies can then be computed as follows:

1 1 ! ’
[} = — [ = 2 i)
lesr 2 ('zsz Zap ©rgg )

The two-parameter effective control system phase lag and 64,4 can be used to
correlate the data of References 3, 5, and 44 to estabiish limits on control
system and short-period dynamics to limit PIO tendencies for varicus handling
qualities Levels., Although some reasonakle correlation of the data is possible
based on these parameters, the same correlation is not possible when other data,
such as the more recent data of Reference 4 is used. 1t appears that the
difficulties are assnciated with the parti*ioning process into "effective"
control system and "effective" airframe and how this is to be determined for
complex control system transfer functions with poles and zerns in the vicinity
of the poles and zeros of the airplane short period.

The requirement in Paragraph 3.2.2,3.1 is identical tec the requirement
in Paragraph 3.2.2.3.1 of MIL-F-8785B(ASG), and is equally applicable to lifting
re-entry vehicles, The requirement will increase Fg5/» for low values of Z¢p

(stick-free) and tend to inhibit PIO tendencies associated with low short-period
damping.

Reguirements

3.2.3 Longitudinal control

3.2.3.1 Longitudinal contryl in unaccelerated flighg

3.2,3.2 Longitudinal control in maneuvering flight




Discussion

The requirements of the subparagraphs under 3.2.3 insure that the
vehicle has adequate control effectiveness and the control forces required
to perform cert’ in specific maneuvers are within the capabilities of the pilot.
The controi effectiveness must be sufficient to attain certain load factors
at any speed and altitude within the permisssible envelope,and the effectiveness
must be adequate for takeoffs, landings, dives, and sideslips. With some
slight modifications, the requirements for airplanes which appear in MIL-F-
8785R(ASG) are applicabie to lifting re-entry vehicles.

Paragraph 3.2.3.3.1 is an addition to this 1ifting re-entry specifi-
cation and covers longitudinal control requirements for air launched 1ifting
re-entry vehicles. The X-15, M2-F2, HL-10, and X-24A are examples of experi-
mental 1ifting re-entry vehicles which have been air launched. Paragraph
3.2.3.4.2 is an additional paragraph and covers special requirements associated
with the landing of unpowered lifting re-entvry vehicles, especially vehicles
with a low (L/D)p,x. Included are special minimum requirements on the landing
flare and float. Paragraph 3.2.3.4.3 covers the effects of adverse elevator
1lift and longitudinal filight-path control during landing. Although this
requirement is applicable to large conventional airplanes, it is especially
applicable to the unpowered landings of lifting re-entry vehicles.

The requirement on longitudinal control in MIL-F-8785B(ASG) for
unaccelerated flight, Paragraph 3.2.3.1, is applicable to 1lifting re-entry
vehicles with some modification. The requirement is appiied to the Service
Flight Envelcpe and it is therefore consistent with the essential airplane
requirement. The minimum speed is therefore limited to the minimum service
speed and not the stall speed as specified in MIL-F-8785B(ASG)., This speed is
undoubtedly mcre meaningful and realistic for a lifting re-entry vehicle.

The requirement also applies to unpowered lifting ve-entry vehicles during
equilibrium glide filight.

The longitudinal control requirements for maneuvering fiight of
lifting re-entry vehicles are essentially the same as those for airplanes as
they are presented in MIL-F-8785B(ASG). By applying the requirements to the
Operational Flight Envelope of lifting re-entry vehicles generally, one
avoids the numerical g requirements in MIL-F-8785B(ASG) which are associated
with Level 3 and may not be very meaningful for lifting re-entry vehicles.
Thus, for Level 1, operational load factors must be attainable within the
operational Flight Envelcpe and these can vary with speed and altitude.
Level 3 load factor requirements will be established by mutual agreement
between the contractor and the procuring activity,
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Reguixements

3.2.3,3 Longitudinal control in takeoff

3.2.3.3.1 Longitudinal control during air launch

3.2.3.3.2 Longitudinal control force and travel in takeoff and
during air launch

3.2.3.4 Longitudinal control in landing

3.2,3.4.1 Longitudinal control forces in landing

Discussion

The longitudinal control requirements in takeoff are simitar to the
requirements for airplanes that appear in MIL-F-8785B(ASG), One might
suspect that such takeoff requirements are not applicable to lifting re-entry
vehicles since most of the design concepts for 1ifting re-entry vehicles are
based either on air iaunch of small experimental vehicles or the vertical
launch of multi-staged and boosted lifting re-entry vehicles, The require-
ments for boosted vertical takeoff are not considered in this specification,
A few lifting re-entry vehicle design concepts, such as those discussed in
Reference 45, have considered horizontal takeoff lifting re-entry vehicles.
It is also expected that vertically launched lifting re-entry vehicles, such as
the two-stage Space Shuttle Booster and Orbiter, will be first flight tested as
independent vehicles with horizontal takeoff. Thus these horizental takec®”
requirements are expected to apply to such vehicles,

The longitudinal control requirements for taii-wheel vehicles and
operaticn from unprepared fields, which appear in MIL-F-8785B(ASG), were
not adopted since these requirements are not considered to be applicable to
lifting re-entry vehicles,

Paragraph 3.2,3,3.1 is titled "Longitudinal control in catapult takeoff"
in MIL-F-8785B(ASG) and such requirements are not considered applicable to
1ifting re-entry vehicles, Air launched lifting re-entry vehicles, such as
experimental vehicles like the X-15, M2-F2, HL-10, and X-24A, do have
longitudinal control requirements during air launch and this paragraph is now
concerned with these requirements,

Longitudinal and lateral-directional control vequirements during air
launch can be of considerable concern when the launched re-entry vehicle is
required to traverse a changing air flow field as influenced by the launch
vehicle, Proper trim at launch, adequate separation, and control requirements
are often established tkrough wind-tunnel testing,

Attempts were made in a previous version of a lifting 1e-entry vehicle
handling qualities specification (Reference 9) to quantify some of the launch
requirements, After a discussion with personnel at Edwards Air Force Base,
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it was decided that, based on launch experience and the data available, it is
not possible to establish quantitative launch requirements at this time,
Launch requirements such as elevator effectiveness, dynamic transient motions,

separation, and required normal accelerations have therefove been qualitatively
specified.

The longitudinal control force and travel in rakeoff for lifting re-
entry vehicles are the same as the requirements for airplanes as they are
presented in MIL-F-8785B(ASG). The requirements for Class IV-L airplanes are
the same as Class IV 1ifting re-entry vehicles, The same is true of Class III
airplanes and Class III lifting re-entry vehicles,

These same longitudinal control force and travel requirements are
applied to lifting re-entry vehicles during air launch and takeoff since they
appearec appropriate to both and no better basis for establishing launch re-
quirements is available at present,

The longitudinal control requirements in ianding for powered 1ifting
re-entry venicles are considered to be the same as the requirements in MIL-
F-8785B(ASG) for airplanes, Nothing at the present time indicates that these
requirements should be different.

For the landing of unpowered lifting »re-entry vehicles, an additional
requirement has becen added that elevator control shall be sufficiently effective
in landing, down to touchdown speed, such that an incremental 0.5 g's or more
is available to the pilot without exceeding stall or the geomstric limited
touchdown attitude, An examination of X-15 landing data (Reference 30) for
the first 30 unpowered flights of the X-15 indicates an average for the peak
incremental g's ( A g) of 0.71 during the flare., The average incremental g's
pulled during a fiare are however much lower, of the order of 0.24, In discussion
with Edwards personnel intimately concerned with flying lifting re-entry vehicles
such as the X-15, M2-F2, HL-10, and X-24A in unpowered landings, an
incremental (A g) of 0.5 was thought to be a requirement down to minimum
touchdown velocity. Such an increment is not inconsistent with the X-15
landing experience and it is therefore used.

The longitudinal control forces in landing which are appropriate for
Class IV and Class III airplanes and appear in MIL-F-8785B{ASG) appear

equally appropriate for Class IV and Class III 1ifting re-entry vehicles, res-
pectively.

In landing low (L/D)pax lifting re-entry vehicles without power, it
has been flight test experience to deploy the landing gear near the end of the
flare and even at the beginning of the float period. Flaps when they are avail-
able are usually deflected during the flare or flecat, It is essential not to
increase drag and sink rate and dissipate excess kinetic energy during the
flare. The excess energy is required to give sufficient float time frr crucial
flight-path and attitude corrections prior to touchdown. The magnitude of any
trim changes due to the deployment of any devices during the flare and float must
be small in recognition of the demanding piloting task during this final critical
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phase of flight, It appears that the pilot should not be confronte:d with larger
trim changes than those specified in 3.2.3.4.1 with the vehicle close to the
ground when the pilot is busy making final changes to the vehicle position and
attitude just before landing.

Reguirement

3.2,3.4,2 Power-off and unpowered longitudinal control
requirements in landing

Discussion

This is a new requirement associated primarily with the power-off
landing or the landing of unpowered vehicles with low (L/D)pax's. Unpowered
landing techniques upon which these requirements are based were developed by
NASA Flight Research Center (FRC) and the Air Force Flight Test Center (AFFTC)
at Edwards Air Force Base in California., These techniques evolved over 2
number of years through the use¢ of experimental aircraft and became especially
important and crucial to the dead-stick landing of 1ifting re-entry configurations
such as the M2-F2 with an (L/D)pax of approximately 3.0, There is increasing
evidence that these tw.chniques are also applicable tc¢ unpowsred landings of larger
vehicles (Reference 46) and that the techniques are applicable to unpowered
landings of larger vehicles (Reference 46) and that the techniques
are applicable to operational as well as experimental vehicles,

Important aspects of the successful unpowered landing of lifting
re-entry vehicles are good termina’ ..rea guidance, navigation, and cnergy
management. But these problems impinge on handling qualities only to the
extent that the pilot must be supplied adequate information for terminal area
maneuvering and landing. The requirements specified here are only those
associated with the terminal area preflare equilibrium glide, and flare, and
the float to touchdown when the pilot is actively controlling the vehicle in a
closed-1loop sense to touchdown. Since the requirements presented are new,
they are developed and discussed in some detail,

Unpowered landings of experimental vehicles have been made by
NASA-FRC and AFFTC pilots at Edwards for over 20 years. Some of the
first vehicles to land routinely without power were the X-1 and D-558-II,
The subsonic (L/D)pax's of the X-1 and D-558-1I are approximately 5.5 and
$.C respectively. As the (L/D),,, decreased below 5.0, unpowered landings
became a more critical piloting task. The X-15 has an (L/L)gax of
approximately 4.2 clean and 3.4 with landing gear and flaps down. As stated
in Reference 29:

"The terminal approach and landing techniques used for the X-15
have been highly successful, Although the landings are relatively
routine, they do require exacting pilot performance and a high
degree of proficiency. --- The cockpit window configuration

and general external visibility are considered quite important

in tihe performance of low L/D landings, The visibility from
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the X-15 cockpit is considered excellent, The handling qualities
of the X-15 in this speed and angle-of-attack range are also
considered excellent. The all-movable horizontal tail for

both pitch and roll control produces high airplene response

E with very little cross-coupling. All stability derivatives are

3 stable and of fairly high magnitude in thig flight regime, ---
An effective method of spnec control is necessary to perform
accurate landings. The X-i5's speed brakes have proven to be
guite valuable during the approach and landing phase."

{ gl gt e S b 24 000

The (L/D),, of the HL-10 in its landing configuration with the
original tip fins 1s approximately 3.4, With the modified tip fins, this in-
creases to approximately 4,0, The (L/D)pax s of the M2-F2 and X-24A are
respectively 3.2 and 4,0 for the subsonic flight configurations flown at
Edwards. None of these configurations have wings or landing flaps as such,
The (L/D)pax with gear down for these vehicles is even lower, The gear
is usually extended after flare completion during the float. In Reference 31,
Gentry has made the following comment on M2-F2 landings:

"Another limitation of the M-2 was the steep flight path

angle required on the approach to accomplish an unpowered

flare and landing ------ Even under ideal flight conditions, I
cannot imagine astronauts willing or proficient enough, aftexr

a space flight of any duratioen, to maneuver into a position to
then dive at the ground with a vertical velocity of 15-18,0006
feet per minute until they are only 1,000 feet above ground
level. At that time they would initiate approximately a 2 'g"
flare and have roughly 25 seconds to extend the landing gear
and get the vehicle on the ground. There would be no go-around
capability, I do consider this a resonable task for our research
program as we have had considerable F-104 and simulator
practice. In addition, all our flights have been accomplished
under controlled conditions in a familiar area and only on
relatively calm VFR days."

Some modified F-~104 landing studies are presented in Reference 47, Values of
(L/D)pax down to 2.2 to 2,5 were simulated, As quoted from the
conclusions of Reference 48:

"The pilots believed that the tolerable limit was reached with
this airplane in the present configuration and that additional
aids would be required to determine the flare-initiation point if,
because of a further reduction in lift-drag ratio, more severe
approaches than those experienced in this program were
attempted.”

High energy unpowered landing techniques that have been developed
(Figure 17) attempt to keep the (L/D)pax as high as possible during the
flare and still have sufficient time from flare completion to touchdown, The
preflare approach is not made at a speed for (L/D)max, i.e., a speed for
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minimum flight path angle, nor is it made at a speed for minimum sink rate, which
is a speed lower than the speed for (L/D) » The preflare eguilibrium

approach speed 15 a speed higher than the speed for (L/D)pax (Figure 18), so

the approach is performed on the front side of the L/D curve, The flare is
initiated by pulling normal g's and the flare is completed very close to the

Cj, for {L/D)pax. The pilot stops pulling g's and the 1ift coefficient

decreases and the vehicle flies on the front side again while floating

parallel to the ground, The gear is lowered and if the vehicle has flaps they
are also lowered and the vehicle continued to float on the front side of the

L/D curve with gear and flaps down. The speed decreases and the lift coefficient
increases until touchdown occurs at the speed for (L/D)pax With gear and flaps
own,

It becomes readily apparent that for any given vehicle with a given
(L/D)pax, there are many kinds of different flares and floats that can be
performed even though it is specified that the flare is to be completed at
(L/D)pax and the touchdown is to be completed at (L/D)pax. The variables
in the problem are approach speed, flare initiation altitude, load factor
during the flare, float time or runway distance, wing loading, etc.

The simplest way to treat the problem analytically is to work back-
wards from the touchdown conditions. The touchdown velocity is determined
by Ct for (L/D)max at touchdown and the vehicle wing loading. Integrating
backwards, the float distance, float time, and float initiation velocity can be
determined, These are a function of how far on the front side of the L/D
curve the float was initiated, i.e,, the value of CL/CL(L/D)pax With
flaps and gear down, and when the flaps and/or the landing gear were lowered.
This value of Cy/CL{L/D)pax must also be cempatible witi the C; for (L/D),
while the vehicle is pulling g's at the end of the flare with the flaps angy
or the gear up, If the normal g's are specified during the flare, either
constant g's or a time history of g's, then it is possible to integrate the
flare back to preflare equilibrium glide conditions and obtain the flare
initistion altitude and velocity. This analysis can be repeated for the same
vehicle making different assumptions along the way and a new flare and float
trajectory can be determined with different initial conditions at flare initiation
in terms of altitude, velocity, and flight-path angle, If one accepts ''backside"
opsration during the flare and flcat, then the possible variables in the prob-
lem are increased further., Unpowered landings of vehicles with various
(L/D)'s, wing loadings, and a variety of other assumptions have been
documented and analyzed, such as in References 48, 49, and 33.

If (L/D)yax of a given vehicle is the only factor of importance in
determining whether the vehicle is satisfactorily flared and landed, then all
the flares and landings that can be computed analytically within the limitations
of the vehicle must be thought of as satisfactory flares when performed by the
pilot, But this hardly seems a reasonable conclusion. What is probably
closer to the truth is that for a vehicle with a given (L/D)pax and wing loading,
such as those of the X-15, there is a family of flares and landings that the
vehicle can perform that are considered reasonably satisfactory by the pilot.
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Outside this family, the flares of this vehicle will be unsatisfactory to a more
or less degree and for various reasons, As the (L/D)pax of the vehicle in-
creases, this family increases. As the (L/D)pax of the vehicle decreases,

this family decreases in size until for a sufficiently low (L/D)ma , let us say
an (L/D)pax # 2.5, none of the flares that can be performed analytically are
acceptable when performed by a pilot in a closed-loop landing situation in

the presence of the real physical environment,

To explore these factors further it may be revealing to examine the
published data of X-15 landings during the first 30 flights (Reference 30).
Plots of these data are shown as Figures 19 and 20, Figure 19a indicates that
the landings as flown by the X-15 pilots demonstrate an increase in time to
touchdown from flare initiation altitude as the flare initiation altitude in-
creases, but a reasonable amount of scatter exists in the /ata to indicate
that the functional relationship is certainly not well stablished. Figure 19b
is a plot of flare initiation velocity versus flare initiation altitude. Again
there appears to be a trend of decreasing velocity with decreasing altitude
but the scatter in the data is quite significant., Figure 19c is a plot of average
acceleration normal to the flight path during the 7lare., The average normal
accelerations are not contained in the data of Reference 30, but they were
computed from the average velocity and flight path angle change durinyg the
flare, In spite of the scatter, a trend does exist that the higher the flare
initiation altitude the lower the average normal acceleration in the flare.
Figure 20a shows a definite trend of 1nwer sink rate with lower flare initiation
altitute and Figure 20b shows a trend of lower flight-path angle with lower
flare initiation altitude.

What the data of Reference 30 indicate is that 30 successful unpowered
landings of the X-15 were made by 7 pi.ots with flare initiation altitudes of
1850 feet down to 250 feet. The trends of the data indicate that as the flare
initiation altitude decreases, the time to touchdown decreases, the flare
initiation velocity decreases, the average normal acceleration during th
flare increases, the sink rate at flare initiation decreases, and the flight-
path angle decreases, It is also true that a significant amount of scatter
exists about the trend lines faired through the data,

Unrortunately, no pilot rating or comment data exist for these 30
X-15 landings to indicaie how the pilots liked each of the flares and floats
to touchdown. The flares in the area near the trend lines, that do not include
the extremes of flare altitude, are probably considered satisfactory by the
pilots. As the flares deviate frum this area, one would expect the flares to be
at least less satisfactory to the pilot from the standpoint of workload, flare
precision, etc, It is also probably true that some of the flares which are not
in the satisfactory region are unsatisfactory because of the float to touchdown
after the flare, It must be emphasized that these are conjectures that, although
reasonable, are not supported by factual comment or rating data., It seems
reasonable to conclude that a large variety or family of X-15 flares and landings
are probably equally acceptable to the pilots, and a pilot with experience is
likely to choose any of this family depending on the particular conditions of the
landing,
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When one considers all the factors that can contribute to the unpow-
ered flare and float trajectory, and the variety of trajectories possible for
a given lifting re-entry vehicle, one is at a loss to know how these param-
eters relate to one another to establish those particular flare and float tra-
jectories that a pilot can and will fly and that will be considered acceptable
to varying degrees in terms of Levels of handling qualities. A simple
analytical examination of the flare and float phases, treated separately, will
shed some light on this problem. The simplified analytical approach pre-
sented is a modification of that which appears in Reference 48.

The point-mass longitudinal trajectory equatiocns of motion for an
unpowered lifting re-entry vehicle can be written as follows:

W
9

w
g

The rate of sink or altitude change with time and the rate of horizontal dis-
placement of the vehicle becce

\7 =-D-Wsin?
. 9)
V1= L—WCOS ?’

h
_g_t_: Vsin7
(10)
ar _
vy VGOSZ
A differential element of time (dt) can be expressed as

7 v

Analysis of the Flare

Based on the above equations, it is possible to establish the following
differential equations during the flare for t, h, and 2 in terms of flignt-path
angle and velocity

7
o< L
7
dh = {Vsinz)dt = .‘_/f.;:‘_"’_d; (12)
gy = (Veos 7)dt = %izdz

o
w
o




LG P S 2 DAL O AL A Y

L0 T S

(el ZAs TR ey JA A & 0

AR TV TR AL TS

(ARSI S A LN ) e

U

. e ur g e NS - P S
KN GRSy W ATERIT MG LT T WY e LS F AR NI R

The acceleraticn normal to the flight path in g's ¢ M4 ) becomes
from the second of Equations (9)

V7o _ L

13
. g 9 [ L
7=V7?g=v(w—0053’)

Substituting Equation (13) into Equations (1Z) results in the following:

ot = dy = YT
97 g(w—- ws))
2 . .
dh = _\i;n’_”?./ a7 = VZL("” 7)"'3; (14)
- —_— - s X!
9 g(w Ca-,/
) 2
dr = Veeos 7 47 = V4 (eos 7)d7
9% 9(_6'/.-cas 7)

If it is assumed for the purposes of this analysis that the normal
acceleration is held reasonably constant during the fiare, then

7 = _‘.{'__ eos & = constant
! w

It will be further assumed that the velecity change during the flare is not too
large, and Equations (14) can be integrated assuming V and V2 are constants
and equal to their average values during the flare, i.e., the average of the
values at the beginning and the end of the flare, so that:

(VAv; o -‘%-(\/;‘,4-\{[4) = copstant
(15)
Z 2 2 / 2 ~
MV); z}'—(vﬁt + V,cc )z -f; (V;‘.+V,rc) = constant
where

Wi
(Vau)s

average velocity during the flare

average velocity squared during the flar:
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velocity at flare initiation

Ve

3

Vr

velocity at flare completion

. . 2 . . . .
Substituting ¥,y and V,, for V and Vz in Equations (14) and perisrming
the integrations, we have:

%
—‘-/dt‘ ~ (VAV)‘ /,cd7 - (VAV)-F (7‘c'3’4;)
J

2
9" 3, 97
[3
2 %, 2
b = [ah < O / (sin W) = - Lark (cos7; -cosz; ) 15)
f 9779 9”9 e ¢
3
(Vani  [© ( AV):
¥ =/d% x 2% | (e037)dd = sin 7 -sm?‘;)
¢ 979 o 97g ¢ ¢
%

where
£t = flare time
hy = altitude change during flare
¥ = flare horizontal distance
(Vay)y = average flare velocity

%. = initial flare flight path angle or equilibrium
glide angle at flare initiation

3} = flight path angle at completion of flare

It is now possible to ratio the three flsre parameters ( £, , Ay ,
Xr ) as follows:

cos ¥, -Cos 7.
il e

k
£~y
= av/g
te % -7
(17}
he ¢os %, - cos 9%,

" e

%, sin 3‘;‘: ~ 5in 9,
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It is interesting to note that the first ratio of parameters is equivalent to an
average rate of sink, the second is equivalent to an average flight path angle,
and the third is equivalent to an average horizontal velocity during the flare,
It will be further assumed that the flight-path angles ave sufficiently small so
that the following approximations are valid:

2
cos 3’4‘6 = /"-é,- (7fc)

eos ’f‘_ = 1 "3’" (2’;‘.)2

sin ?& = 7,;‘.
sin 3';° = 3&5

By substituting, Equations (17) now become

he  f

5 =7 (W (%4 %)
he

% 7% %)

(18)
%
r
-_?"— ~ (VA V)‘F

With the further assumption that J¢ is close to zero so that[zg j<<]ak,} ,
g . < c ‘
quation 10 becomes

h¢ 1

Z “?(VA"){%

; (19)
....f. z..{_ ?;

?& 2

x

f
T ~ VAV

Y
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where

% - %, = f.ight path angle during equilibrium glide
just prior to flare initiation

\ll the important flare parameters appear to be primarily a function
of two parameters, the average flare velocity,(vgv);, and the equilibrium
glide angle when the flare is initiated.

TR

It is interesting to note that 2; is a function of (L/D)yax and how
far on the "frontside" of the (iL/D)pax thé flare is initiated (see Figure 18},
The value of (Vyy), is a function of C; for (L/D)pax and how much this C,

must be decreased for adequate "frontside' operation, and it is also a fuactidn
of vehicle wing loading. Adequate “frontside'" operation is determined by the
requirements for flight path stability of Paragraph 3.2.1.3 and the requirement
for adequate excess kinetic energy so that sufficient float time is available
before touchdown,

The parameters of Equations (19) are interrelated, an increase in
flight-path angle will result in an increase in h,/t; and h;/ﬁ; . An in-
crease in (Vev )¢ results in an increase in h, /¢, and hy/z, . The param-
eter %, /?; is probably of least concern to the pilot in unpovwered landings
of low (L/D)max vehicles, The parameter h; /t; is probably of greatest
concern and creates the greatest demands or the pilot in terms of timing
and precision of control of the flare maneuver. The X-15 data previously
presented (Figures 19b and 20b) tend to confirm the fact that as the flare altitude
is reduced, the pilot prefers lower values of hr,/f; , the average sink rate
during flare.

Analysis of the Float

After completion of the fiarc some 50 feet above the runway surface,
the float phase of the unpowered landing to touchdown begins. The float
phase is conducted in nearly horizontal flight at a very low sink rate until
the velocity at touchdown is approximately the velocity for (L/D)p.. with
flap and gear down (see Figure 18), Since the change in velocity 1s the im-
portant variable during the float, an analogous form of Equations (12) can
Ye derived using Equations (10) and (11):

: dt = ﬂ

g v

; (//'l:-(\/siﬂ 7)0/5 - Vs.m/dl/ (20)
dy = (Veos 7)dt = 22227 gy

»
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The deceleration during the float can be determined by the first of Equations

).
—g-— ay :(~—S—/——sm 2’)
(21)
y -~ D )
V" ayg "gﬁw-’slﬂ 1)
where
0? = longitudinal deceleration in g's
By substituting Equations (21) into Equations (20) we now have
C/f = dv = (V$;’72’)dv.
D
74 - sin 2’)
9 9 W s/
dh - (Vsind)dV  (VsinZ)aVv
) a - D _ ) 22
Gq (=757 7/ (22)
dy = (Veos 7)dV (Veos 7)Y

909 = g‘/.-l?;—s}na')

If it is assumed that during the float the deceleration is reasonably
constant and it can adequately be represented by an average deceleration, then

D . - "
a = —-1Z —sin? = constant (23)
(W)Av AY

During the float the following approximations are also valid:

cos ¥~ cos Y, =/ (24)




By substituting Equations (23) and (24) into Equations (22) we have

gt = v = 7 d/
] e
D/ayes 4
ah = Ve dV - V Daver dY
a /
% 9[‘(_1_._) - 74»/,:1] (2)
D/avFe
g = vdY - )ldV
944 9 |~ = ey |
t (340",52 -

Assuming average values of the other parameters and integrating Equations
(25) only with respect to velocity we have

y /nvrp / VTD
b, = gay J OV = f / av
g e
Blav,se
L Vel Vo Ve
ga g
9 9 [— (_1_,_) Q;V,FZ:!
D
, Vo ””; Vrp
by, = A:FL /VdV - ’ AV,FL / VaV
¥ Vee 9[’ (’__'/., ) - VAv,FL] Vi (26)
“D/av,FL
_ 7Av,rz.~ (Vz vz - 2;V,r-'t. (V.,; ~ \4':)
- Do (yroy2) = ,
By ——
Bhoe
Vrp VTD
. =1 [vdv - ! i
e ’[(s e e
\ 2 g 2
‘/rf; - Vsa - Vio ~ Ve
24a !
g 9 29[ Z - 7;‘/' F;i
(’f)") AV, FL 4
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where
t,L = float time
h., = float altitude to touchdown

%, = horizontal distance traveled during float

Vrp = touchdown velocity

\4h = flare completion velocity which is equal
to float initial velocity

6é§A%FL = average (L/D) during the float

Z;VFL = average flight path angle during float
J

It is possible to relate the average flight path angle during the float (7, ., )

to the average sink rate during the float (SE”FL) using the first two equa-
tions of Equations (26) !

Pes Z;W, £e ( Vip * VJ.-.)

Y4 - =
AV,FL tr 2
_ 2(52”,“.) (27)
?;%FL -

(Vrp + V(-e,)

The float time ( te, ) is directly proportional to the excess velocity,
i.e,, the difference between the velocity at flare completion ( Vj. ) and
the touchdown velocity ( Vyp ). The touchdown velocity is determined by the
Cy for (L/D)pax during the float and the vehicle wing loading. The requirement
for flight path stability during the float of Paragraph 3,2,1.3 limits the minimum
touchdown speed. When the flight-path angle is negligibiy small, as it usually
is during the float, the float time is also proportional to (L/D)AV,FL-
(L/D)av, Fo is a function of (L/D)pax during float and how far on the
"frontside" of the L/D curve the float is initiated (Figure 18), Thus the role
of (L/D)pax and excess velccity in determining float time is reasonably clear.

The float distance (%, ) is indicative of the runway length required
for the float. Float distance is proportional to the difference in the squares
of the velocities at flare completion and touchdown. Float distunce is also
directly propurtional to (L/D) 4y Fr . Thus large float times may be
undesirable in themselves but they may alsc be undesirable because of the

proporticnately larger increase in float distance,
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Analysis of Data

Based on the analysis of flare parameters (Equations (18) or (19))
and the preliminary examination of X-15 data (Figure 19a), it appears that a
proper relationship between flare altitude and flare time is the primary
factor of importance to the pilot in the flare, Although Figure 19a includes
total time to touchdown and not just flare time, the figure does suggest that
the relationship between flare altitude and time is not linear, i.e,, the ratio
of h; /t; must be reduced as the flare altitude is reduced, und that a relation-
ship between h;-/t; exists as a function of flare altitude that will make the
flare characteristics acceptable or unacceptable in varying degrees, provided
the flight-path stability requirements of Paragraph 3.2.1.3 are met, An
examination of the published information and discussions with Edwards personnel
suggest that float time as such is important to the pilot as determined by the
first of Equations (26). The float time must be long enough for the pilot to
make final adjustments before touchdown, yet not so long that excessive runway
is consumed in the float. Again, the unpowered float must be performed on the
frontside to meet the requirements of Paragraph 3.2.1,3. The available data
will be examined in the light of these flare and float parameters.

The data of Reference 30 on the first 30 flights of the X-15 were first
examined in some detail to obtain flare and float characteristics during
landing, In examining the X-15 data, it is assumed that the flare was com-
pleted at an elevation 50 feet above the ground. Such an assumption seems
reascnable and was necessary since the flare completion point was not
specified in the data. In fact, to separate the flare from the float, it was
necessary to plot the data presented in Reference 30 for each X-15 landing.

A time history of a typical X-15 landing in terms of altitude and velocity
variation with tiwe is shown as Figure 21. This time history was constructed
from the following information available in Reference 30,

a. Flare initiation altitude, velocity, and sink rate
b. Velocity and altitude at which flaps were extended
. Velocity and altitude at which the gear was extended

d. Flight velocity and vertical velocity at touchdown,

Figure 22a is a plot of flare time and flare altitude for the first
30 flights, The spread in the data points plotted in Figure 22a indicates the
differences in fleres, all successful, that can be performed by the same
pilot or different pilots in unpowered landings of the same vehicle., There
were 7 different pilots who participated in the first 30 flights of the X-15.
Some of the differences are attributable to when the flaps and the gea» were
extended and how the speed brakes were used on each flight,

The data points on Figure 22a, 22b and 22c are the same. Shown on
Figure 22b are lines of effective (L/D)'s for the X-15 flares based on the
average velocity during the flare for all 30 flights, (V,ay)¢ = 275 knots,
The flare altitude and flare time can be related to (L/D)eff by the following
formula:
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(28)

The (1./D) eff represents the I./D that wculd be required by the X-15 to

obtain a a1nk rate ( hy / ty ), represented by the dotted lines, when in an
equilibrium glide at 275 knots. Even though the (L/D)pax of the X-15 is
approximately 4.2 clean, the (L/D)ggg during the flare was considerably
higher and varied between 6 and 14 for the first 30 landings. One would
suspect, that all other things being equal, such as adequate float time, the
pilots would prefer those flares with higher (L/D)_..'s. The high energy
unpowered approach is performed on the "frontside' og the (L/D)pax curve

for improving flight path stability and to buy time during the critical flecat
period as the excess kinetic energy is consumed. Front-side operation reduces
the L/D to some value below (L/D),,.. By performing the unpowered flare

the way he does, the pilot increases the “effective'" L/D of the vehicle,

( h:) - (VAV)4'
A /%ZZ’_’,

Figure 22c is a2 similar plot of the X-15 flare data except that
lines of average flare flight-path angle, (9,,)s , are shown instead of

(L/D) eff+ The average flare flight-path is related to h;,/tf by the

follow1ng formula:
h .
(—;;f—) "’(VAV),g sin (Z»AV){ (29)
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Even though the average glide slope at the initiation of flare for all 30 X-15
landings was approximately -13,7°, the average glide slope during the flare
varied between approximately -9 and -4 degrees. It is interesting to note

that the first of Equations (19) suggests that the average flare glide slope
angle is approximately one-half the equilibrium glide angie at flare initiation.
This would suggest that the average glide slope for all 30 X-15 flares should
be approximately ~13,9/2 or approximately -7.0 degrees., The average of

-9 degrees and -4 is -6,5 degrces, which is close to -7.0 degrees. The

lower average glide slope during the flare and the higher effective L/D during
the flare are really two different ways of lcoking at the same thing,

Figure 23 is a plot of X-15 float time ( £z, ) or the time from
flare completion to touchdcwn, Again the flare of the X-15 is assumed to be com-
pleted at 50 feet above ground level. Figure 23 indicates, that in general,
float time increases as the flare initiation velocity is increased. This is not
an unexpected result since it is excess kinetic energy which makes it
poszible to increase float time, Some of the scatter in the data of Figure 23
can be attributed to the difficulty of determining flare completion time or
float initiation time accurately from faired curves such as Figure 21, A
good deal of the scatter can also be attributed tc variations in pilot handling
techniques, such as how the drag brakes were modulated and when the landing
gear was extended, Considerable scatter can also be attributed to variations
in touchdown velocity from 153 knots to 209 knots for the 30 landings.

.....................

FLOAT TIME ~ SEC

220 240 280 280 300 320 U0
FLARE INSTIATION VELOC. ~ ~KNOTS

Figure 23 VARIATION OF FLOAT TIME ON FIRST 30 FLIGHTS OF
X-1€ (REFERENCE 30;
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Reference 50 includes information on predicted flares of the M2-F2
vehicle as programmed on a six-degree-of-freedom fixed-base simulator. The
altitude Jost in the flare as a function of flare time is plotted as Figure
24, The flares were predicted using 9 different speeds for flare initiation
and an incremental normal acceleration of 1.0 g's at flare initiation. The
angle cf attack at flare initiation was then held constant until the flare was
completed at zero sink rate, Figure 24 also contains data runs "flown' on the
same six-degree-of-freedom simulator. These data are published in
Reference 34 and agree substantially with the predictions. The flares
were initiated from stabilized flight-path angles and the flare initiation
velocity varied from 240 to 320 kncts at three different upper flap settings.
All the flares were performed with an initial incremental of 1,C g's which
decreased to 0.5 g's by the end of each flare,

The flight data on the landing flares on the fifteenthk and sixteenth
flights, performed by the fourth and second pilots respectively, were obtained
from Reference 51. The sixteenth flight was the last flight since an accident
occurred and the vehicle was extensively damaged upon ground contact, The
data for the flight flares are shown on Figure 24.

The comparison of flight and simulator data on M2-F2 flares is rea-
sonably good. The handling characteristics of the M2-F2 during the landing
flares are far from ideal. The magnitude of the deficiencies in landing the
M2-F2 is evident from the following quotation taken directly from Reference 51,

‘However, the landing task was demanding, requiring unique
flight preparation and practice procedures with little margin
for error or unusually increased pilot worklocad., Judgement
of flares and landings required complete concentration."

As further evidence of the demanding nature of landing the 1ifting body vehi-
cle such as the M2-F2, the first recommendation of the board cenvened to

investigate the accident which occurred on the sixteenth fligat included the
following statement:

"Consideration should be given to increasing the time ailotted
to the pilot for the landing phase ----- .

Also included in Figure 24 are flare data from a time history of the
HL-10 vehicle. rhe data are not from any p2rticular flight, but presumably
are a composite of the flare profile flown on a typical HL-10 approach and
landing. From the approximate information availsble in Refexrence 52, the
flare altitude and flare time were determined.

Reference 50 is a comprehensive landing flare study of the X-24A
using a six-degree-of-freedom hybrid simuiation, Separate data were generated
for an upper flap contvol law arnd 2z lower flap control law, The data are
plotted as Fi,” re 25. No flight data were available for the X-24A,
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Reference 46 contains limited information on the flare and float of the
F-111A and NB-52B aircraft performing low L/D approaches, These dara are
plotted in Figure 26, All the data are for predicted flares with the exception
of three F-111A flares performed near the ground.

Additional information on low L/D approaches was obtained from
References 53 and 47, These data are from two distinctly ditferent aircraft,
one a delta-wing interceptor and the other a straight-wing fighter. These
data are plotted as Figure 27a and 27b respectively. An important assump-
tion was made in obtaining the flare time from these data since only the com-
bined flare and float time was given. Based on the few time histories in the
reports, the average float was determined to b2 approximately seven seconds,
based on a flare completion altitude of 50 feet, above ground level,

Float time as a functicn of flare initiation velocity, which was ob-
tained from many of these same references, is shown on Figure 28. The six-
degree-of-freedom simulator study of the M2-F2 (Reference 34) defines float
time as the time from the end of flare ( 9" = 0) to an airspeed of 150 knots.
Flight data on M2-F2 float time (Reference 51) are also shown. The float
time for a typical HL-10 flight (Reference 52) is 13 seconds. Th=z float time
from the landing flare studies of the X-24A (Reference 50) are shown. The
touchdown airspeed was assumed to be 160 knots, Flight information on F-111A
flares is shown and was obtained from Referenc~ 46,

It is difficult to compare all of these data on flcat time since float
time is a strong function of velocity at the end of flare and touchdown velocity
as well as the vehicle average (L/D) during the float (Equations (25))}. The
data do indicate that, for any given vehicle, the float time increases as the
flare initiation velocity is increased and more kinetic energy is available and
is consumed during the float.

Figure 29 is a composite of the flare data presented in terms of
flare time and flare altitude. Data points are not shown, The limits of the
X-15 data presented on Figure 22a are shown. The faired curve through the
M2-F2 data of Figure 24 and the faired curve through the X-24A data of Figure
25 are also presented, The faired curve through F-111A and the NB-52A
data was obtained from Figure 26. Because of the gross assumption made in

obtaining the flare tises of Figure 27a and 27b, the boundaries from these data
are not plotted on Figure 29,

Cutside of some genecralized comments on the flarss and floats during
unpowered landings, such as the comments previously quoted for specific vehicles,
no pilot rating data and comment data exist in the references for specific
flares and flcats performed with these vehicles, It is therefore difficult
to establish boundaries for handling qualities Levels based on the data
presented. Reference 54 is a ground-based horizontal landing simulation
study for low i/D glide vehicles that does contain pilot rating data and
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Reference 46 contains limited information or the tlare and float of the
F-111A and NB-52B aircraft performing low L/D approaches. These data are
plotted in Figure 26, All the data are for predicted flares with the exception
of three F-111A flares performed near the ground.

Additional information on low L/D approaches was obtained from
References 53 and 47. These data are from two distinctly different aircraft,
one a delta-wing interceptor and the other a straight-wing fighter. These
data are plotted as Figure 27a and 27b respectively, An important assump-
tion was made in obtairing the flare time from these data since only the com-
bined flare and rfloat time was given, Based on the few time histories in the
reports, the average float was determined to be approximately seven seconds,
based on a flare completion altitude of 50 feet above ground level,

Float time as a function of flare initiation velocity, which was ob-
tained from many of these same references, is shown on Figure 28. The six-
degree-of-freedom simulator study of the M2-F2 (Reference 34) defines float
time as the time from the end of flare ( 7 = 0°) to an airspeed of 150 knots,
Flight data on M2-F2 float time (Reference 51) are also shown. The float
time for : typical HL-10 flight (Reference 52) is 13 seconds, The float time
from the ianding flare studies of the X-24A (Reference 50) are shown., The
touchdown airspeed was assumed to be 160 knots. Flight information on F-1ilA
flares is shown and was obtained from Reference 46,

It is difficult to compare all of these data on float time since float
time is a strong function of velocity at the end of flare and touchdown velocity
as well as the vehicle average (L/D) during the float (Equations (26)). The
datz do indicate that, for any given vehicle, the float time increases as the
flare initiation velocity is increased and more kinetic energy is available and
is consumed during the float.

Figure 29 is a composite of the flare data presented in terms of
flare time and flare altitude, Data points are not shown. The limits of the
X-15 data presented on Figure 22a are shown. The faired curve through the
M2-F2 data of Figure 24 and the faired curve through the X-24A data of Figure
25 are also presented. The faired curve through F-111A and the NB-52A
data was obtained from Figure 26, Because of the gross assumption made in

obtaining the flare times of Figure 27a and 27b, the boundaries from these data
are not plotted on Figure 29,

Outside of some generalized comments on the flares and floats during
unpowered landings, such as the comments previously quoted for specific vehicles,
no pilot rating data and comment data exist in the references for specific
flares and floats performed with these vehicles, It is therefore difficult
to establish boundaries for handling qualities Levels based on the data
presented. Reference 54 is a ground~based horizental landing simulation
study for low L/D glide vehicles that does centain pilot rating data and
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tion was made in obtaining the flare time from these data since only the com-
bined flare and float time was given. Based on the few time histories in the
reports, the average float was determined to be approximately seven seconds,
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Float time as a function of flare initiation velocity, which was ob-
tained from many of these same references, is shown on Figure 28. The six-
degree~-of-freedom simulator study of the M2-F2 (Reference 34) defines float
time as the time from the end of flare ( 7 = 0°) to an airspeed of 150 knots.
Flight data on M2-F2 tloat time (Reference 51) are also shown, The float
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from the ianding flare studies of the X-24A (Reference 50) are shown., The
touchdown airspeed was assumed to be 160 knots. Flight information on F-1ilA
flares is shown and was obtained from Reference 46,

It is difficult to compare all of these data on float time since float
time is a strong function of velocity at the end of flare and touchdown velocity
as well as the vehicle average (L/D) during the float (Equations (26)). The
data do indicate that, for any given vehicle, the float time increases as the
flara initiation velocity is increased and more kinetic energy is available and
is consumed during the float,

Figure 29 is a composite of the flare data presented in terms of
flare time and flare altitude, Data points are not shown. The limits of the
X-15 data presented on Figure 22a are shown. The faired curve through the
M2-F2 data of Figure 24 and the faired curve through the X-24A data of Figure
25 are also presented. The faired curve through F-111A and the NB-52A
data was obtained from Figure 26, Because of the gross assumption made in
obtaining the flare times of Figure 27a and 27b, the boundaries from these data
are not plotted on Figure 29.

Outside of some generalized comments on the flares and floats during
unpowered landings, such as the comments previously quoted feor specific vehicles,
no pilot rating data and comment data exist in the references for specific
flares and floats performed with these vehicles, It is therefore difficult
to establish boundaries for handling qualities Levels based on the data
presented. Reference 54 is a ground-based horizental landing simulation
study for low L/D glide vehicles that does centain pilet rating data and
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vehicles are those indicated by Figure 30, Although the data from which
Figure 30 was prepared suggests a lower limit on flare time of approximately
4 secords, no actual data sxtend below a flare time of 6 seconds, in fact,
M2-F2 data does not extend below 8 seconds of flare time. A minimum flare
time of 6 seconds appears reasonable based on available data for both Luvel 1
and Level 2,

While comment data upon which flare boundaries have been established
for experimental vehicles were meager, no data are available for establishing
similar boundaries for operational lifting re-entry vehicles.

The minimum float times contained in Table VI of the requirements
(Paragraph 3.2.3.4,2) are based on the recommendations contzined in Refer-
ence 49. There is evidence from other sources that indicate that these
requirements are reasonable. Based on analysis and an examination of X-15
data, Reference 48 suggests ''that a 15 - second margin from flare completion
to touchdown is adequate™. Time from flare imitiation to touchdown from 18
to 23 seconds was considered ample by the lifting body pilots as reported in
Reference 55. Recent conversations with lifting body pilots at Edwards Air
Fe..e Base have suggested that a total time from flare initiation to touchdown
of 20 seconds is adequate., Using the minimum fleoat time of 6 seconds shown
on Figure 30, these figures suggest float times o: 12 to 18 seconds and 14
seconds, respectively. All of these figures are in reasonable agreement with
the minimum float requirements in Table VI.

The upper limit on 'leat time is based on some of the considerations
contained in a number of ref.rences, References 35 and 49 for example. Iin
the unpowered approach and landing studies of Reference 35 with the CV-990,
float times of 23 seconds were considered exce..ive. Yet, an upper limit of
30 seconds for float time in Referxence 49 is said to be based on pilot
opinion, Although somewhat arbitrary, 30 seconds was selected as the upper
iimit on float time. Excessive float time requires long runways, contributes
to touchdown dispersion, and is probably dangerous.

Reguirement .

3.2.3.4.3 Elevator lift and longitudinal control in landing

Discussion

This is a new requirement on the effects of adverse elevator 1ift on
altitude and flight-path contrel during the landing approach. Adverse elevator
1ift will occur with an elevator control aft of the c.g. As the elevator is
deflected to change the attitude and 1lift of the vehicle, the initial effect
of elevator iift is adverse and the initial effects on altitude and flight-path
angle changes are also in the opposite direction to that intended. These
effects are expectad to be largest and most sigrificant for Class IIT airplanes
or lifting re-entry vehicles with low frequencies and large response times.

The data on this subject that presently exist are insufficient and sometimes
confusing from the handling gualities point of view. It is not possible to
establish quantitative flying oualities requirements at this time.
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boundaries based oa these date. Unfortunately the boundaries are plotted in
terms of overall vehicle parameters such as the (L/D)pax and excess preflare
airspeed. The rating data are also for the complete flare and float to
landing, and frem the data presented it is nct possible te separate the flare
parameters from the float parameters.

Reference 33 contains a summary plot of a number of interrelated
parameters "hat affect the flare and float of a low L/D unpowered glide vehicl:.
Various unpowered landing limits are presented based on field length, (L/D)jpax,
time required for pullup, low and high flare altitude, etc., as determined
from in-flight data and analytical studies. These boundaries are based on
variocus specific assumptions discu--cd in detail in Reference 33. Using the
information presented on the bouncaries, it was possible to extract flare
altitude and flare time and this boundary is plotted on Figure 29. If this
boundary is considered as the boundary between acceptable and unacceptable
flare characteristics, then the boundary should correlate with the data and
general comments of the unpowered landings of the veshicles shown on Figure 29.
The comparison shows that all the M2-F2 flare data are to the left (unacceptable)
side of the boundary line, and all of the X-24A, X-15, and F-111A and NB-52A
data are to the right (acceptable) side of the boundary. In summary, the
boundary appears to be a reasonable Level Zz boundary for an unpowered landing
of a Class IV, experimental, lifting re-entry vehicle. The generalized
comments, especially those on the M2-F2, appear to support such a Level 2
boundary.

It is of interest to note from Figure 29 that all the lines intersect
the zero flare altitude at between 3 and 4 seconds. This implies that there is
an absolute minimum flare time of approximately 4 seconds for any vehicle no
matter how large the (L/D) is. It also indicates that as the flare altitude
is reduced, for any given vehicle, the pilot requires a lower average sink
rate during the flare as defined by the ratio of flare altitude to flare time.
This fact is not surprising and it correlates with the X-15 landing data on
the first 30 flights.

The upper boundary of X-15 landing flare limits on Figure 29 agrees
reasonably well with the recent limited F-111A and NB-52A data of Reference 46
on larger airplanes. Reference 46 suggests that the unpowered landing of
iarger airplanes is essentially no different than that of smaller lifting
re-entry vehicles, but actual data on the unpnwered flares of large airplanes
is extremely iimited. There is nothing in the literature to suggest that flares
on all three of these airplanes are particularly difficult for an experimental
test pilot, Reference 29 states that "although the landings (X-15 landings)
are relatively routine, they do require exacting pili t performance and a high
degree of proficiency". It would appear that the upper boundary of the X-15
flare data is a reasonable Level 1 boundary at this time for bnth Class III and
Class IV experimental lifting re-entry vehicles.

Based on all these considerations, it would appear that the best
estimate of Level 1 and Level 2 boundaries for experimental lifting re-entry
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Reference 56 investigated this problem with the following short-
period characteristics.

Wy o = 0,928 rad/sec

Zsp = 707

0.52 < L, < 0.57 1/sec

With these short-period characteristics it was possible to establish a Level 1
(Pilot Rating < 3.5) boundary as a function of control sensitivity (Nkk) and
lift ¢ ¢ to control (Lgs,). Although the duta were insufficient to describe the
Level 1 boundary adequd%ely, the trends in the data were evident. As Lg
increases above a moderate level, increases in Mz  are required for adequate
handling qualities. As noted in the report; the boundary applies only for the
basic airplane dynamics presented and would shift for cther basic stabiiity
characteristics, [t seems self-evident that the parameters w,_,, 3., , and
Lo as well as Ls, and Mg, are imp..tant in a closed-loop situation when the

pilot is controliing altitude and flight path precisely.

In the 33rd Wright Brothers Lecture (Reference 57), the effects of
size in conventional aircraft design were discussed in some detail, It is
stated that flying qualities probiems increase with aircraft size. From Refer-
ence 57, Figure 31 is presented and the following direct quotation is made:

"A flight situation is postulated in which the pilot has just
discovered that he is below his chosen glide path during an
approach to landing. The iniiial conventional airplane response
to elevator deflection is opposite to that desired, because up
elevator to decrease sink-rate first applies a net downward
acceleration until increasing angle of attack produces the desired
upward acceleration. If more than two seconds elapse between
first control movement and recovery to original flight-path
position, the flying qualities axe unsatisfactory. The ability
to meet this requirement is obviously influenced by many things,
such as control-surface rate of deflection, tail length, 1lift-

curve-slope, damping in pitch, and pitch inertia."

That a time delay of two seconds in flight path applies for all conditions of
short-period dynamics seems highly unlikely. What is more likely to be true
is that the numerical value of the time delay is a function of the short-period

dynamics.

Reference 58 states that "an important longitudinal controi param-
eter in the handling spuroach is the maximum control power available from
trim ané the change in iifi assuciuvied with this awount of contiol powet".
These same parameters have been used in Reference 35 to establish a boundary
between acceptable and unacceptabie based on total control power (Ms 22 max)
and total loss in elevator 1ift in g's ( ”Jesé»mx)‘ The boundary in?
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Reference 35 is based on fixed-base simulations of an HL-10 Shuttle during
landing ~pp.ach. The HL-10 shuttle is an HL-10 lifting body scaled up to
the size an‘ weight of the Shuttle, Boundaries from both these references
are shown in Figures 32 and 33,

The 727-200 and 720B data points on Figure 32 are unpublished esti-
mates from the Boeing Company. The CV-990 data were cbtained from unpub-
lished NASA data. As stated in both references, large pitch accelerations
Qw5eéemax) tend to compensate for lurge losses in lift due to the elevator

U"se e max).

The fact that the parameters chosen consider only total control
power and total loss in lift due to the elevator, and neglect short-period
dynamics, suggests that these are recally not handling qualities parameters
as such and that they do not adequately describe the closed-loop handiing
qu~lities situation during the landing approach, It is interesting to ncte
that both parameters can be changed by simply varying Semax' Discussions with
NASA Edwards personnel confirmed that the boundary of Figure 33 is in fact a
total contrcl boundary developed using ver specific criteria. In the simula-
tion, the pilots were asked to initiate a flare from an equilibrium glide at
approximately 4,000 feet by applying full elevator control. If the pilots
could, in fatc, complete the flare without sinki