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I

ABSTRACT

Preliminary handling qualities reuirements for lifting re-entry
vehicles during terminal flight at low supeu,;oiic, transonic, and subsonic
speeds are presented and discussed. Includek' are a preliminary draft of a
flying qualities specification for piloted re entry vehicles and tne rationale
and backup data upon which the flying qualitic requirements are based.
Many of the requirements were adapted i;om, or 're similar to, the require-'
ments for piloted airplanes presented in the latest revision of the flying
qualities specification for rilitary airplanes, HIIL-F-8785B(ASG). Some
requirements that are new and unique to lifting r-,ntry vehicles have been
added. The format of the specification is simila:, to that of MIL-F-8785B(ASG),
therefc're, comparison of flying qualities requirements of lifting re-entry
vehicles and airplanes is facilitated. These flying qualities requirements
are preliminary and subject to revisions based on future research and additional
discussions with interested contractors and government agencies.
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11' Longitudina;. acceleration parallel to the flight path, g's

b Wing span, ft

Mean aerodynamic chord, ft

C4 Lift coefficient

(61.o)mayx Maximum operational lift coefficieist

dm Generalized discrete gust length (always positive),
)= Z,, (ft)

D Aerodynamic drag, parallel to flight path, lb

Fs Elevator control force, applied by pilot, lb

s/7 Gradient of steady-state elevator control force versuse
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F / Gradient of steady-state elevator control force versus
angle of attack for constant speed, ib/deg

9 Acceleration of gravity, ft/sec
2

hi Height above ground level (AGL) or above mean
sea level (MSL), ft

/i; Attitude change during flare, ft

hF1, Altitude change during float, ft

Maximum service altitude, ft

hmax Maximum operational altitude, ft

Minimum operational altitude, ft

1 ,2I1 Moments of inertia about ', y, and taxes,
respectively, slug-ft

2

• Product of inertia, slug-ft
2
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Symbols

• Ratio of "commanded roll performance" to "applicable roll
performance requirement" of 3.3.4 or 3.3.4.1, where:

(a) ::Applicable roll performance requirement",
(0-)requirement' is determined from 3.3.4 and 3.3.4.1

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

(b) "Commanded roll performance", (0) command' is the

bank angle attained in the stated time for a given step
aileron commv.ad with rudder pedals employed as
specified in 3.3.4 and 3.3.4.1

ICo Lower limit on the maximum attainable load factor, g's

Gain constant of the altitude-elevator transfer function

Feedback gain of pitch rate to the elevator, ke

Gain constant of velocity-elevator transfer function

Gain constant of flight path-elevator transfer function

Gain constant of pitch attitude-elevator transfer function

- L.. Aerodynamic lift plus thrust component, normal to the
flight path, lb

(L/D)AV,FL Average lift-to-drag ratio in the float

(L/D)FX Effective lift-to-drag ratio during flare

Maximum lift-to-drag ratio

A/ Rolling moment about the x-axis, including thrust effects, ft-lb

£ 'AS~ bgp 1 01

f 9L
Ot " n ,O,
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Symbols

LIZ Scale for a, ft

Scale for t, ft

Scale for a, ft

n Mass of airplane, slugs

M Mach number

M Pitching moment about the y-axis, including thrust effects, ft-lb

_I am

)7 Normal acceleration or normal load factor, measured at the
c.g., g's

"/a& 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

Load factor normal to the flight path, measured at the
c.g., g's

Symmetrical flight liIniL load factor for a given Airplane

Normal State, based on structural considerations, g's

n7"*; n  Maximum and minimum Service load factors, g's

&77), y(-) For a given altitude, the upper and lower botu-daries of n in
the V-n diagrams depicting the Service Flight Envelope, g's

,o~Maximum and minimum Operational load factors, g's

no w , 77. )  For a given altitude, the upper and lower boundaries of v. in
the V-n diagrams depicting the Operational Flight Envelope, g's

Normal acceleration change with elevator deflection due to
elevator 1 ft, g's/deg

A/ Yawing moment about the ' axis, including thrust effects, ft-lb

I Y = ,.
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Symbols 

F

-P Roll rate about the x-axis, rad/sec

-p Rolling velocity due to random gust, rad/sec

-Pn Amplitude of roll rate responso at Dutch roll peaks for
step aileron input, rad/sec

-POSc A measure of the ratio of the cscillatory component of roll

fAV rate to the average component of roll rate following a rudder-
pedals-free step aileron control command

ty' d >  ,2 V- ?

where f, P3 and are roll rates at the first, second and
third peaks, respectively

10 Phase angle between roll rate and sideslip 'n the free Dutch
roll oscillation. Angle is positive when p leads C , deg

P Period of the dynamic motion, sec

2
Dynamic pressure, lb/ft

qo Operational dynamic pressure

, Pitch rate, rad/sec

q Pitching velocity due to random gust, rad/sec

A Pitch rate peak to peak amplitude, rad/sec

" Yaw rate, rad/sec

Yawing velocity due to random gust, rad/sec
~-i
5 Laplace transform variable, sec

S Wing area, ft
2

5  .AyI~L Average sink rate during float, ft/sec

t Time, sec
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Symnbol.€

Flare time, time from flare initiaticn with ?r = Z. to flare
completion when 0, sec

Ci. Float time, time fro the completion of flare (r, ,0) to
touchdown, sec

t "A Time for the Dutch roll component of the sideslip response to

reach the nth local maximum for a right step or pulse aileron-
control 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 frcm the
instant the cockpit control deflection 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.

-4',,
TZ Time to double amplitude,7-z /7,, foi an oscillation,

1'= -O93Z for a first-order divergence, sec

Reciproril of time to damp to half amplitude, = %93
T*I for an oscillation, = 0.6931? for a first-order

convergence, sec- I

I
TInverse time constant of first-order representation of
es elevator-servo dynamics. sec-1

Lowest-frequency zero of the altitude-elevator transfer
7Th function

S I The first-order zeroes of the constant-speed attitude-elevator
Toy ,Ta transfer function, sec-1

Incremental velocity along the x reference axis, ft/sec

1%a Random gust velocity along the x body 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 axesmt, y, t, ft/sec

V Airspeed, ft/sec unless otherwise noted

(VAV)f Average speed during the flare, ft/sec unless otherwise noted
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Symbols

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

V;. Speed at flare initiation, ft/sec uinless otherwise noted

V . MaximuLm service speed, ft/sec unless otherwise noted

Vmin Minimum service speed, ft/sec unless otherwise noted

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

VS Stall speed (equivalent airspeed), at I g noznal to the flight
path, defined as the highest of:

- speed for steady straight flight at C1 a, the first
C'max'

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

L
- speed at which abxupt controllable pitching, rolling 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 V5
in some cases.)

VTD Speed at touchdown, ft/sec unles:s otherwise noted

VO Initial flight path velocity, ft/sec

VoMr, Maximum operational speed, ft/sec unless otherwise noted

Vomin Minimum operational speed, ft/sec unless otherwise noted

W Weight of the airplane, lb

_Ur Incremental velocity along the reference axis, ft/sec

Random gust velocity along the body axis, ft/sec

Body-fixed axis of the airplane, along the projection of the
undisturbed (trim or operatir:g-point) velocity onto the plane
of symmetry, with its origin at the c.g.

* ~Horizoncal distance over or along the grotd, ft
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Symbols

1 Horizontal distance traveled during flare, ft

SHorizontal distance traveled during float, ft

X Force along the x axis, aerodynamic plus thrust, lb

I aX
Y;" - T , 8 .- i where a , ,

Body-fixed axis of the airplane perpendicular to the plane of
symmetry directed out the right wing, with its origin at
the c.g.

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

Y. = !-v q'I/9-- ' i = a,' Jgp,-p,r

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

Force along t axis, lb

mai

Angle of attack, the angle in the plane of symmetxy 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 other'ise noted

The stall angle of attack at constant speed for Zhe 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 nimber, at
which abrupt uncontrollable pitching, rolling or yawing
occurs, i.e., loss of control about a single axis

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

3Sideslip 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 symmetry, rad unless otherwise
noted

rnaY Maximum sideslip excursion at the c.g., occurring within two
seconds or one half-period of the Dutch roll, whichever is

greater, for a step aileron-control command, rad unless
otherwise noted

Atmospheric density decay parameter defined by -

= sin- vertical speed
Climb true airspeed positive for climb,

rad unless otherwise noted

TAFL Average flight path angle in the float, rad unless otherwise
noted

4 Flight path angle at flare completion, rad unless otherwise
noted

ar" Plight path angle at flare initiation or equilibrium glide
angle at flare initiation, rad unless otherwise noted

q Flight path angle during equilibrium glide, rad unless
otherwise noted

11 Used in combination with other parameters to denote a
I change from the initial value

$ Aileron surface deflection, rad unless otherwise noted
tva Elevator surface deflection, rad uless otherwise noted

Rudder surface deflection, rad unless otherwise noted

5Q P Rudder pedal deflection, in.
9s Dampino ratio of the elevator feel system
s Damping ratio of the Dutch roll oscillation

Damping ratio of the phugoid oscillation

Damping ratio of the roll-spiral oscillation
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Symbols

Damping ratio of the longitudinal short-period oscillation

e Pitch angle, a,,le between the fuselage reference line and
the horizontal, tad unless otherwise noted

)o Air density, stug/ft 3

-l
Real part of a complex dynamic root, sec

Root-mean-square gust intensity, where 5 f d=f doo
0

6a EF~r  Hffective PlO parameter

u, o, Oj. Root-mean-square intensities of a., 9 '1 respectively

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

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

I/haf First-order zero of velocity-elevator transfer function, sec
-I

First-order zero of flight path-elevator transfer function, sec-

0 Bank angle measured in theq-- plane, between the y axis and
the horizontal, r-ad unless otherwise noted

Initial peak magnitude in bank angle, rad unless otherwise
noted

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

A measure of the ratio of the oscillatory component of bank

OAV angle to the average component of bank angle following a
rudder-pedals-free impulse aileron control command

06o. __,__ -2¢
d 0. : -F .

d > 0'2 = 1

where 0, , 0 and 03 are bank angles at the first, second and
third peakG, respectively
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1 At any instant, the ratio of amplitudes of the bank-angle and
171d sideslip-angle envelopes in the Dutch-roll mode

L(o) Spectrum for a. , where ,()=V,,(o), (ft/sec)2 /(rad/ft)
q 92

Spectrum foi v , where (ft/sec) /(rad/ft)

S(n) Spectrum for , where4(2)=V.(a ) (ft/sec'/rad/ft)

Phase angle in a cosine representation of the Dutch roli
component of sideslip - negative for a lag

- ~ 4 . (~+ i)6 (deyreet,)

with ? as in tv above

Temporal frequency, rad/sec, where a) = nV
~-l

ck) Imaginary part of a complex dynamic root, see-

a) cs Undamped natural frequency of the elevator feel system, rad/sec

e)d Undamped natural frequency of the Dutch roll oscillation,
"rad/sec

Phugoid undamped natural frequency, rad/sec

Undamped natural frequency of the short-period
oscillation, rad/sec

WORs Roll-spiral undamped natural frequency, rad/sec

Longitudinal spatial reduced frequency

211 *
i 09 ad/f t

Abbreviations

C.g. Center of gravity

CL Climb

exp C ) The Napierian logarithmic base (e 2.718...) raised to
the power indicated

PA Power approach
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Abbrevi ations

PIO Pilot-induced oscillation

PR Pilot rating

rms Root mean square

R/C Rate of climb

SAS Stability augmentation system

SSV Space shuttle vehicle

() A dot above a symbol signifies the time derivative, e.g.,

dt

( ) ' A prime used in conjunction with c3, P, W cd., r's.
/T-, or i/i'.s denotes stick-free values of the pprameters

when the stick-free and stick-fixed values are not the same
(e.g., wn, o'.- In particular, this notation is used
when bobweig!its or F caused the airplane response to
feed back to the stick, umprimed parameters denoting values
with the stick-fixed or the bobweight feedback loop open,
and primed parameters denoting stick-free values with the
feedback loop closed.
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Section I
I NTRODUCT I ON

Presented here are the handling qualities requirements for li fting
re-entry vehicles during terminal flight at low supersonic, transoni( , and sub-
sonic speeds. These preliminary requirements are intended to apply to both
large and small vehicles and vehicles from low to high cross-range based on
hypersonic L/D and normal load factors. They do not apply to essei:tially
ballistic re-entry vehicles with some limited cross-range capability. Since
one 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 atmobphere, the requirements presented here are subject
to verification, revision, and extension based on additional flight test
results. Handling qualities data will also 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 designtd, 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 navigat.on systems, cockpit displays, and 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 re'qairements. Some
of the problems associated with defining requirements throughout the flight
envelope of lifting re-entry vehicles 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
opera~ional mission requirements become reasonably c1pr. The pilot must be
capable of successfully flying the vehicle to a predetermined landing site
under what are considered 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
adequate onboard propulsion system is provided.

When referring to "operational" lifting re-entry vehicles the word
"operational" is used in the usual sense, i.e., a large number of military
aircraft designed for a particular mission iich will be flown by the usual
population of military pilots trained to fly such aircraft. The lifting
re-entry vehicles that havo been 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 experimental
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 general,
acceptable handling qualities for the experintental mission will require
improvement before the vehicle can be considered operational.

At the present time, serious consideration is also 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 for 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 sa, e approach is used in the delineation of handling qualities
requirements for 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 sustained 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 assumed 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 parimeters 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 motions are not the same for a vehicle whose dynamics
are augmented by feedback loops to the control surface based on vehicle
responses. he only basic premise made in assuming the same modal parameters
for ai. 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



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
lower 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 centering, breakout forces, phase lags,
and other dynamic characteristics. This is the method used in MIL-F-8785B-
(ASG) and is also followed here. Such a procedure assumes 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 of specifying handling
qualities requirements for a large variety of higher order vehicle responses
that result from the use of various augmentation systems and feel systems,
fly-by-wire or otherise, 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 requirements 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 so that they do not refer to control 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 oper-
ational dynamic pressures (qo ,,) for which the specified handling qualities
are intended to apply can be determined from the following inequality
(Reference 1).
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(6 ) = lower limit on the maximum attainable
o 0' load factor in g's

/fi = maximum operational lift coefficient
o.,X (not limited by control power)

W = vehicle weight in pounds

5 = reference area of vehicle in square feet

For sustained leveljlight at minimum speed [maximum operational
lift coeffieient,cgo)m 1 ~n , = 1.0. In.equilibrium glide flight at min-
imum speed and constant glide angle (?.),.=cos . Under such conditions,
assuming L/D = 1.0, the glide angle is 4S degrees and Za_ becomes 0.707.
Although it is difficult to establish a def..nite lower limit on (09.) ;,
(kgU) ,, = 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 (Co),,,,to be used in Equation (!) should be the maximum value attainable
for the vehicle 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 pressare 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.

2 dV)'5 1 ,2 dV.._ )P (2)

-4 -1
B = .425 x 10 ft

Vo = initial flight path velocity, ft/sec

- initial flight path angle, deg

dVidt = acceleration along the flight path, ft/sec
2

P = period 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
longitudina short period, the Dutch roll, or the roll mode time constant. 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 , s/n 4,dV/dt
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.

flow 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 dynamizs.
How these effects influence handling qualities, if at all, and how they might

Vbe 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 oscil-
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 vehicla with its origin at the e.g. The X axis is in the plaue of
symmetry of the vehicle 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 /iaxis
is in the plane of symmetry of the vehicle, perpendicular to the % 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.



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 liftirg

* re-entry vehicles just after launch in level flight from another aircraft at
alti tude.

It should be stated that hanu'ing qualities requirements in general do

not necessarili specify aupmerted vehiL.,- requirements for an autmnatically
controlled and stabilized vehi.1c They are requirements for the vehicle
4hen the pilot iL in the control luop and he is required to perform particular
tasks. In some cases augmented or unaugmented vehicle instability is allowed
if the vehicle can be stabilized by the pilot. Good handli.-g qualities t,
the pilot in performing particular tasks also do not in geneial assure a
vehicle with good riding qualities or passenger comfort. Riding qualities may,
however, be an important consideration in some lifting re-entry vehicle
designs.

The specification presented is inten.ded as a general handling qualities

specification for lifting re-entry vehicles. It is expected that from *his
generalized specification a procurement specification for a specific v,,hi.Ae
will be written. The procuring activity will specify which requirement is ic
apply when alternate requirements are allowed. The procuring activity will
also decide what is approved and what is not approved when approval of the
procuring actiity is required. At the discretion of the procuring activity,
the procurement specification may delete requirements or have additional,
or altered, specification requirements from those appearing in the general
specificaion.

In establishing general flying qualities requirements for liftioig
re-entry vehicles, tne format used is identical to that for piloted airplanes
(Reference 2). This method appears to be most suitable at the present time
during terminal s light in the lower atmosphere at low supersonic, transonic,
and subsonic speeds. The paragraph numbering system ir Section II is
therefore identical Zo that used in MIL-F-8785B(ASG). This will facilitate
reference to the revised piJoted airplane flying qualities z1-. i-fication.
Many of the requirements are taken directly from the piloted airplane -
ication with proper consideration or the differences between piloted airplanes
and lifting re-entry vehicles, Some of the airplane specifications are not
applicable to a lifting re-entry vehicle and they have been deleted. Otl'er
reouirements applicable only to lifting re-entry vehicles hate been added.

Some of the requirements for re-entry vehisles, as is the case for
piloted airplanes, are related to equilibrium flight at constant altitude and
changes from one equilibrim flight velocity to another at constant altitude.
S "ch requirements assume that the airplane or vehicle is powered. A -.e-entli
vehicle mzy fly muc;h or all of the terminal glide and landing phases V;ithout
power. Equ~illibrium flight at constant altitude is not possible for an
......... v,-l e W.n such requirements are believed to be applicable
to an unpowered re-entry vehicle, they are applieo to eqvilibrium 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 alrspeed to another. Flight at
constant indicated airspeed in gliding fligi.t 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 a;)d 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 discussed as defined by Equation 2.

The revised flying qualities requirements of piloted airplanes

(Reference 2) are discussed in some detail in a user's guide (Reference 8).
The purpose of t),e user's guide "is to explain the concept and philosophy
underlying MIL-F-8785B(ASC) and to present some of the data and arguments
upon which 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 III, a more modest
undertaking, prc.sents the rationale and available data used in arriving at the
re-entry veihicle handling qualities requirements of Section I. In Section III,
only brief comments are made when the rationale and data available for
particular requirements are the same or very similar to those used in establish-
ing the requirements for MIL-F-8785B(ASG). hen 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 overemphasized.
Section III is especially important in any rational application of the require-
ments to a specific vehicle.
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Section I[
PRELIMINARY SPECIFICATION FOR THE FLYING QUALITIES OF

PILOTED RE-ENTRY VEHICLES DURING TERMINAL FLIGin'

1. SCOPE AND CLASSIFICATIONS

1.1 Scope. This specification contains the requirements for the flying
qualities of lifting re-entry vehicles during terminal flight at low super-
sonic, transonic, and subsonic speeds 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 will result from deficiencies in flying quai--ties. The
flying qualities for all lifting re-entry vehicles shall be in accordance
with the provisions of this specification unless specific deviations are
authorized by the procuring activity. Additional or alternate special require-
ments may be specified by the procuring activity.

1.3 Classification of vehicles. For the purposes of this specification.
lifting re-entry vehiclos shall be placed in one of the following Classes:

Class III Medium-to-heavy weight, low-to-nedium cross-range
based on hypersonic (L/D)mpx 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 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 Class.

1.3.1 Operational or experimental designation, The letter (0) following
a Class designation identifies a vehicle as an operational vehicle suitable for
operational use; an experimental vehicle is similarly identified by (E). When
no such differentiation is made in a rzquirement, the requirement shall apply
to both an operational and experimental vehicle.

1.4 Flight Phase Categori-s. The Flight Phases have been combined into three
Categories which are referred to in the requirement statements. These Flight
Phases include the Flight Phases of both an operational aud experimental
vehicle. These Flight Phases shall be considered in the context of the mission

- -. - ? ... L. 1 .. S- - - - - _ - 41

K. cithc* ar. OpeJ i 'al8~ WA IIJ VUSI %-LV Z)- LjL. LASC.Lt: WJ..L U± 110n gatp
between successive Phases of any flij t and so that trensition from one Phase
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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 lift;ng 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 - Those 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 boost)

b. Coast (unpowered)

c. Cruise (low speed)

d. Terminal area descent

Terminal Flight Phases

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

a. Takeoff

b. Emergency abort

c. Approach

d. Go-around

e. Landing flare, float, and touchdown

When necessary, recategorization or addition of Flight Phases or delineation
of requirements for special situations will be accomplished by the procuring
act i vi ty



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 mission
Flight Phase

Level 2 Flying qualities adequate to accomplish the mission
Flight Phase, but some increase in pilot workload or
degradation in mission effectiveness, or both, exi.-.tr.

Level 3 Flying qualities such that the vehicle can be controlled
safely, but pilot workload is excessive or mission
effectiveness is 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 considerations. This will be
done only after coasultat'on between the procuring activity and the contractor.

2. APPLICABLE DOCUM1ENTS

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, deletions, and additions, will be
established by the procuring activity as required to make them applicable to
an operational and experimental lifting re-entry vehicle.

SPECI FICATIONS

MIL-F-9490 Flight Control Systems - Design, Installation and Test of,
Piloted Aircraft, General Specification for

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

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

MIL-S-25015 Spin Requirements for Airplanes

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

10



STANDARDS

MIL-STD-756 Reliability Predictions

SPECIAL 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 starndards relate to flying qualities requirements they
form a part of this specification as established by the procuring activity.
The proculing activity shal. inform the contractor of any such special speci-
fications and standards 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 contracting officer.)

3. REQUIREMENTS

3.1 General Requirements

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 operational missions will include the entire spectrum of intended
operational 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
gaity and ....... sz- weights that fi0l X ^- each Flight Phase.
These envelopes shall include the most forward and aft center-of-gravity
positions as defined in MIL-W-25140 as amended by the procuring activity
to make it applicable to lifting re-entry vehicles. In addition, the maxiim
center-of-gravity excursions attainable through failures in systems or
components, such as fuel sequencing, etc,, should be defined by the contractor
for each Flight Phase to be considered in the Failure States of 3.1.6.2.
Within these 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 all loadings of 3.1.2. The requirements of this specification
shall apply for all moments of inertia so defined.

3.1.4 External stores. The requirements of this specificationi shall apply
for all combinations of external stores required by the operational or experi-
mental missions. The effects of external stores on the weight, moments of
inertia, center-of-£ravitv position, and aerodynamic characteristics of the
vehicle shall be considered for each mission Flight Fhase. When the stores
contain expendable loads, the requirements of this specification apply throughout
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the range of store loadings. !he external stores and store combinations to
be considered fox fling qualities design will be specified by the procuring
activity. In establishing external store combinations to be investigated,
consideration s5.l l given to asymmetric as well as to symmetric combinations.

3. 1.5 Ccnfi. urations. 'he 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 variou. - l-ctors and controls available to the crew such as SAS
gains, longitudinal .k;,! at,,ial-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 control, throttle control, and other selector 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 arbitrarily to meet specific
flying qualities requirements. Additional conr-garations 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 pow'er setting or power off, weight,
moT , of inertia, center-of-gravity position, and external store comple-
menit. The trim setting and the positions of the rudder, aileron, and elevator
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 describe the Vehicle Normal (no component or system failure)
State(s) associated with each of the applicable Flight Phases. These items
shall include vehicle weight, moments of inertia, center-of-gravity position,
power on or off, thrust setting, wing deployment position, landing gear position,
control surface bias, SAS gain settings, and other factors specified by the
procuring activity. These items may vary continuously over a range of values
a Flight Phase. This continuous variation shall be replaced 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 tabulate
all Vehicle Failure States which consist of Vehicle Normal States modified
by one or more malfunctions in vehicle components rr systems, for example,
a discrepancy between a selected configuration and an actual configuration.
Those malfunctions that result in center-of-gravity pn 5 tions outside the
center-of-gravity envelope defined in 3.1.2 shall be included. Also included
are failures of one or mere engines such as loss of normal thrust, failure of



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 of important failures,
such as a total SAS system failure may be defined or the contractor may define
Vehicle Failure States in some alternate way. It must be demonstrated by the
contractor to the satisfaction of the procuring activity that any alternate
simplified procedure will include all the important Vehicle Failure States.
Appioval by the procuring activity is required before an alternate procedure
of defining Vehicle Failure States will 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 fligoit.
These failure probabilities may, in turn, be very difficult to predict with
any degree of accuracy. Special Failure States of this type need riot 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 Flight Envelopes define
the boundaries in terms of certain combinations of speed, Mach number, 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. Envelopes
for each applicable Flight Phase shall be established -ih the guidance and
approval of the procuring activity.

3.1.8 Service Flight Envelopes. For each Vehicle Norm a) State the contractor
shall establish, subject to the approval of the procuring activity, Service
Flight Lnvelopes, 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 Operational
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 vary from the Normal State thrust. The Service Flight
Envelopes of an experimental vehicle imay differ from, those of an operational
vehicle with the approval of the procuring activity. The boundaries 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 spqsd. The mmaximum service speed, V or 1 , for
each altitude is the lowest of: max max

a. The maximum permissible speed

b. A speed which is a safe margin belo. the speed at which intolerable
buffet, flutter, or structural vibration is encolurtered
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c. 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 contro., dangerous behavior, uncontrollable buffet,
and without exceeding structural limits. For a powered vehicle the
speed is 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.

d. The maximum airspeed based on engine limitations.

With the approval of the procuring activity, maximum dynamic pressure as
a function of altitude may be used in lieu of Vmax or M1max to define maximum
service speed at each altitude. It must be established to the satisfaction
of the procuring activity that maximum dynamic pressure will be less than the
maximum dynamic pressure determined from Vmax or Mmax as defined by a through
d, or that maximum service speed or Mach number so defined is not applicable.

3.1.8.2 Minimum service speed. The minimum service speed, Vmin or Mmin, for
each altitude is the highest of:

a. l.1V S

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 linited 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 structural ::slap down" loadt onz the nose
gear.
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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 Vmin or Mminn to define minimum
speed at each altitude. It must be e-stablished to the satisfaction of the
procuring activity that the minimum dynamic pressure will be greater than the
minimum dynamic pressure determined from Vmin or lmin 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, hma x, for a
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 minimnum service
speed at altitude i, defined by 3.1.8.2.

c. A maximum service altitude will 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 between 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 load factol-, n(,
fn(-)], shall be established as a function of speed or Mach number for several
significant altitudes. The maximum (minimum) service load factor, when
trirtimed for 1 g cos(1) flight at a particular speed or Mach number shall be
defined for a powered vehicle in level flight and an unpowered vehicle in
equilibrium qlide flight at constant indicated airspeed. The maximum (minimum)
service load factor i3 the lowest (highest) algebraically of:

a. The positive (negative) structural limit lead factor

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

c. The steady load factor at which the eievater control is in the ful
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 stead) load factor corre punding to the iaXeliifl (,, ,,,Lm, a b1
ai)gle of attack defined by other cunsiderations (3.4.2.2). This
maximum (minimum) angle of attack is subject to the approval of the

t" procuring activity.
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3.1.9 Permissible Flight Envelopes. The 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 maiieuvers that define the Permissible Flight
Envelopes must be established with the approval of the procuring activity.

3.1.9.1 Maxim-t 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
encountered

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, intolerable buffet or
structural vibration, and without exceeding structural limits.
This speed is subject to the approval of the procuring activity.

e. For an unpowered 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 control
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(X)glide flight is VS [stall speed (equivalent
airspeed)] or M max defined by the highest (when referring to speed) or
lowest (when referring to angle of attack) of:

a. Speed (angle of attack) for steady straight flight at CLmax, the
first local maximum of the curve of lift coefficient vs angle of
attack which occurs as CL is increased from zero. The angle of
attack established for gliding re-entry during particular Flight
Phases wiii be i5 when larger than thp -:angle of attack for CLm

b. Speed (angle of attack) at which abrupt uncontrollable pitching,
rolling or yawing occurs, i.e., loss of control about any axis
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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.

3.1.9.2.1 Minimum permissible speed (maximun pern.ibsible angle of attack)
based on other considerations. For some lifting re-entry configurations,
considerations other than maximum lift determine the minimum pernissi. !e
speed or maximum angle of attack in I g level flight or 1 g cos Zglide
flight (e.g., ability to perform altitude corrections, excessive sink rate
or steep glide angle, insufficient energy for a safe .inpowered approach,
ability to execute a go-around when powered, etc.). In such cases, an
arbitrary angle of attack limit, or similar minimum speed aria maximum load
factor limits, shall be established for the Permissible Flight Envelope.
Such limits are subject to the approval of the procuring activity. This
defined minimum permissible speed or maximum angle of attack shall be used
as Vs or Lmax in all applicable requirements.

3.1.10 Application of Levels. Levels of flying qualities as indicated in
1.5 are employed in this specification in realization of the possibility
that the vehicle may be required to operate under abnormal conditions. Such
abnormalities that may occur as a result of either flight outside the
Operational Flight Envelope, the failure of vehicle components, or both,
are permitted to comply with a degraded Level of flying qualities as specified
in 3.1.10.1 through 3.1.10.3.3.

3.1.10.1 Requirements for \'ehicle Normal States. The minimum iequir d flyi,'g
qualities for Vehicle Normal States (3.1.6.1) for both an operational and an
experimental vehicle are shown in table i.

TABLE I. Levels for Vehicle Normal States

Within the Operational Within the Service
Flight Envelopes Flight Envelopes

Level I Level 2

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 State per flight and the
effect of that Failure State on the flying qualities within the Operational
and Service Flight Envelopes. These determinations shall be based on MIL-STD-
756 except that: (a) all vehicle components and syst2mL are assumed to be
onprating for a period, per flight, eq al to the largest operational mission
time to be considered in designing the vehicic, and () each specific failure
is assumed to be present at whichever point in thp fl.;gbt envelope being
considered is most critical (in the flying qualitios sense). From these Failure
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State probabilities and effects, the contractor shall determine the overall
probability, 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 degraced to L.evel 3.
These probabilities shal 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 10-2 per flight
Fai lure

Level 3 after 10-4 per flight 10-2 per flight
Faihure

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 than the numbers specified in table II with
the following exceptions:

a. For an experimental vehicle it may be impractical or impossible
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 method might consider only a
very limited number of critical failures and their effects on
flying qualities and simultaneously reduce the probability of
encountering degraded Levels due to those limited critical
failures below the values in table II. Another alternate
method is to associate degraded Levels with critical failures
or total system failures, such as failure of the total SAS
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 failures as shown in table I, 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 Exceptions

3, 1.10. 3.1 Ground operat',on and Terminal Flight Phases. Some requirements
pertaining to vehicle takeoff, landing, taxiing, or vehicle air launch involve
operation outside the Operational, Service, and Permissible Flight Envelopes,

as at VS, operation on the ground, operation in the influence of an air
launch vehiLle flow fiela, etc. 'Wnen requirements are stated at conditions
such as these, the Levels 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 to return the vehicle
readily and safely to the Service Flight Envelope without exceptional pilot
skill or technique, regardless of component or 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 flightconditions in the Permissible Flight EnveloI - from which recovery to the

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

3.2 Longitudinal fl in__jTalities

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 consid3red satisfied
if the variation of elevator cockpit control force and elevator cockpit
control position with the primary flight variable (airspeed, dynamic pressure,
or angle of attack) are 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. i g cos (,) normal acce'.eration to the fli.ght path.

The requirements shall cover a range about trim of + 1F. percent of the flight
variable except where limited by the boundaries of the Service Flight Envelope.
When airspeed is the fliv"L vsriale, ±50 knots in equivalent or indicated
airspeed about trim, whichever is applicable, will be used in place of *15
percent of the flight variablL. Stable gradients mean increasing pull forces
and aft motions of the elevator control to maintain slower airspeeds, lower
dynamic pressure, or larger angle of attack and the opposite to maintain
faster airspeed, higher dynamic pressure, and smaller angles of 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
portion 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 petition
with speed, dynamic pressure, or angle. -f attack, whichever is applicable for
the particular Flight Phase, is gradual aad not objectionable 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 controllers, 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
5 pounds per 0.01M and 15 pounds, respectively.

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

In applying these requirements to a vehicle flying in unpowered transonic
glide flight, the vehicle shall be initially trimmed to glide at constant
indicated airspeed, 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 Flight
Phases which require prolonged transonic operation, or when the transonic
range covers a significant Mach number increment for Class 111(0) and Class
IV(O) vehicles. This relaxation may still apply to Level 1 for Class III
(E) and Class IV (E) even thaugh transonic operation is somewhat prolonged
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if justification is provided to and approval is obtained from the procuring
activity. In this case "prolonged transonic ope.r"ation", and "significant
Mach number iucrement" will be defined by the procuring activity.

3.2.1.1.2 Ele"ator control force variatLons during rakid speed or Mach
number chan es. When the vehicle is accelerated and decelerated rapidly
through the operational speed, dynamic ?ressure, or angle of attack range
and through the transonic speed or Mach nLunber range by the mcst critical
com.i,;natiou of changes in power, actuation of deceleration devices, during
-Lcef. gliding and climbing turns, puli.ups, and landing flares, the magnitude
an6 rate of the associated trim change shall not be so great as to cause
difficulty in maintaining the desired load factor by normal piloting technique.

3.2.1.1.3 Elevator zontrol 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 t):ansitions it is only required that tihe transition can

be performed smoothly and the rate and r.,agnitude of associated trim change
shall not be "so great as to cause difficulty in adequately controlling the
angle of attack transition. Push forces 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 frcm
trim at low angle of attack to high angle of attack. These forces shall
apply to both stick nd wheel controllers.

3.2...2 Phugoid stability. The long-period airsp3ed 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. They need not be met tran-
sonically in cases where 3.2.1.1.1 permits relaxation of the longitudinal
trim requirements with airspeed.

TABLE III. Phugoid Stability

Class III

and
Class IV

Level 1 , = .04

Level 2 
K 0

Level 3 7Z  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 changed by the use of the
elevator control only (throttle setting not changed by the crewl. For the
landing approach Flight Phase of the vehicle ;ith power, the flight path
angle versus true airspeed shall have a local slope at V0 min which is negative

r", or less positive then:
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a. Level 1 - 0.06 degrees/knot

b. Level 2 - 0.15 degrees/knot

c. Level 3 - 0.24 degrees/knot

The thrust setting shall be that required for normal approach glide at Vomin.
The slope of the flight-path angle versus airspeed curve at 5 knots slower
than , shall not be more than 0.05 degrees per knot more positive than
the slope a: Vomin' as illustrated by:

+ (V -in5) Vomn I

-YPA

REGION OF REGION OF

DIFFERENCE IN JOIENGTV
SLOPES NOT TO SLOPES SLOPES

EXCEED .05 DEG/KT

Fo. the landing approach Flight Phase of an tmpowered vehicle, the
flight-pac. angle versus indi..ated airspeed shall have a negative local slope
at all speds greater than the vehicle's operational touchdown speed (Vo min)
minus 5 knots.

3.2.2 Lonitudinal maneuvering characteristics.

3.2.2.1 Shrt-period response. The short-period response of angle of attack
which occurs at approximately constant velocity, and which may be produced by
abrupt control inputs, shall meet the requirements of 3.2.2.1.1 and 3.2.2.1,2.
These reqfirements apply with the cockpit control free and with it fixed,
for responses of any magnitude that might be experienced in service use. If
oscillations are nonlinear with amplitude, the requirements shall apply to
each cycle of the oscillation. In addition to meeting the numerical require-
ments of 3.2.2.1.1 and 3.2.2.1.2, the contractor shall ;how that Class III (0)
and IV (0) have acceptable response characteristics in atmospheric disturbances,
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Class III () and IV (E) vehicles can be designed for acceptable response
cha-acteristics with a lower rms level of atmospheric disturbances asi suggested in section 3.7 with the approval of the procuzing activity.

3.2.2.1.1 Shr-eriod frequency-and acceleratioi, sensitivity. The short-
i period undamped natural frequency, ed7,p , shall be within the limits shown
Sin figures 1 and 2. Lower limits on (n/o,) may be relaxed for Category C

IFlight Phases if adequate justification can be presented to, and approval
is obtained from, the procuring activiz:y. If suitable means of directly
controlling normal force are provided, the lower bounds on both c&sV and P/

during Category C Flight Phases may he relaxed. Sp

For unpowered landings of Class III vehicles, it must be established by
the contractor, to the satisfaction of the procuring activity, that the
minimum short-period undamped frequencies allowed by figure 2 at low n/11 '5
are adequate for performing acceptable landing flares and floats to tktchdown.
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, 91., shall
be within the limits of table IV,

TABLE IV. Short-Period Damping Ratio Limits

Categor C i Categories A & 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{O) 3 0.151, -- .15" -=

III(E) 1 0.35 1.30 0.18 2.00

4 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 lo, and approval is obtained from, the procuring

-ri.i Vity.
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3.2.2.1.3 Residual oscillations. With the flight control system gains
required to meet the handling qualities requirements of this specification,
any sustained residual oscillations due to limit cycie, structural resonance,
etc., shall not interfere with the pilot's ability to perform the tasks
required during the various Flight Phazes of the vehicle. Oscillations in
normal acceleration at the pilot's station greater than tO.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 required to maintain increases in
normal acceleration throughout the range of service load factors defined in
3.1.8.4. Increases in 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/I should be near the Level 1 upper
boundaries of table V. This may be necessary to avoid abrupt response,
sensitivity, or tendency toward pilot-induced oscillations. The term
gradient does not include :iat portion of the force versus 71 curve within
the preloaded breakout force or friction band.

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 zonstant
speed shall not be less than 5 pounds per in:h 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 uncontrollable 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

ILevel Maximum Gradient Minimum Gradient

• (Fs / n ) max' monsg rin' pounds/g

. 240/(7/x) The higher of 21/( nz-1)

56 and 3.
but not less than 6 * d3

360/(,/c ) The higher of 18/(n, -1)
2 and 3.0

not less than 85/(/ -1) 0

56.0 3.0
3 but not less than

________360/( n/) )

For n < 3, (P-5/n)max is 28.0 for Level 1 and 42.5 for Level 2.

Wheel Controllers

Level Maximum Gradi.ent Minimum Gradient

max' pounds/g min' pounds/g

S00/(/ie) The higher of 45/(, -1)
but not less than anLd 6.0
120/(f74 -1)

775/( /) The higher of 38/(n-1)
2 but not less than mjad 6.n o-

182/(77L -1)

240.0 6.0
3 but not less than

775/(7'/) )
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3.2.2.1.1 Transient cortrol forces The peak elevator-control forces
developt:- during abrupt maneuvers shall not be objectionably light, and the
buildup (f cmtroi force during the maneuver entry shall lead the buildup of
normal a co.eration. Specifically, the following requirement shall be met
when "te elevator control is pumped sirusoidally. For all input frequencies,
the ratic of O! peak force amplitude to the peak normal load factor amplitude

at th2 c. ., measure, from the steady oscillation, shall be greater than:

Center-Stick Controllers 3.0 pounds per g

Wheel Co ,llers 6.0 pounds per g

3.2.3 Longitudinal control.

3.2.5.1 Longitudinal control in unaccelerated flight. In all unaccelerated
flight within the Service Flight Envelope, the attainment of all speeds shall
not be limited by t'e effectiveness of the longitudinal control or controls.

3.2.3.2 Longtudinal control in maneuvering flight. Within the Operational
Flight Envelope it shall be possible to develop, by use of elevator control
al.,.e, the maximum and minimum operational l=id factors. These requirements
shall apply for Level I and Level 2. For Levwl 3 some relaxation will be
allowed. Requirements 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 thkottle 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 unpowered vehicle, the maneuvering
capability is required in 1 g cos(i)glide light.

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.
Satisfactery takeoffs shall not be dependent upon use of the cockpit trimmer
control during takeoff or on complicated ccntrol manipulation by the pilot.
For nose wheel vehicles it shall be possible to obtain, at 0.9 V . , the pitch
attitude which will result in takeoff at V min. These requirements shall be
met on hard surface runways.

3.2.3.3.1 Longitudinal control during air launch. The speed and altitude
conditions for air launch shall be established by the contractor with the
approval of the ;rocuring activity. During air latmch, 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 arid shall be sufficient to prevent contact with the carrier
aircraft by a safe margin. Elevator control shall be adequate to preclude
severe and unacceptable dynamic oscillations or oveerotation to extreme
nose-up or nose-down atti- udc:;. Subsequent to launch, with the vehicle
trimmed for launch, loi ,:..dinal- control shall bc sufficient to obtain
required normal accel-rhons for satisfactory separation and to limit launch
transient normal acce;:%rations to satisfactory levels.
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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 I'V - 30 pounds pull to 10 pounds push

Class III - 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 to stop. The term takeoff includes the
ground run, rotation and lift-off, the ensuing acceleration to V (TO), and

maxtransient caused by assist zessation. Takeoff power shall be maintained until
V (TO) is reached, with the landing gear and high-lift devices retracted in
tle normal manner at speeds from V (TO) to V (TO).

0jninma

3.2.34 Longitudinal control in landing. For powereu landings, the elevator
control shall be sufficiently effeZtivern the landing Flight Phase in close
proximity to the ground that:

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

b. the lower of V s(L) or the guaranteed landing speed can be obtained.

For unpowered landings, the vehicle speed and elevator control effeutiveness
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 a, all
equilibritu glide speeds down to minimum touchdown speed as defined in 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 Flight Phase, at the required approach 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 meet the requirements of 3.2.3.4 ard 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 - 3S pounds

Class I - 5G pounds
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When flaps, landing gvar, spoilers, ov other lift 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 uf two :,r more devices, shall not exceed the following limits:

Class 1 - 5 pounds push or pull

Class (II - 10 pounds push or pull

3.2.3.4.2 Power-off and unpowered longitudinal control 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 f!oac initiated below 50 feet with a sink rate not exceeding
q feet per second. The float will be considered completed as touchdown when
any part of the landing gear contacts the surface. The flare altitude versus
flare time shall be within the boundaries of figure 3. These requirements are
for Class IV(E) and Il1(E) vehicles. For Class 111(0) and IV(O) vehicles, the
requirements will be established by the procuring activity 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 is 30

Level 2 10 30

Level 3 S 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 rz-
quirements of 3.2.3.4 for unpowered landings.
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Figure 3 FLARE ALTITUDE AND FLARE TIME FOR UNPOWERED LANDINGS
(CLASSES 1IH (E) AND IV (E))

3.2.3.4.3 Elevator lift and longitudinal control in landing. Any adverse
effects of elevator lift with pitch.attitode changes must be sufficrciy small
so that they do not interfere significantly %ith the pilot's ability to make
altitude and fight-path corrections during the approach, flare, anJ landing
of powered and unpowered lifting re-entry vehicles.

3.2 .3.5 Longitudinal control forces in dives - Service H!ight Envelope.
With P, nowered vahicle trimmed for level flight, and an unpowered vehicle
triromed for glide flight within the Service Flight Envelope, the elJovator
control forces in dives to all attainable speeds within the Service Flight
Envelope shall not exceed 50 pounds push or 10 pounds pull for vehicles with
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center-stick controllers, nor 75 pounds push or IS pounds pull for vehicles
with wheel controllers. In similar dives, but with trim optional 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 vehiclos with
center-stick controllers, and 20 pounds push or pull for vehicles with wheel
controllers. The forces required for recovery from these 6ves shall be in
accordance with the gradients specified in 3.2.2.2.1, although speed may
vary during the pullout.

3.2.3.6 Longitudinal control forces in dives - Permissible Fliht
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-'Dl 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 used to assist in recovery if no unusual pilot technique
is required.

3.2.3.7 Longitudinal control in sideslips. With the vehicle trimmod with
zero sideslip 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 iS pounds pull to 10 pounds push

If SO pounds of pedal force result in a sideslip angle that exceeds lateral-
directional sideslip requirements specified elsewhere, the same elevator-
control forces shall apply at the maximum allowable 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 direction of the force change be similar for right and left side-
slips. These requirements define Levels 1 and 2. For Level 3, there
should hb no uncontrollable pitchi.r~g motions associated with the sideslips.

3.3 Lateral-directional flying qualities.

3.3.1 Lateral-directional mode characteristics.
3.3.1.1 Lateral-directional oscillatioiis (Dutch roll). The frequency, c),

and damping ratio, , of the lateral-directional oscillations following a
rudder distur'ance input, shall exceed the minimum requirements in table VII.
The requirements shall be met with cockpit controls fixed and with them free,in oscillations 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 os, IIIat icis may be tolerated
only if the amplitude is sufficiently small that the atotions are not objection-
able and do not impair mission perfcrmance.

TAB LI; VI I . Mililmum I)utci Roll I req 'en )cyn ,Ird I Iplag

Level Flight Phase Class M, III Z*M ,N I lln, )0

Category ,ad/st- " ad/sec

A & C Ill 0.08 s.5

A & C IV 0.08 0.15 1.01

B Both 0.08 0.15 C4*

2 All Both 002 0.05 .4

3 All Both 0.02 -- 0.4**

The governing damping requirement is that yielding the larger
value of d"

** Class Ill vehicles may be excepted from the winimum a) require-
ments, subject to approval by the procuring activity, if the re-
quirements of 3.3.2 through !.3.2.4.1, 3.3.5 and 3.3.9.4 are
met.

hen W 101,81d is greater than 20 (rad/sec) 2, the
minimum ; 60nd shall be increased above the K(W.a, minimums
listed above by:

Level. 1 - 6- .0 14 (W ' I/61d -20)
Level 2 - .009 &)2 161,1d -20)
Level 3 - 0= oos(&d I/l/ 2o
with 4rd in rad/sec.

3.3.1.1.1 Directional control margin. When automatic stabilization devices
are used to overcome an operiodic instability of the basic vehicle both the
magnitude of the instability and the rudder control power shall be such that
sufficient control ,noment can be commanded by the pilot in the critical direc-
tion through the use of the cockpit controls. Rudder control shall be s~ffi-

J1 ? 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 ode shall be stable and the time constant Z".
shall be no greater than the appropriate values in table VIII.
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'ABLE VIII. Maximum Roll Mode Time Constant

Class Flight Phase Level I Level 2 T Level 3

Category

11-0 All 1.4 see 3.0 sec 10 sec

A & C 1.0 scC 1.4 sec 10 sec

IV-O B 1.4 sec 3.0 sec 10 sec

III-E 
-

IV-E All 2.0 sec 5.0 sec 00

3.3,1.3 SDiral 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 contrpls free.

*TABLE IX. Spiral Stability - Minimum Time to Double Amplitude

Class Flight Phase I Level 1 Level 2 Level 31

__ _Category

I~M-0 &

All 20 sec 12 see 4 sec

& AMl 12 sec 8 sec 4 sec
IV- E j _ _ _

3.3.1.4 Coupled Toll-spiral oscillation. A coupled roll-spiral mode will not
be permitted.
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3.3.2 Laterpj-directional dynamic response characteristics. Lateral-direc-
tional dyn;c response characteristics are stated in terms of response to
atmospheric disturbances and in terms of allowable roll rate and bank angle
oscillatio~s, sideslip excursions, aileron stick or wheel forces, and rudder
pedal forces that occur during specified rolling and turning maneuvers. The
renuirements 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
roll performance requirements of 3.3.4 and 3.3.4.1.

3.3,2.1 Lateral-directional response to atmospheric disturbances.
Although no numerical requirements are specified, the combined effects of

On rj z 4-(-pls), 10131d , gust sensitivity, and f light- control -system
non~ineari ties shiall be such that the vehicle will have acceptable response
and controllability characteristics in atmospheric disturbances. In partic-
ular, the roll acceleration, rate and displacement responses to side gusts
shall be investigated for the vehicle during glide, landing approach, flare
and the float prior to touchdown at all an',les of attack within the Opera-
tional and Service Flight Envelopes. The proruring activity shall specify
the different types and magnitudes if atmosp-heric disturbances under which
the operational and experimental vehicles shall have acceptable response and
controllability characteristics.

3.3.2.2 Roll rate oscillations. Following a rudder-pedals-free step aileron
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

k & C 60

B 25

2 A&C 25

B 0

For all ILevels, the change in bank angle shall alwAys be in the direction of
t the :ileron control command. The aileron command .:hall be held fixed until

the bank angle has changed at !east 90 degrees.
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3.3.2.2.1 Additional roll rate requirements for small inputs, The value of
the parameter _P 1-_101 following a rudder-pedals-free step aileron con-
trol command, shall be within the limits shown in figure 4.

1.2 ------ r- - -- - - - - - - - - - - -,-- - - - - -r- - -

0.8 ------- r------ r--------------LEVEL 2--J---'--- r----

CATEGORY A & C
0.11------- ------ ----- ----- LVL2---------------- EE

00 -80 -160 -2 40 -320 -40

S(DEG) WHEN p LEADS/3 BY 415 TO 225 DEG

-180 -260 -3410 -60 _M4 -220

,,(DEG) WHEN p LEADS13 BY 22B THROUGH 360 TO 115 VEG

FIGURE 4 ROLL RATE OSCILLATION LIMITATIONS

3.3.2.3 Bank angle oscillations. The value of the parameter 0 0O0104V
following a rudder-pedals-free impulse aileron control comniand 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 control system.
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1AL11 I

0.8 -- - -- --- -J - - - - -I - - -r- - - - - -
~LEVEL 2 LEVEL

II FLGH MA

---- -- -- - -- -

0 -80 -160 -240 -320 -40

________?IF~(DEG) WHEN p LEADS 13 BY 45 TO 225 DEG

-180- -260 -340 -60 - -140 -220

6,g(DEG) WHEN P LEADS/3 BY 225 THROUGH 360 TO 45 DEG

FIGURE 5 BANK ANGLE OSCILLATION LIMITATIONS

3.3.2.4 Sideslip excursions. TIhe amount of sideslip following a rudder-pedals-
free step a, leron control command shall be less t1-an the values specified here-
in, The aileron command shall be held fixed until the bank angle has changed
at least 90 degrees.

Adverse S.deslip Proverse Sideslip
(Right roll comn- (Right roll comn-

F~light Phlase mand cause:; mand causcs left
Level Category right side:4ip) Sideslip)

1C 6k degre-, 2' t degrees

A & B 10'~ degrees 3 t degrees

2 All 1LS. 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.

3.3.2.4.1 Additional sideslip requirements for small inputs. The amount of
sideslip following a ruidder-pedals-free step aileron control command shall be
within the limit~s shown en figure 6 for L~evels 1 and 2. This requirement
shall apply for step aileron control commands uip to the mnagnitude which causcs
a 60-degree bank angle change wi.thin one period of t-he Dutch roll oscillation
or 2 seconds, whichever is longer.
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FIGURE 6 SIDESLIP EXCURSION LIMITATIONS

3.3.2.5 Control of sidesliv in roi15. 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 sideslif with
a rudder pedal force not greater than SC pounds for Class IV vehicles in Flight
Phase Category C, Level 1 and 100 pounds for all other combinations of Class,
Flight Phase Category, and Level.

3.3.2.6 Turn coordination. It shall be possible to maintain stead), coord'nated
turns in either direction, using 60 degrees of bank for Class III vehicles, with
a rudder pedal force not exceeding 40 pounds and aileron stick force not ex-
ceeding 5 pounds or an aileron wheel force not exceeding 10 pounds. These re.-
quirements constitute Levels 1 and 2 with the vehicle trimmed for wings-level
straight flight.
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3.3.3 Pilot-Induced oscillations. There shall be no tendency for sustained

or uncontrollable lateral-directional oscillations resulting from efforts of
the pilot to ccitrol the vehicle.

...4 Roll control effectiveness. Roll control effectiveness is specified
in table X in terms of bank angle change in a given time, t . Ai'ern 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 111-0 and Class IV-O vehicles for
Flight Phase Category C, Level 1. Otherwise, rudder pedals may be used to
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 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

Flight

Phase
Class Category Level 1 Level 2 Level 3

111-0 C = 450 in 3.2 sec =t = 450 in 4.1 sec Or = 450 in 5.4 sec
aridIII-E A & B 10 = 30 in 2.0 sec 0 = 300 in 3.0 sec (0 = 300 in 4.0 sec

IV-O C = 45' in 1.2 sec t = 450 in 1.6 sec Ot = 450 in 2.6 sec
and
IV-E A & B = 450 in 1.2 sec = 45 in 1.6 sec Ot = 450 in 2.1 sec

3.3.4.1 Roll response to aileron control 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 I, 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 a roll response to aileron force not greater than 25 degrees in I
second per pound for Level 1. In case of conflict between the requirements
of 3.3.4.1 and 3.3.4.2, the requiremep 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-directional oscillations resulting from efforts of
the piiot to cc.ttrol the vehicle.

7. ..4 Roll control effectiveness. Roll control effectiveness is specified
in table X in terms of bank angle change in a given time, Qt Ai.'er-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 111-0 arid Class IV-O vehicles for
Flight Phase Category C, Level 1. Otherwise, rudder pedals may be used to
reduce sideslip that retards roll -ate (not to produce sideslip that aug-
ments roll rate) if rudder ped.il 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 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

Flight

Phase
Class Category Level 1 Level 2 Level 3

111-0 C 450 in 3.2 sec 0 t =450 in 4.1 sec 4- 450 in 5.4 sec
anid
111-E A i B . = 300 in 2.0 sec 4k = 300 in 3.0 sec . = 300 in 4.0 sec

'V-O C = 450 in 1.2 sec = 450 in 1.6 sec 't = 450 in 2.6 sec
and
IV-E A & B 450 in 1.2 sec 0,= 450 in 1.6 sec = 450 in 2, 1 sec

3.3.4.1 Roll response to aileron control 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
I 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 a roll response to aileron force not greater than 25 degrees in I
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.i 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. 'Re 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.

3.3.4.3 Linearity 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 aileron 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
(lb) (lb)

II!-0 A & B 25 s0

C 25 25

IV-0 A & B 20 40

C 20 20

III-0 A 4 B 30 60

2 C 30 30

IV-O A & B 30 60

C 20 20

3 111-0 & All 35 70
! IV-O

All III:E & All 31 70

I V-E j______ __________

3.3.4.4 Wheel control throw. For vehicles with wheel controllers, the wheel
throw necessary to meet the roll control effectiveness requirements specified
in 3.3.4 shall 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 I and 2, it shall be possible
to raise a wing by us o the rudder pedal alone, with right rudder pedal force
required for right rolls and left rudder pedal force required for left rolls.
For Level 1, with the aileron control free, it shall be possible to producc a
roll rate of 3 degrees per sacond with an incremental rudder pedal force of
50 pounds or less. The specified roll rate shall be attainable from coordinated
turns at up to 130 degrees bank angle with the vehicle trimmed for wings-level,
zero-yaw-rate flight. For Levels I and 2, effective dihedral shall not be so
great that use ,f rudder pedals 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 sidoslip. 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 unduly 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 initiallytrimmed directionally with symmetric power, the trim change with speed shallbe 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 pounds for Levels I and 2,
and 180 pounds for Level 3, without retrimming.

3.3.5.1.1 Directional control with asymmetric loading. With the vehicle
initially trimmed directionally in the asymmetric loading conditions specified
in the contract at any speed in the Operational Flight Envelope, it shall be
possible to maintain a wings-level straight flight path throughout the Opera-
tional Flight Envelope 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 fo: Levels 1 and 2 or 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. Full rudder pedal deflection, or
b. 250 pounds of rudder pedal force, or
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c. maximum aileron control or surface deflection, or
d. a maximum sideslip angle to be specified by the procuring activity forthe operational and the experimental veh!cles for the various Flight

Phase Categories.

3.3.6.1 Yawing moments in steady sideslips. For the sideslips specifieA in
3.3.6, right rudder pedal deflection and force shall produce left sideslips,
and left rudder pedal deflection and force shall produce right sideslips. The
variation of sideslip angle with rudder pedal deflection and force shail be
essentially linear for sideslip angles between - 5 degrees and -5 degrees for
Levels I 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 si~eslip and rudder pedal force and sideslip shall apply
between + 10 degrees and -10 degrees for the operational vehicle and between
+ 5 degrees and -S degrees for the experimental vehicle. Although the gradient
of sideslip angle versus pedal deflection and sideslip angle versus iudder 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 L.evel 3,
when the gradient must always be greater than zero. The term gradient does
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 de br.ction 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 essntially 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 Zhan 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.

3.3.6.3.2 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 available to the pilot and no more than 7.5 pounds oz aileron-stick
force or 1S 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 7S percent and 10 pounds of
aileron-stick force or 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 aileron-stick force or 40 pounds of aileron-
wheel force are required for sideslip angles which might be experienced in
service employment.

42



3.3.7 Lateral-directional control in crosswinds. 't shall be possible to
take off 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 forces shall not exceed 100 pounds for Level 1 nor 180 pounds for Levels
2 and I 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 VehAcle

I & 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 crosswi.nd 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 or 50 percent of control power available to the pilot. For
Level 2 the corresponding limits are 10 pounds or 75 percent. The aileron con-U trol force shall not exceed 20 pounds for Level 3. For Levels 1 and 2, the
experimental vehicle shall develop at least 5 degrees of sideslip or the side-
slip specified in 3.3.6, whichever is less, with rudder pedal 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 run and landing rollout in crosswinds. Rudder and aileron
control, in conjunction with other normal means of control, shall be adequate
to maintaia a straight path on the ground or other landing surface in calm air
and in crosswinds up to the values specified in table XlI. 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 all operational vehicles, and on snow-packed and icy run-
ways for operational vehiclcs intended to operate under such conditions. If
compliance is not demonstrated under these adverse runway conditions, direc-

tional control shall be maintained by use of aerodynamic controls alone at all
airspeeds above 50 knots for Class IV-O and above 30 knots for Class 111-0.
For very 5lippery runways, the requirements need not apply for crosswind
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components at which the force tending to blow the operational vehicle off the
runway exceeds the opposing tire-runway frictional force with the tires
supporting all of the vehicle's weight.

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

3.3.8 LaLral-directional control in dives. Rudder and aileron control power
shall be adequate t m.aintain wings level and sideslip zero, without retrimming,
throughout the div and ",'llouts 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 cxceed 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 powered or driven by the failed prop 1.sive system should also be ccn-
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 oft 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
(based on the shortest runway from which the vehicle is designed to operate)
to the maximum takeoff speed, with takeoff thrust rjaintained on the operative
engine(s), using only elevator, aileron, and rudder controls. 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 loss of thrust from the most critical factor at
speeds from V . (TO) to V (TO), and thereafter to maintain straight flight
throughout thelclimbout. mnte rudder pedal force riquired 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 ith 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 inoperative
engine.
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.3,9.3 Transient effect.. The vehicle motions following sudden asymmetric
loss of thrUst shal! be such that dangerous conditions can be avoided by pilot
corrective action. A realistic time delay (3.4.9) of at least 1 second sIailbe cons.... . .

S3.3.9.4 Asypnietric thrust - rudder pedals free. T'he static directional stab-

iliy shall be such that at all speeds above 1.41 .,with asymmetric loss of
thrust from the most critical fctor h1e the oter engine(s) devclop normal
rated thrust, tile 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
. and 2 and shall not exceed the Level 3 limits for Level 3.

3.3.9.5 Two engies inoperative. With any engine ino'erative, it shall be
possible upon failure or the inability to get an air ;-art of the most critical

remaining engine to stop the transient motion. Furthermore, it shall be
possible to maintain straight flight from the one-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 Vomin. (CL) following sudden simultaneous failure of the two critical
failing engines.

3.4 Miscellaneous flying qualities.

3.4.1 Approach to dangerous flight conditions. Dangerous conditions may
exist where the vehicle should not be flown. 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-
abi!ity 'required as determined by the vehicle mission. Devices may je 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 unambiguous. 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 vehicle vibration (which indicates no need for pilot action). If
a warning or indication device is required, functional failure of the evice
shall be indicated to the pilot.

3.4.1.2 Prevention. As a minimum, dangerous-condition-prevention 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 3.4.2 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 condition. When the maximum angle of attack and
minimum. 3peed -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 conditions. 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 nOmax.
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 rafiges
specified in 3.4.2.2.1 and 3.4.2.2.2 but not within the Operational Flight
Envolope. The increase in buffet intensity with further increase in angle of
attack shall be sufficiently marked to be notee 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 VS 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 stall. How-
ever, in lieu of stall warning a limiting angle of attack or some 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 lieu of stall warn-
ing, will be established with the approval of .he procuring activity.

3.4.2.2.1 Warning speed for stalls at 1 g cos 2r normal to the flight path.
Warning onset for powered or unpowered vehicles for stalls at 1 g cos 7 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

A & B Higher of 1.05 VS  Higher of 1.15 VS
cr v S + 5 knots or VS + 1S knots

3.4.2.2.2 Warning range for accelerated stalls. Onset of stall warning shall
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 Stall

Flight Phase Warning Angle Warning Angle

of Attack of itttack

C M~ 0.82(a~~~ 0. 90 (,Zs a)

A & B X, . 75 +z - z*) Co).0( W

where x is the stall angle of attack and z,, is the angle of attack for zero
lift o may be estimated from wind-tunnel tests or flight tests).

3.4.2.3 Stall characteristics. In the unaccelerated stalls of 3.4.2.1, the
vehicle shall not exhibit uncontrollable rolling, yawing, or downward pitch-
ing at the stall in excess of 20 degrees for Class III, or 30 degrees for Class
IV vehicles. It is desired that no pitch-up tendencies occur 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 stop the pitch-up

provptly and reduce the angle of attack, and
c. At no point during the stall, stall approach, or recovery does any

portion of the vehicle exceed structural limit loads.

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
complete stall by moderate use of the controls at the onset of the stall warn-
ing. It shall be possiLle to recover from a complete stall by use of the
elevator, aileron, and rudder controls with reasonable forces, and to regain
level flight 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 VS and with a speed reduction
rate of at least 4.0 knots per second, elevator control 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 VS, but these engines may be throttled back
during recovery.
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3.4." Spin recovery. If spin demonstration is required by MIL-S-25015 or
MIL-D-8708 (with any modifications to make them applicable to lifring re-entry
vehicles), consistent prompt recover'ies 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 foroes shall not exceed 2S0 pounds rudder, 75 pounds elevator,
or 35 pounds aileron.

3.4.4 Roll-pitch-yaw coupling. For Class III and Class IV vehicles in rudder-
pedal free, elevator-control-fixed, maximum-performance rolls through 90 de-
grees, entered from 3traight flight or gliding flight, or from turns, gliding
turns, pushovers, or pullups ranging from 0 g to 0.8 Y , the resulting yaw-
ing or pitching motion and sideslip or ngle-.of-attack changes shall neither
exceed structural limits nor cause other dangerous 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 aileron force and displacement sen-
sitivities and breakout forces shall be compatible so that intentional inputs
to one control 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 to produce such forces in combination.
The following control force levels are considered to be limiting values co.-
patible with the pilot's capability to apply simultaneous 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 Levols 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 'Effects of special-equipment. Operation of movable parts su.h as cr.rgo
doors, refueling devices, rescue equipment, or delivery or pickup of carg'
shall not cause buffet, trim changes, or other characteristics which impair the
tactical effectiveness of the vehicle under any pertinent flight condition.
These r.1quirements 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 pilot corrective action. A realistic time delay between
the failure and initiation of pilot corrective action shall be incorporated
when determining compliance. This time delay should include an interval be-

4tween the occurrence of the failure and the occurrence 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 diagnose the situation an.
initiate corrective action.

3.4o10 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 iaications 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 sjrface interconnects), stability augmentation system,
and all mechanisms and devices that they operate. The requirements of this
section are concerned with those aspects of the primary flight control system
which are directly related to 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.S.2.4. Meeting these separate requirements,
bowever, will not necessarily ensure that the o'erall 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 normal
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 friction, preload, etc., shall be within the limits of table
XIII. The values in table XIH 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 control which does not move the control
surface in flight, shall not result in objectionalble flight characteristics,
particularly for small-amplitude control inputs.
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TABLE XIII. Allowable Breakout Forces, Pounds

Class TV Class III

..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 4

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 opeiational maneuvers required of it shall not be limited in the atmospheric
disturbances specified in 3.7 by control surface deflection rates. For powered
or boosted controls, the effect of engine .peed and the duty cycle of both
primary and secondsry controls together with the pilot control techniques shall
be included when establishing compliance with this requirement.

3.5.2.4 Adjustable controls. When a cockpit control is adjustable for pilot
physical dimensions or comfort, the control forces defined in 6.2 refer to
the mean adjustment. 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 ii.puts by more than the an ,les shown
in table XIV, for frequencies equal to or less than the frequencies shown in
table XIV.

TABLE XIV. Allowable Control Surface Lags

Allowable Lag - Deg. Control Upper Frequency

Level Category C Category A & B rad/sec

Flight Phase Fligit Phase
. .Elevator W"Sp

1&2 30 45

Rudder " orA3 60 -1 F, r / ,

Aileron (whichever is
larger) .

The lags referred to are the phase angles obtained from steady-state frequency
responses, for reasonably large-amplitude force inputs. The lags for very
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 control 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 cockpit-control force for any frequency or force amplitude. This
requirement applics to the elevator, aileron, and rudder controls. In flight,
the cckpit-control deflection shall no. !ag the cockpit control force by more
than the angles listed in 3.5.3, for froqv:encies equal to or less than those

Flisted in 3.5.3, for reasonably large force inputs. rhe 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 VS, 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 augmentation
devices inoperative are dangerous or intolerable, special provisions shall be
incorporated to preclude a critical single failure. Failure-induced transient
motions and trim charges resulting either immediately after failure or upon
subsequent transfer to alternate control modes shall be small and gradual
enough that dangerous flying qualities nevei result.

3.5.5.1 Failure transients. With controls free, the vehicle motions due to
[i 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. I g normal or lateral acceleration at the
(after failure) pilot's statior and ±1 degree per second in roll

Level 2 ±0.5 g at the pilot's station,
(after failure) t5 degrees per second r, Ll, and the lesser of

±5 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 chanpes due to failures. The change in control forces required
to maintain attitude and sideslip for the failures described in 3.5.S shall
not exceed the following limits for at least S seconds following the failure:

Elevator -------- 20 pourds

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 primaxy 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 the Operational *0.1 g normal ur lateral acceleration
Flight Envelope at the pilot's station and *I degree

per second roll

Within the Service *0.5 g at the pilot's station, ±5
Flight Envelope degrees per second roll, and the lesser

of ±5 degrees sideslip or the
structural limit

These requirements apply only for Vehiclo- Normal States.

3.5.6.2 Trim changer. The change in control forces required to maintain atti-
tude and sideslip for the situations described in 3.5.6 shall not exceed the
following limits for at least 5 seconds following the transfer:
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Elevator 20 pounds

Aileron 10 pounds

Rudder 50 pounds

These requirements apply only for Vehicle Normal States.

3.6 Characteristics of secondary control systems.

3.6.1 Trim stem. In straight flight, throughout the Operational Flight
Envelope tile trimming devices shall nt 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 elevator, 5 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 is perm.sible to meec .he Level 2 and Level 3 requirements
by providing the pilot with alternate trim mechanisms or override capability.
Additioral requirements oil trim rate and authority are contained in MIL-F-9490
and MIL-F-18372.

3.6.1.1 Trim for asymmetric thrust. For all multi-engine vehicles, it shall
be possible to trim the elevator, rudder, and aileron control forces to zero
in straight flight with up to two engines inoperative following asyrnetric 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 tile speed obtainable with normal rated thrust
on the f :tioning engine(s). Systems completely dependent on the failed
engines ,hall also be considered failed.

3.6.1.2 Rate of trim operation. Trim devices shall operate rapidly enough 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 difficulties under any conditions. Specifically, it shall
be possible to trim the elevator control forces to less than ±10 pounds for
center-stick vehicles and ±20 pounds for wheel-controlled vehicles through-
out: (a) moderate dives, unpowered or powered glides, angle-of-attack transi-
tions, and other maneuvers that may be required in normal service operation,
and (b) level-flight accelerations at maximum thrust from 250 knots or VR/C,
whichever is less to Vmax 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 possible

position of the trimming device.

3.6.1.4 Trim system irreversibility. All trimming devices shall maintain a
given setting indefinitely, unless change, by the pilot, by a special automatic
interconnect such as to the landing flaps, or by th2 operation of an augmenta-

F 53



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 controls, in combination with the other longitu-
dinal controls, 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 approach, rn 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 -t least doubling the drag cf the vehicle during
an equilibrium glide at a speed Zo: 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 devices (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 control devices are contained in 3.6.3.1, 3.6.4, and 3.6.5 and in
MIL-.F-9490 and MIL-P-18372.

3.6.3.1 Pitch trim changes. The pitch trim changes caused by operation of
secondary control devices shall not be so large that a peak elevator control
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 determination 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 shall not exceed the stated value for a time
interval of at least 5 seconds following the completion of the pilot 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 noinmal 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 Jevices. Operation of any auxiliary device in-
tended solely for dive recovery shall always produce a positive incTement of
normal acceleration, but the total normal load factor shall never exceed 0.8
,, controls free.
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3.6.5 Direct normal-force control. Use of devices for direct normal-force
control shall not produce objectionable changes in attitude for any amount of
control up to the maximum available. This requirement shall be met for Levels
l 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 asjess:

a. The effect of turbulence on the flying qualities of the vehicle

b. The ability of a pilot to re.over from the effects of discrete gusts

3.7.2 Turbulence models. Where feasible, Lhe von Karman form shall be
used for the continuous 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 general,
both the continuous random model and the disc.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 and 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). The von Karman form of

the spectra for the turbulence velocities is:

-2 2Lu

(,)
Ir, 1 (I91V)

k~(2) = Isr -

3.7.2.2 Continuous random mode] (Dryden form). The Dryden form of 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. Non-Gaussian models
may be especially advisable for vehicles with large roll acceleration due to
sideslip. The turbulence model in such cases will be selented 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-velocity components. The discrete gust has the "I - cosine"
shape:

trr o

= 0

r e¢
FT/SEC

0 L1
0 d, DISTANCE, X- FT
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Several vales of dm 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 V. shall
then be chosen from figure 7. The parameters L and cy to be used with figure 7
are the Dryden scales and intensities from 3.7.3 or 3.7.4 for the velocity
component under consideration.

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

22
64 -

5w (von Karman form)
(4, - V , =

Z 2

L Lu (Dryden form)

The root-mean-square intensity 6 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 Karmnan scales). The scales for clear air
turbulence using the von Karman form are:

S.Above h = 2500 feet: L. = Lt = 1., = 2500 feet

Below h = 2500 feet: L .= h feet

La = LV,= 184 hI / 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: La = Ltr= L4r= 1750 feet

Below h = 1750 feet: Lar = h feet

La = Lz = 145 h feet

--
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3.7.4 Scales and intensities (thunderstorm turbulence). The root-mean-squareintensities OU and o .l are all equal to 21 feet per second for thunder-

storm turbulence. The scales for thunderstorm turbulence are defined in3.7.4.1 and 3.7.4.2. These values are to be used when evaluating the airplane's

controllability in severe turbulcene, but need not be considered for altitudes

above 40,000 feet.

Thunderstorm turbulence is not a consideration for Class IrI (E) and
IV (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, = Lt,.= l.ar= 2500 feet.

3.7.4.2 Thunderstorr turbulence (Dryden scales). The scales for thunderstorm
turbulence using the Dryden form are L, = LV = Lae.= 1750 feet.

3.7.5 Application of the turbulence models in analysis. The gust velocities
shall be applied to the vehicle equations of motion through the aerodynamic
terms only, and the direct effect of the gust on the aerodynamic sensors shalt
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 continuous non-Gaussian model depends on the
range ot frequencies of concern in the analyses of the airframe. When structural
modes are significant, the exact distribution of the gust velocities over the
airframe should be considered. For this purpose, it is acceptable to consider
14 and tg as being one-dimensianal functions only of z , but 0- sha'I be
considered two-dimensional, a function of both z, and q , for tAe evaluation of
aerodynamic forces and moments. When structural modes are not significant,
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 ta ,z , and tu defined at the vehicle center of
gravity. The angular velocitief due to the turbulence are equivalent in effect
to the vehicle angular velocities. These angular velocities are defined
(precisely at very low frequencies only) as follows:

L 5
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((n)

, (CO where b = wing span

The tui bu len,. v .ocities e , v , ,IrZq , ,y4 qi , and r are then applied to
th airplaue equations of m6tion through the aerodynamic terms. For
lonpitudinal anal)ses U. &/j and q. gusts should be employed. For lateral-
dir.cti)nal 2inalyses v-, , and should be used. The gust velocities
zomponents , , , ana &., shal 1 be considered mutually independent and

is correlated with v' .' The rolling velocity gust 70, is statistically inde-
pgndent of all the other gust components. 9

After consultation with the contractor, the procuring activil.y may
require that a non-Gaussian gust model be u.eJ for 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 sinplified gust
representation, such as the effects of gusts on only o and/,? , will be accepted
when Justification can be supplied by the contractor to the procuring activity
that such simplifization adequately accounts for the important gust effects on
the vehicle flying qualities.

4. QUALITY ASSURANCE

4.1 Copliance demonstration. Quality 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
extent to which compliance will be determined by flight test will be a 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 ,lui Ing glide and gliding turns. When
speed is to be held constapt, 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 frowm one eouivalent speed to
another at 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. ini ordler to restrict tile number of design and test condition;s, repre-
sentative flight condiL!jvis, configurations, external store 1_ompkleinnts, loadings,
etc., shall be deterined for detailed investigaLion. The selected design
Points must be SUffiLIC-ent to al low accurate ext rapolati on to the Other Luindit ions
at which thle requirements apply. r'he requi ired fai lUle aralys is shall be thorough
except when alt ernate and siipliified methvd:, of iccounting for failures or fai lure
analysis are accepted and a- ' roved by the procuring activi ty'. An additional
exception is approvxed Special Failure S3tates 7. 1.6.2.1;

4.2 Vehicle states.

41.2.1 Weight-, and moments of inertia. Selected desig.,i points should include
conditio"ns of heaviest we!ight and greatest moment of bier ti a. ?"lleaviest weight"
and "greatest. moment of inerti a" me,"n thle he;nviest anid greatest consistent

wth 3. 1. 2 and 3. 1. 3. When a critical center-)f- giypotoniidnfe,
the vehicle weight and associated moments of i :eri shall correspond to the
most adveise service loading in which that cri tical :,.,ier-of-gravitv 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 withi 3.1.2. When
a critical weight or moment of inertia is identified, the center-of-gravity
position shall correspond to the most adverse service loading in which the
critical weight or moment of inertia is obtained.

4.2.3 Thrust settings. When the vehi c is powered, thrust settings fur
selected design conditions shall be established by agreement between thle
procuring activity and the contractor. Simiarly. nominal settings of drag
devices shalli be established for unpowered vehicles.

4.3 Designi and test conditions.

4.3.1 Altitudes. F~or thle terminal Flight Phases of the veh! cle t..itn anl onboard
propulsion system for sustained flight, it will normally suifficte to examine
selected Vehicle States at only one altitude below lO,O06 feet (lot% altitude).
For nontermnal Flight Phases of thle vehicle with ani onboard propulsion systcem
for sustained flight, it will normally suffice to examine the selected VehicbeC
States at one altitude below 10,000 feet or at thc lowest operational altitude
(low altitude), the maximum operationalI altitude(, rhnnax), and cone intermediate
altitude. When the maximum operational altitude is ;&ove -10,O000 feet or when
stability o-r control characteristics vary rapidly with altitude, morc .nter-
mediate altitudes shall be investigate&! When thle Service IFlight Envelope
2xtends far above or below, thc- Operational Hlight Lnvelope, the service-altitude
extremes must be considered. For an unpowecrcd ',ehicle. the terminal and non-
terminal F~light Phases shall be explored at altitudes as thecy occur dluring glide
and gliding turns to touchdown.



4.3.2 Special conditions. In addition to the flight conditions previously
indicated, the speed-altitude combinatiotis that result in the following shall
all be investigated, where applicable and possible:

a. kaximum normal acceleration respons per degree of elevator
deflection

b. Maximum normal acceleration rsponse 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 flight charac-
teristics", "realistic time delay", and "normal pilot 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),

S. PREPARATION FOR DELIVERY

5.1 General. Not applicable to this specification.

6. NOTES

6.1 Intended use. This specification contains the handling qualities re-
quirements for lifting re-entry vehicles during terminal flight at low super-
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 qualitieF 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, a mechanism is provided herein to assure that the flight safety, fly-
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 ,yntbols used throughout this specification are

ej,.ned as follows:
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6.2.i General

Axis system Unless otherwise stated, the motion, load 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 perpendicular to the plane of symmetry, directed

out the right wing

- z completing a right-hand axis system.

S - Wing area

s - Laplace transform variable

- dynamic pressure

T2 time to double amplitude;T7z  "93/ , ) for oscilla-
tions,7j -. 693TC for first-order divergences

h - maximum service altitude (defined in 3.1.8.3)

ho max maximum operational altitude (3.1.7)

SOmin - minimum operational r'titude (3.1.7)

c.g. vehicle center of gravity

6.2.2 Speeds

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

Refusal speed the maximum speed to which the vehicle can accel-

erate and then stop in the available runway length

1 - Mach number

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

VS  - stall speed (equivalent airspeed), at lg ce.
noi nal to the flight path, defined as the hithcst
of:
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ci. speed for stua,' -zraight flight at CLmax,
the first local maximum ef the curve of
lift coefficient (L/qS) vs. angle of
attack which occurs as CL is increased
from zero

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

c, speed at which intolerable buffet or structural
vibration is encour.tered

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

VxX), V I(.), short-hand notation for the speeds VS, Vmin, Vmax
for a given configuration, weight, center-of-
gravity position, and external store combina-
tions associated with Flight Phase X. For
example, the designation Vrnax(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 Vmax for the
configuration associated with the takeoff Plight
Phase. This is necessary to avoid confusion, since
the configuration and Flight Phase change from
takeoff to climb during the maneuver.

VL/D speed for maximum lift-to-drag ratio

V R/C - speed for maximum rate of climb

VNR T  high speed, level 'light, normal rated thrust

VNRT high speed, level flight, military rated thrust

VMAT high speed, level flight, maximum augmented thrust

Vma x  maximum service speed (defined in 3.1.8 1)

Vmin - minimum service speed (defined in 3.1.8.2)

Vomax maximum operational speed (3.1.7)

V0min - minimum operational speed (3.1.7)
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6.2.3 Thrust and Boost

N RT - normal rated th rust wic i ci.; Oie max inii ii>

at wh i ch the eng inc can bv opvratIcil conti inons 1

NMRT - nilitary rated Li rb ,vhi Ch i1S the rnfiiII;I;:I thrkui

~~ I a~~-t whi ch the 0enginle call he oper ate.I for a -. ciiL
period

MATr - maX i mum aiginelited LIirus I ; MaxiM1un 1 L ni. I aig
merited by all means avai lab le frcc thec 11 ici
Phase

Trakeoff thrust - maximum thrust available for Lakeoti'

Powered boost 'rile boost with p)ower H ight phisc. V! ;I ilgfe SLdg.-

expecrimental vehicle Which OCCu~rs ju-St after launch
of the vehicle from another aircraft.

6.2.4 Control parameters

Elevator, aiieron, - Thie stick or wheel and rudder pedals mnanipiulated
rudder controls by the pilot to produce pitching, rolling, andya-

ing moment respectively; the cockpit L-ontrols

Elevator control - Component of applied force, exertud b-, tine) i',iIz
force on the cockpit control, in or paraisel 'u L,.-.[ plane of symmetry, acting at the cen-ter of the

stick grip or wheel in a direction perpendicular to
a line between the center of the stick grip or

wheel and the stic!, or control column piv.ot.

Aileron control - For a sticl control, the component of control
f-rce force exerted by the pilot in a plane peependicular

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 stick grip and the
stick pivot.

t For a wheel control, the total moment applied by
the pilot about the wheel axis in the olane of
the wheel, divided by the average radius from
the wheel pivot to the pilot's grip.

Ruader pedal force - Difference of push-ferce componcnts of 10i'-es
exerted by the pilot on the! rudder pedals, lying
in planes parallel to the plane of synmmtry,
measured perpendicular to the p~edalIs at the l or t
point of application of the 1) lot's instcp on the:
respective rudder pedals[ 65



Control surface A device such as an external surface which is
positioned by a cockpit control or stability aug-
mentation to produce 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.

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

6.2.5 Longitudinal parameters

9 - damping ratio of the short-period oscillation

41P - undamped natural frequency of the short-period
oscillation

4 - damping ratio of the phugoid oscillation

- undamped natural frequency of the phugoid oscilla-

n - normal acceleration or normal load factor,
measured at the c.g.

n L - symmetrical flight limit load factor for a given
Vehicle Normal State, based on structural con-
siderations

n , nin - maximum and minimum Service load factors
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Sn(+), n(-) - for a given altitude, the upper and lower

boundaries of n in the V-n diagrams depicting the

Service Flight Envelope

Snmax' nomin - maximum and minimum operational oad factors

n(+) no(..) - for a given altitude, the upper and lower
0 boundaries of n in the V-n diagrams lepicting the

Operational Flight Envelope

%lax

n Omax

STALL /

CE
C J-",AIRSPEED

n~m i.i

nmui n
n.----------------

-_I.--e no(+) AND no(-) (OPERATIONAL FLIGT ENVELOPE)

--- n(+) AND n(-) (SERVICE FLIGHT ENVELOPE)

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

s - the stall angle of 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 attack for the highiest steady load
factor, normal to the flight path, that can
be attained at a given speed or 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 speee or Mach
number, at which intolerable buffeting is
encountered

d. An arbitrary angle of attack allowtd by
3.1.9.2.1

-/ - 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)

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

- flight path angle, 2= sin-I vertical speed

positive for climbing flight true airspeed

L - aerodynamic lift plus thrust 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 (?'v 0 ) at an
altitude no greater than 50 feet above ground level.

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

pletion of the landing flare to touchdown.

6.2.6 Lateral-directional parameters

I, displacement of the aileron control stick or
wheel along its path

- first-order roll mode time constant, positive for
stable mode

- first-order spiral mode time constant, positive
for stable mode
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undamped natural frequency of the Dutch roll
0 oscillation

damping ratio of the Dutch roll oscillation

0 bank angle measured in the y-z plane, between
the y axis and the horizontal (6.2.1)

bank angle change in time t, in response to con-

trol deflection of the form given in 3.3.4

_P roll rate about the x-axis (6.2.1)

-Pose a measure of the ratio of the oscillatory com-
pany ponent of roll rate to the average component of

roll rate following a rudder-pedals-free step
aileron control command:

do A4 V _pf -5 2pz

d'o= 0, 106 - 'P2>a 0.2; __ lP

IPA Y -P1 " tf

where Pl, P2, and p3 are roll rates at the first,
second and third peaks, respectively (see figures
9 and 10)

a measure of the ratio of the oscillatory component
-OV of a bank angle to the average component of bank

angle following a rudder-pedals-free impulse
aileron control command:

> 0.2 . - - , _ _ _

OAV 01 * 2

where , 95 and are bank angles at the first,
second and third peaks, respectively

sideslip angle at the center of gravity, angle be-
tween undisturbed flow and plane of symmetry.
Positive, or right, sideslip corresponds to
incident flow approaching from the right side
of the plane of symmetry.
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Omp maximum sideslip excursion at the c.g., occurring
within two seconds or one half-period of the
Dutch roll, whichever is greater, for a step
aileron-control command

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

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

b. "Commanded roll performance", ( Ot ) command,
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

(t~requireren t

time for the Dutch roll oscillation in the sideslip
response to reach the nth local maximum for a right
step or pulse aileron-control command, or the nth

local minimum for a left command. In thv event a
step control input canniot 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. F3r 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

= 4(2-f)360 (degrees)

with n as in i above
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phase angie between roll rate and sideslip in the

'free Dutch roll oscillation. Angle is positive
, when po leads 16
Iat any instant, the ratio of amplitudes of the

Id bnk-ngleandsideslip-angle envelope in the
&V, Dutch roll mode

!Examples showing measurement of roll-sideslip coupling parameters are given in
figure 9 for right rolls and figure 10 for left rolls. Since several oscilla-
tions for the Dutch roll are required to measure these parameters, and since
for properidentification large roll ies and bank angle changes must gener-
ally be avoided, for flight test, step aileron inputs should generally be small.
It should be noted that since 0 is the phase angle of the Dutch roll com-
ponent of sideslip, care must be taken to select 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.!eron input
will be relatively undistorted. Care mus: also be taken when there is ramping
of the sideslip trace, since ramping will displace the position of . peak of
the trace from the corresponding peak of the Dutch roil component. In prac-
tice, the peak; of the Dutch rolt 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 distance between the line and the side-

slip trace is the greatest. (..-e following sketch for Case (a) of figures 9i and 10, )
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Since the first local niaximum of the Dutch roll component of the sideslip re-,
sponse occurs at t = 2.95 seconds,

.,I / _ -36td + (n-f)560. = -3'60,.__ (2.90") -30,3"

Let us assume that the roll performance requirement, upon which the parameter
"" 1 in the sideslip excursion requirement (figure 6) is based, is 0e = 30
degrees in I second with rudder pedals free (as in tne rolls of 3.3.2.4). From
the definitions, "j " for this condition is:

- Ccommand

CO trequirement
Therefore, from figures 9 and 10 for:

Case (a), _ 1 = 0. 0 Case (c), 0. 2 3
300

Case (b), = 0.27 Case (d), ( . 2

50 30

6.2.7 Atmospheric disturbances paraneters

_n - spatial (reduced) frequency (radians per foot)

)- tenporal frequency (radians per second),
where &o = flV

Cq - random gust velocity along the x body axis

(feet per second)

- random gust velocity along the y body axis

(feet per second)

- random gust velocity along the z body axis

(feet per second)

Note: 9 , r. have Gaussian (normal) dis-
tributions, and are defined positively along the
positive vehicle body axes.

- root-mean-square gust intensity, where

=ZJ'

0 0
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- root-mea'n-square intensity of a ?

- root-mean-square intensity of v

- root-mean-square intensity of ar

La scale for tq (feet)

cale for zr (feet)

S scale for a (feet)

s () - pcct rum fo- a , where '41,O= M

g (o.) spectrljm tor V, , where t. (n)-- Vtr (W)

L () - spectrum for a , ,where V4., V ,:.

- generalized di-crete gust vel,'city, positive along

the positive ve'cle body axes, m = x, y, z

(feet per second)

d7- 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
are a function of both nt, and n/o , table V is rather complex. To illus-
trate its use, the limits are presrnted on figure 11 for a vehicle having a
center-stick ,ontroller and nL = 4.0-.

b.4 Gain scheduling. Changes of mechanical gearings and stability augmenta-
tion gains 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 pract.-, i.. generally acceptable,
but gearings and gains normally should not be schcduled ks a functiorn of trim
control settings since pilots do not always keep veh'cleo i.: tr.im.

6.5 Engine considerations. Secondary effects of engine ope ma" e,.e
at, important bearing on flying qualities and should not be )ver.;.,ked in de-
si.gn. 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 ,eroelasticity, control equipment, and structural dynamics.
Since aeroelasticity, contrd equipment, and structural dynamics may exert an
important infltence on the vehicl& flying qualities, such effects should not
be overlooked in calcuiations or anaiybub li.ted. toward i.n..cstigati ̂  -of
compliance with the requirements of this specification.
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6.7 Applicaiov 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 probabilit,. of
encountering very degraded flying qualities (Level 3) must be less than Speci-
fied values p. r flight.

o.7.1 Theoretical comepiaice. To determine theoretical ccmpiiance with the

requirements ot 3.1.10.2, the fol " "wi]np stops must lie performed:

a. Identify those Vehicle Failure Stat,s ,h uJ have a significant effect
on flying qualities (3.1.6.2)

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

c. Determine tie probability of encountering various Vehicle Faiiure
St tes, per flight, based on the above flight du.ration. (3..i0.2)

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 whichever print in the Flight Envelope being considered

is most critical in a flying qualities sense), and compute the total probability

of encountering Level 2 flying qualities in the Operational Flight Envelopp
due to equipment failures. Likewise, compute the probability of encounter-

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

* f. Compare the computed vciues above with the requirements in 3.1.10.2
and 3.1.10.3. An example which illustrates an approximate estimat.e of the
probabilities of encounter follows: if the failures are all statis-ically
independent, determine the sum of the probabilities of encountering all
Vehicle Failure States which d2grade flying qualities to Level 2 in the Opera-
tional Envelope. This sum must be less than 10-2 per flight.

If the requirements are riot met, the designer must consider alternate courses

such as:

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

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
riot degrade below Level 3.
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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 I 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. L.evel 3 is- 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

conmon boundary, or number, in both the Operational and Service Flight Envelopes

fcr Vehicle Normal States (3.1.10.1). Vehicle Failure States that do not de-

grade flying qualities beyond this common bounda-y 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 Level 3 degradations in both the Operational and

Service Flight Envelopes. Again degradation beyond the Level 3 boundary is

not permitted regardless of component failures.

6.7.3 Computational assumptions. Assumptions a and b of 3.1.10.2 are sohie-

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 supersonic 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

any event, compliance with the requirements of 3.1.10.2 as determined in

accordance with section 4, is based on the probability of encounter per flight.

b. "...failure is assumed to be present at whichever point.. .is most

critical...". This assumption is in keeping with the requirements of 3.1.6.2

regarding Flight Phases subsequent to the actual failure in question. In cases

that are unrealistic from the operational standpoint, the specific Vehicle Fail-

ure States might fall in tb Vehicle Special Failure State classification
(3.1.6.2.1).
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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

MIL-C-5011 Charts; Standard Aircraft Characteristics and Performance,
Piloted AircraftIMIL-S-5711 Structural Criteria, Piloted Airplanes, Structural Tests,
--- FlightIIL-M-7700 Manual, Flight

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

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

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

Before presenting the rationale and backup data ro support the han-
dling qualities requirements of Section II, it may be well to discuss briefly
past history and the present status of a lifting re-entry vehicle handling
qualities specification. It will then be possible to view the requirements
presented in Section I! and the rationale and backup data in this section with
a proper perspective.

The development of handling qualities rcquirements for lifting re-entry
vehicles has been a problem of interest to the Flight Dynamics Laboratory at
Wright Field over a number of years. The first vehicle co 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(615)-3294 and is based on the Air Force's continuing interest
in the military potential of lifting re-entry vehicles. This i.nvestigation
surveyed the literature and some of the important problems associated with
specification of handling qualities requirements for liftinrg re-entry vehicles
throughout the flight envelope of such vehiclcs. Suggestions were made on
how these problems might be attacked through analysis and 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
handling requircments 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 (LiD)max. Re-
quirements were confined to the terminal phase of 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 from the stand-
point cf handling qualities. The FDL-8 is a high-hypersonic (L/D)max lifting
re-entry vehicle developed primarily "in-house" at the Flight Dynami.cs
Laboratory. As part of this contract the Flight Research Department of CAL
also gave some handling qualities support to both the FDL-8 and FDL-7 lifting
body projects at the Flight Dynamics Laboratory. An additional part of this
investigation 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,
ratIorale, ard .u.bstan.t.atingdt prese n tew i in thir report are a follow-on
of the work performed in the two previous years. This work has been performed
For the iir Force Flight b/yramics Laboratory under Contract No. 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 presented 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 re-entry vehicle handling qu. 1uties
liteiature and they are an expansion and revision of the requirements ill
Reference 9. The present requirements cover both large and small vehicles and
vehicles with both low and high cross-range based on hypersonic (L/D)max 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 undertaken. The NASA Flight Research Center at Edwards Air !orce 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 .Apies. All of these efforts,
to the extent that they are presently understood, have influenced to sov-
extent the requirements and rationale as they are presented in this report.
This section is written in support of the handling qualities requirements
presented in Section Ii. It supports the Section II requiremeLzL by presenting

*the rationale aad backup data upon which the requirements are based. 1he
rationale, backup data, and the discussion of specific requirements ire also
useful as a user's guide. They explain what the specific require;-cats 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 required, and
this is discussed in terms of handling qualities research programs in
Reference 10.

An examination of the requirements in Section I 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-vering near the terminal phase of re-entry at low supersonic, transonic, and

[ subsonic speeds are subjected to the same flight environment and require
piloting tasks similar to those of conventioal airplanes. In fact, some of
the data used in establishing some of the recuirements in Reference 2 were
................ 1 -base and in-flight 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 NIIL-F-8785B(ASG) (Reference 7), or on specific
requirements that are completely unique to lifting -e-entry vehicles. When
the data to support particular requirements is essentially that contained in
Reference 8, the data is 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 repeated in this section, only the paragraph numbers and titles are
repeated as they appear in Section II. In some cases, several paragraphs
and requirements are discussed together since they are interrelated and the
discussion applies equally well to all the paragraphs and requirements.

Requirements

1. Scope and classifications

1.1 scope

1.2 Application

1.3 Classification of vehicles

1.3.1 Operational or experimental 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 scope of the specification was
limited to medium-to-high maneuverability lifting re-entry vehicles during
flight at lao supersonic, transonic and subsonic speeds in the lower atmo-
sphere. The specification was restricted to small lifting re-entry vehicles
with an (L/D)max at 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 M12-F2, HL-10, and X-24, It was
also considered to be applicable to vehicles that have been designed and
wind tunneI tested, but not built or flown, such as the X-20 'Byna-Soar),
FDL-7, FDL-8, etc. in Reference 3, re-entry vehicies were further categorized
as to Class, based on whether the vehicle mission is to be considered oper-
ational or experimental. in some cases, for a vehicle designed specifically
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for experimental use, the requirements were elaxed 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 iaeference 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 I that a classification of lifting re-entry
vehicles based on hypersonic (L/))max 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)max at hypersonic speeds taken from
Reference 1 is the following:

Classification Based on Hypersonic (LID)max

Class Description

I Low (L/D) max  O.5e:(L/D)wx <i.5

II Medium (LID) 1.5<(L!) < 2.5
r III High (L/D) (L/D) > 2.5

maxD max

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

a(l) Superorbital

a(2) Orbital

a(3) Suborbital

r' 83

-- ----



Subclassification b - based on the configuration for terminal
glide and landing

Subclass b Description

b(1) Fixed Geometry

b(2) Variable Geometry

b(3) Decoupled Landing

Including all classes and subclasses, the classification sc..i,, 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 presently proposed, or proposed in the past,
fit only a few of these categories. Flight vehic]es such as Mercury, Gemini,
and Apollo fall below an (L/D)max of 0.5 and therefore are excluded as lifting
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)max at hypersonic
speeds greater than 0.5, upon which information 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 classification
scheme of Reference 2. Only cross-range as related to (L/D)may 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 or Lockheed C-SA, is grouped with the smaller and more highly
maneuverable M2-! , HL-lO, and X-24A vehicles.

In Reference 8, the Background Information and User Guide for NIL-F-
878SB(ASG), a statement is made that flying qualities requirementr for con-
ventional. airplanes are tailored according to:

(l) the kind of airplane (Class)

(2) the job to be done (Flight Phase), and

(3) how we)l 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 to weight and maneuverability, and through these to the
load factor for which the airplane is designed. None of these Classes is
mutually exclusive. Overlapping in terms of weight, maneuverability, and
load factor exists between types of airplanes categorized in the different
Classes based on missions, especially missions as they way 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 to compare airplane
Classes to suggested lifting re-entry vehicle Classes, it may be well to
restate the airplane classification of MIL-F-8785B(ASG):

Class I - Small, light airplanes

Class II - Medium weight, low-te-medium
maneuverability airplanes

Class III - Large, heavy, low-to-medium
mapeuverability airplanes

Class IV - High naneuverabiltty airplanes.

In attempting tu classify lifting re-entry vehicles, it is well to
keep in mind the rationale used in classifying military airplanes. This
classification is based primarily on weight and maneuverability, and the
airplane maneuverability is based to a large extent on the airplane design
load factor. In general, zhe 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 ahd 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 airplane
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 iame for some medium weight airplanes which may be in Class II or
Class IV depending on their mission. For example, the FB-lll is classified
as a bomber and placed in Class II, but the weight is not that significantly
different from the F-IlA, the fighter version, that is placed in Class IV.

In consideration of the previous discussion, it is possible to suggest

several ways of classifying a lifting re-untry vehicle based on the vehicle
mission as it can be related to vehicle size, maneuverability, mode of
operation, and tasks during its important flight phases. These possible
classifications are suggested below.

1. Classification Based on Mission as it Relates to
Weight and Maneuverability

Class Description

III medium-to-heavy weight, low-to-medi-n
maneuverhbility

iV light-to-medium weight, medium-to-high
maneuverability.

86



2. Classification Based on Mission as it Relates to Cres;-
Range as Determined by lypersonic (L/D)max

Class Description

1l(1) (L/D) max0.5

11(2) 0.5 < (L/D) max<.5

1l(3) (L/D)max > 1.5

3. C' ssification Based on Intended Use of Lifting

Re-Entry Vehicles

Class Description

0 Operational Vehicle

E Experimental Vehicle

Tf all of these classes are considered to be sufficiently distinzt
and not interrelated, this type of classification will allow for 36 classes
of -iftiag ru-entry ve hices. For many of these classes, no vehicles presently
exist or are even envisioned. A possitle classification of lifting re-entry
vehicles, built, designed, or presently hypothesized, based on this ciassifi-
cation scheme, is shown in Table XVI.

The only convenient way of designating some of the proposed Space
Shuttle Vehicle configurations in Table XVI is by numbers, i through 12. The

vletters 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 ! through 12 have appe&red
recently in References 11 through 19. A short description of these vehicics
is helpful in examining Table XVI and is presented below:

1. Bell's ACI.S (Reference 11)

Bell's Air Cushion Landing System (ACLS) would be used
in landing a Space Shuttle Orbiter ($50) of up to
200,000 pounds and a Spaze Shuttle Booster (SSB) of uP
to 700,000 pounds.

2. Chrysler's Single pe-to-Orbit Vehicl eence 12)

Chrysler's Single Stage-to..Orbit Space Shuttle System
would use V/STOL techntques for the cerminal landing
mode,
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3. North American Rockwell's Deployable Rotor System
_Reeece 1) oyb

:1orth American Rockwell's Deployable Rotor System
would retu-rn a space craft at a near zero landing
speed to dry land tcachdowns.

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

9 NASA's Manned Spacecraft Center (NISC) design for a
reusable space shuttle would use a fixed straight

g wing design for both the Orbiter and the Booster.
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. The 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)max capability of each
vehicle would be g-eater than 5.0.

S. General Dynamics' Space Shuttle Orbiter (Reference 15)

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

6. McDonnell Douglas' Space Shuttle Systems (Reference 16)

7. One of the McDonnell Douglas' Space Shuttle Orbiters
incorporates drawbridge wings. The wings would remain
folded upward against 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 greater than 1,500 nautical
miles.

8. North American Rockwell's Space Shuttle Versions
& (Reference 17)

One design of Nnrth American Rockwell's Space Shuttle

I Orbiter would have a straight wing which would give the
Orbiter minimum cross-range capability. The second
version would have a delta planform and an (L/D)max of
> 1.5 at hypersonic speeds.
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10. Manned Spacecraft Center "DC-3 Shuttle" (Reference 18)

NASA's Manned Soacecraft Center "DC-3 Shuttle" would
ha',i 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 significaiit
(L/D) rrx at subsonic speeds.

11. Air Force Flight Dynamics Laboratory's "ILRV" Conceptq

& TReference 19)
12.

Two integral launch/re-entry vehicle (ILRV) configurations,
the stage-and-one half expendable tanks and the two-stage
fully reusable vehicles would have a high hypersonic
(L/D)max. 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 expcnded,
the tanks are jettisoned and the c,;re vehicle becoyr.w
the shuttle orbiter which eventually makes a horizontal
landing.

The two-st, ,e i ully reusable configuration would have a
winged-body orhit vehicle with a double structure to keep
the structural mass fraction as lo-, as possible so that
land recovery can be made without _acrificlng launch

capability.

The classification based on weight and maneuverability and the classi-
fication based on cross-range as it relates to hypersonic (L/D)iax 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)max is more associated with vehicle
performance as it relates to vehicle mission. Attributing high maneuverability

to vehicles with high (L/D)max can be incorrect since maneuverability it
traditionally associated with a vehicle's ability to pull g's. Thus it is
possible to think of large vehicles with good hypersonic (L/D)max that would

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)max Classes, (L/D)I x <O.S, Class H(l),
considered here is essentially ballistic and vehicles ini 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)max, lifting re-entry vehicles are
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restricted to two Classes, H2) and H 3), rather than the three classes
I;uggested in Referenze 1. By eliminating Class H(l), the grid of Table XVI
is reduced by one-third to a smaller matrix of 24 classification categories.

No manned lifting re-entry vehicles presently flying, excluding
vehicles with an (L/)max< 0.5, have ever flown at hypersonic speeds. Because
of the lack of adequate information on lifting re-entry missions and tasks at
hypersonic speeds, and the lack of experimental data, the specification of

qualities requirements at hypersonic speeds at this stage in lifting
re-entry vehicle development is questionable. if the specification of lifting
re-entry vehicle requirements is limited to the present state of the art, such
a specification must be confined to terminal glide and landing at low super-
sonic, transonic, and subsonic speeds. Therefore Classes H(2) and I1(3) will
not be considered for tha present as distinct Classes. It will be considered
that handling qualities requirements will be adequately specified if
Classification H(2) is cambined with Class III and Classification H(1) is
considered a part of Cla,s IV. By eliminating H(2) and H(3) as distinct

- Classes, the classification matrix is reduced to 12 distinct Classes.

Sclassification based on use appears warranted since most lifting

re.-entry vehicles that have been designed and built are essenztally experi-
mental vehicles. Their mission is to investigate lifting re-entry vehicle

concepts and to do research work. The mission and flight envelope of these
Z vehicles are generally more restricted {:har they would be if the vehicle were

to be considered operational. In addi.tion, 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 Level 3
requirements for an operational vehicle may in some cases be acceptable as
Level I and Level 2 requirements wlen the vehicle is considered exp imental.
It is advisable to have minimum fiying qualities requirements for experimental
vehicles since some of the vehicl-s built in the future vill be considered

experimental. It is important to have available handling qualities guide lines
for these vehicles in the form of requirements that would be useful ir design.
It is also important to distinguish between acceptable flying qualities require-
ments for an experimental, as opposed to an operational, lifting re-entry
vehic!t with a different mission.

Since tne classification of a vehi*cle as experimental or operational
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 land- or
carrier-based requirements are handled in MIL-F-8785B(ASG) in Section 1.3.1.
By not distinguishing between operational and experimental ehicles in tne
classification scheme of Table XVI, the classification matrix is now redAced
to only 6 categories.

A classification scheme based on the terminal giide and landing mode
of operation appears to be necessary. The mode of operation is related to
the subsonic (L/D) a,' and the mode of operation can haie considerable impact
on the flying qualities reqliremens. if the vehicle is expected to operate
with power during landing, uen the subsonic (L/D)max referred to is the (LID~max
with power.

91



All indications are that a vchi.cle with a subsonic (L/D)max < 2.5
will be unable to perform a suc(.essfui horizon~tal landing. Such a vehicle
will, in all probability, have a decoupled landing mode such as a deployable
rotor or parachute, p,5raglider Wing, etc. for terminal glide and landing.
The handling quailities irequireraonts for such vehicles during terminal flight
Will be quite unique.

A vehicle wit'i 2.5 4 (LID)maj < 5.0 w~.ll require special handling
qualities requirements during terminal glide and landing that are different
than those -F a conventic~kal airplane. Unpowered and underpowered low (L/D)inax
vehicles Will fit in this category. I'he M24F2, M-F, lIL..l, and X-24A are
examnpleos of such vehicles.

A lifting re-entry vehicle with a subsonic (L/D)max greater than 5.0
is expected to have flying qualities requirem~ent- similar to those of conven-
tional airplanes. An (L/D)m.x > 5.0 may be attainable for a re-entry vehicle
if it has fixed tunswept wings (Faget concept), variable geometry utilgs, or
po%;'r for landing.

Vehicles with a subsoni.c (L/D)max 4 2.5 are considered to operate
with a decouplea mode during terminal flight a.-d are not considered within the
present state of the art from the standpoint of a flying qualities specification.
If the classificatioiA of lifting re-entry vehicles is limited to the present
state of the art at low superscnic, transonic, and subsonic speeds, the number
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

III Medium-to-heavy weight, low-to-medium
cross-range based on hypersonic (L!D'ma
and normal load factor

IV Small-to-medium weight, mediurn-To-high
cross-range based on hyper,.--n.c (L/D)rax
and normal load factor

2. Classification Based on Terminal Glide and Landing Mode
IS tE Mates to (L/D)max at Subsonic Speed ~

Class Description

L(2) 2,5 4 (L/D)ma .

L(3) (LID)max > 5,0
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This classificati-on system is Shown as Table XVII. The present and
next generation of lifting re-entry vehicles are categorized according to this
scheme in the table.

TAB13?jj XVI I. Suggested Lifting Re-LEntry Vehicle Cle;sification Based on Term-
inal Flight at Low Supersonic, Transonic and Subsonic Speeds

Classification based on missioli as it relates
to weight, cross-range, and load factor

Classific2ation based
on th _ ,rminal glide III I \1

and lauidiiug mode -________

~eUn-t-havyweight, Small-to-medium weight,

lw-to-medium cross- mediw'i-to-high cross-I
rnebased on hyper- range v.xtsed on hyper-

sonic (LID) nxand zo mxnic (/D)ax arnd

normal load factor Inormnal load factor

L(2) Space Shuttle Booster !.12-f:2, HL- 10, X-24A,
and Orbiter (ifting- iFDL-7, FDL.-8

2.5 4 (Li!)ma < 5.0 body without powzei) tall without power)

and Orbiter (Liftingh- wingbl
(L/D)max 5.0body withb power)

Iand Orbiter (5Teplyable I

It is questionable whether the Classificatien Scheme of Table XVII,

adequately considers re-entry vehicles u~ith a~ high angle of attack re-ei ~ry
(or, _60") when this angie of attack., is maintained throughout the supersonic,
trans--nic, and into the high subsonic speed region before transition is made
to low angles of attaclx. Faget t~o re-entry vehicles, have been proposed
that re-enter in this way. Ply7ing qualites recuire-ments for Faget type
Boosters or Orbiters flying under these conditions it low (L/D)'~ must be
covered by special requirements in the specification.
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The reason for including a classification based on (L/D)max at
subsonic speeds during the terminal glide and landing phase of flight is •
that there are special landing requirements for low (L/D)max vehicles,
especially when such vehicles are unpowered. These requirements are associated
with the iieed for maintaining excess kinetic energy in the approach, that is,
an approach speed significantly above stall speed, and the need for executing
a precise flare followed by a float period prior tc 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)max 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)max at subsonic speeds as a special
Class. This procedure is followed in this lifting re-entry vehicle handling
qualities specification. In this event, the classification scheme of Table
XVII can be reduced to only two Classes as follows:

Class III: Niedium-to-he-avy weight, low-to-medium
cross-range based on hypersonic (L/D)max
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.

Althougi this specification will be limited to flying qualities require-
ments at low supe,'sonic, transonic, and subsonic speeds, it is the intention
that in the futur, these requirements 'ill be extended to flight at hypersonic
speeds, including ilight 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)max. This classification scheme is indicated in Table XVIII.

Requirement

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. Therefore, where possible, handling qualities requirements are stated
in terms of Flight Phases as well as airplane Class.
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TABLE XVIII. Suggested Lifting Re-Entry Vehicle Classifications at all
Flight Speeds

Classification based on weight and maneuverability

Classification based Ii lV
on cross-range as
determined by Medium-to-heavy weight, low- Small-to-medium
hypersonic to-medium maneuverability weight, medium-to-
(L/D)max based on load factor high maneuverability

based on load factor

H(2)
0.5 < (L/D) mx 1.5

H(3)
(L/D) > 1.5

max

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

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
categories 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
cea. e.

The most demanding Flight Phases for airplanes are Category A Flight
Phases. They require rapid maneuvering, precise tracking, or precise flight
path control. Present experience with lifting re-entry vehicles, through
actual flight and simulation, does not support the need for rapid maneuvering
or very precise tracking. The most demanding Flight Phases appear to be
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Category C Terminai F|lih )'hases that requite precise flight-path contro)
and may require r'apid maneuvering, but certainly not as rapid maneuvering Zas

Category A Flight P!'ases for cciventioiial airplanes.

Category A Flight Phasiz for re-entry venicles bear no resemblance
to Category A Flight Phases for conventional airplanes primarily because
of the difference in the missions of re-enlry vehicles and airplanes.
Category A Flight Phase for re-entry vehicles x,..quire precise but only
moderate maneuvering and ac:urate flight-path control and prezise tracking
may be required, such as tracking or maintaining angle of attack or bank
angle, but the rapidity of maneuvering associated 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-entr- vehicles as is true of Category B Flight
Phases for airplanes. In the case of re-entry vehicles, these Fl.ight Phases
are normally accomplished using gradual maneuvers without precision tracking
or very accurate flight-path control.

An explanation of some oZ 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 Category 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-sttge vehicles while they
are attached during boost. Powered boost of multi-stage vehicles is not a
Flight PhasE within the limitations of this specification. In discuc-sions
with some participants in review meetings, some seitiment was expressed that
high Mach numter high altitude cruise, based on exferience with the XB-70 and
SR-71, 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 Phase even though its validity as a lifting re-entry
vehicle Flight Phase is questionable. It seemed appropriate that large angle
of attack traisitions that are pr,:sently being consi.ered for the Space Shuttle
Vehicle Booster and Orbiter vehicles would k.ogically fail into Category A
Flight Phases when they a-e being tFerfoxa:ed. with the pilot in the loop. They
will probably require nrecise altitude and flight path control.

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

Category C Flight Phases for re--eatry vehicles are generally similar
to Category C Flight Phase,. for aij-planes. As operational vehicles, lifting
re-entry venicles ar' expected to be launched verticaily with one and one-half
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or more stages. As previously stated, under such conditions of attached
stages these requirements are not expected to apply. As expuiliiental vehicles,
it may be that Booster and Orbiter stages of re-entry vehicles will first
be tested in the lower atmosphere and they will be required to take off
horizontally from the ground. Under such conditions a conventional horizontal
takeoff is a valid Flight Phase. Emergency abort is also a valid Trrminal
Phase for any stage of a multistage vehicle when it flies alone following "n
abort that occurs in the lower atmo.phere at low supcrsonic, transonik tid
subsonic speeds. Pilot controlled emergency aboits ,ill require pici'i. fligLt
path control and rapid maneuvering.

Requirement

1.5 Levels of flying qualities

Discussion

The definitions of Levels that are used in specifying handling
qualities requirements for lifting re-entry vehicles are essentially the same
as the definitions in Section 1.5 of MIL-F-8785B(ASG) (Reference 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 safe]), 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 termnacd
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 completed 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 allow Level 3 handling qualities.
If such is the case the probability of occurrence of Level 3 handling qualities
due to failur9s will also need to be reduced consideraby as indicated in
3.1.10.2.
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Requirevment

Z.0 Applicable documents

Discucsion

In the specification of the flying qualities of airplanes in MIL-F-
878SB(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
lifting re-entry vehicles with corrections, delletions, 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 contractor finds particular specifica-
tions not applicable in their present form, the necessary corrrctions, 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 lifting re-entry vcaicles that will replace or
supplement existing standards. To the extent that such st&ndards relate to
handling qualitier requirements tl will become a part of this specification.

Requirements

3.0 Requirements

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.S 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 to 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 tha 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 control 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.

Requirements

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 lifting re-entry veiicle 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 are
therefore logically related to re-entry vehicle states, Normial States and
Failure States. The discussion pertaining to Airplane States that appears in
Reference 8 is expected to 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 acceptable as Special Failure States for airplanes. Engine
failures, or failure of an engine to start, in certain Flight Phases of a
lifting re-entry vehicle, may result in handling qualities that make the
vehicle extremely difficult to fly or unflyable. Such may be the case for a
lifting re-entry vehicle whose (L/D)max 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)max 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 lifting re-entry vehicles, it is left to
the discretion of the procuring activity whether 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

3.1.8.3 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 vehicles follow the basic philosophy used in
defining Operational and Service Flight Envelopes of airplanes in MIL-F-878SB
(ASG). It is recognized, however, that Operational Flight Envelope boundaries
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. Load factor and speed may not always be the important controlling
parameters during re-entry, or the terminal phase of re-entry. Mach nuaber,
dynamic pressure, or angle of attack may be more important parameters 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 reasons.

It is recognized that the Operationel and Service Flight Envelopes of
an experimental lifting re-entry vehicle can differ 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 "c" in Section 3.1.8.1 recognizes that the vehicle maximum
service speed may be detrinined by the fact that the vehicle is unpowered.
Definition "d" recognizes that a maximum service speed may be defined byI engine limitations.

It is also recognize(i that additional conditions exist which may
define minimum service speed for a lifting re-entry vehicle. Minimum speed
for tuipowered lifting re-ent.i/ vehicles must be defined in gliding flight.

i: Definition "e" recognizes that safe unpowered landings with li fting re-entry

vehicles require excess kinetic energy. Thus unpowered landing requirements
may determine the minimum service speeds at low altitudes. Definition "P"
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)nPax is low. An
unpowered vehicle trimmied at 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 w nimum, service speed.

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 minimum and maximum dynamic
pressure may be used in lieu of minimum and maximum servic6 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
computed using the maximum or minimum service speed respectively.

The maximum seivice 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 aixplane is defined. For
an unpowered re-entry vehicle 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.

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 to 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 0.7 times the minimum service
speed dynamic pressure as defined by the minimum service speed of 3.1.8.2.

Since this specification is only expected to apply to low supersonic,
transonic, and subsonic speeds during terminal flight in the lower atnmosphere,
it may be necessary to define a maximum service altitude for purposes of
applying this specification. This altitude will be established by mutual
agreement between the contractor and the procuring activity.
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The service load factors for re-.ontry vehicles are def'.ned 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 buffet 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.

Requirements

3.1.9 PerLissible Flight Envelopes

3.1.9.1 Maximum permissible speed (minimum permissible
angle of attach)

3.1.9.2 Minimum per..issible speed (maximu permissible
angle of attack)

3.1.9.2.1 Minimum permissible speed (maximum 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 for airplanes in MIL-F-8785B(ASG).
There are regions outside the Operational and Service Flight Envelopes where
lifting re-entry vehicles might be allowed to operate for short periods of
time and one would not expect Level 1 or Level 2 handling qualities to prevail.
Although stalls may be suc!: a region for lifting re-entry vehicles, one can
see no rational reason at tis time why spins, zooms, or steep dives need be
considered as permissible 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 be 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 uwnowered 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 maximum 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
ccntrql characteristics which are usually strong functions of angle of attack.
In some cases, even with augmented vehicles, the stability and control
characteristics from the point of view of handling qualities can be unacceptable
below'or above particular angles of attack. Thus maximum permissible speed
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(minimum permissible angle of attack) or minimum permissible speed (maximum
permissible angle of attack) may be determined by unsafe stability 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.

Requirements

3.1.10 Application of Levels

3.1.10.1 Requirements 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 Exceptions

3.1.10.5.1 GroL"Cd operation and terminal Fli ht 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 of adequate flying qualities
with a degradation of flying qualities being acceptable, if the combined pro-
bability of such degradation is sufficiently small, is rational and appears
reasonnble for lifting re-entry vehicles as well as airplanes. Flying qualities,
flight safety, and system reliability are very ir;errelated. Tt is obvious that
such interrelationships should be recognized in che specification of handling
qualities requirements.

The basic approach used in the application of Levels to airplanes in
MIL-F-8785B(ASG) is retained in the specification of handling qualities re-
juirements for lifting re-ertx; 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 can change the numerical probability per flight of encountering
degraded Levels, Levels 2 and 3, of flying qualities due to 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,
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For "one of a kind", low budget, experimental lifting re-entry
vehicles, detailed determinatio. of each Vehicle Failure State, th' probability
of occurrence of each vehicle failure per flight, and the effect of such
Failure States on the flying qualities may be both impractical and impossible
for the contractor. In lieu of su % oetermir,ation, a simplified procedure
is allowed for experimental lifti:tg re-entry vehicles. One procedure is to
consider only a very limited number of critical failures and their effect on
flying qualities and simultaneously reduce the probability of the occurrence
if degraded flying quaiities dua to .uch ciitical failures. Another alternate
viethod may be to associate dcgraded Levels with total system failures, such
as total SAS system failure and not be required to predict the probability of
encountering degraded Levels. Such alte.-nate procedureF seem warrarted
for "one of a kind", low budget, experimental vehicles and such alternate
procedures are not considered inconsistent with MIL-F-878SB(ASG).

Similar arguments in terms of vehicle design goals can be used to
reduce the probability per flight of encountering degraded flying (,ialities
because of 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 two times
without any degradation in handling qualities and the third failure will be
fail safe, safe to fly home. 3uch high reliability requirements are con-
sidered necessary because of igh program and vehicle costs, the environ-
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 all of these factors are overriding considerations in lifting 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 prelimingry handling qualities specification for the SSV
proposed by the NASA Flight Research Center at Edwards, California, it
has been suggested that the probability of occurrence of Level 3 for flight
should be less than 10-6 since this low a probability would essentially
eliminate Level 3 as a consideration.

In Peference 8 argunents 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 r.l'ted" even
though Level 3 handling qualities are :tot considered unsafe as they qre
usually defined. Using 1967 accident 1c.s rates for aircraft, and assuming
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"Level 3 to represent a safety problem, which it conservatively does not, then
the a! owable 10-4 probability of encountering Level 3 per flight would account
for vbout 1/4 to 1/9 of the total probability of aircraft loss--" during 1967.
The other aircraft losses would be due to other things that are not flying
qualities oriented. It is therefore argued 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 accGunt for
only 1/400 to 1/900 of the aircraft lnss during 1967. It seems reasonable to
assume that such a low probability of encountering Level 3 for ai.rc'Caft 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 thv same longitudinal flying
qualities subjects treated ior airplanes in UIL-F-8785B(ASG). 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-
tional airplanes and require similar characteristics from the point of view
of handling qualities. Modifications have been made to specific requirements,
in sc:-e cases significant modifications, to make the requirements more
adaptable 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 unique to lifting re-entry vehicles have been added.
Section 3.2.1.1.3 presents some qualitative requirements on elevator control
force variations during angle of attack transitions. Section 3.2.3.3.!,
"Longitudinal control in catapult takeoff" in MIL-F-8785B(ASG), has beur.
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 lift during the Landing Approach Flight Phase.

Requirements

i 3.2.1 Longitudinal stabilitZ with respect to speed

3.2.1.1 Longitudinal trim stability

Discussion

In MIL-F-8785B(ASG), requirements under Section 3.2.1 are spoken
of as longitudinal 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 sl.ability, and flight-path stabilily. There is some
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question as to how important these long term stability requirements are to a
lifting re-entry vehicle during terminal descent to 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 Lumber, 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 to 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-
stmading 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 t,,rminal phase of flight in gliding
turns or simply gliding flight. All oi 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 im-ortant consideration in this requirement is not
what specific characteristics caused the vehicle to react in the way it does,
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 a more representative primary flight control variable than equivalent air-
speed. In certain Flight Phases of a re-entry vehicle, dynamic pressure or
angle of attack changes in gliding flight may be the primary flight parameter
and either of these may be used in lieu of airspeed.

For Level 3, an aperiodic 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 shown in References 20, 21, 22t 23, and ?4, a certain
amount of instability can be allowed for Level 3. Based on this data, and
the fact that the pilot will be generally maintaining tight control over the
vehicle during terminal flight, a slight aperiodic divergence in speed appears
reasonable.
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Requirements

3.2.1.1.1 Relaxalion ir, trvnsonic flight

3.2.1.1.2 Elevator control force variations during rapid speed
or Mach number chag

3.2.1.1.3 Elevator contro' force variations during angle of attack
transitions

Discussion

The relaxation in spee.cd stability requirements in the transonic region
follows essentially a similar reAaxation in MIL-F-8785B(ASG). The use of
equilibrium trim dynamic pressure or angle of attack is permissible as the
primary flight va'iable rather thin speed for certain transonic Flight Phases
of a re-entry vehicle where these variables are more meaningful. Relaxation
is allowed for more 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-entr) vehicles, these rapid trim changes
may be associated with large and rapid dynamic pressure or angle of attack
changes.

Some lifting re-entry vehicles thar. 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
maneuver. A simulator study of such a maneuver is described in some detail
in Reference 25. The study indicates that such a maneuver can be performed
by the pilot, but the resul's are too prelimi rry 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.

Requirements

3.2.1.2 Phugoid stability

3.2.1.3 Flight-path stability

Discussion

As stated in Reference 8, "Although pilot4 can handle airplanes having
poor phugoid damping, they will make such comments as: the airplane 'requires
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constant attention,: '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 slipht phugoid stability or to at least limit the degree of instability
for some vehicles and some Levels.

For an operational lifting re-entry vehcile, the requirements of
MI,-F-8785B(ASG) appear to be as valid for lifting re-entry vehicles as for
airplanes. The discussion in Reference 8 that substantiates these requirements,
even though the requirements are admittedly conservative, should also apply
to lifting re--entry vehi.clr's. Data from Reference 26 suggests more lenient
phugoid requirements than those in MIL-F-8785B(ASG). It should be possible to
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 phugoid motions, especially at high speeds,
it should be understood that altitude changes .rd density gradients with altitude
will affect the phugoid characteristics. These effects 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 also 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 MIIL-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 fact, flight
test experience from high energy landing approaches of airplanes and lifting
re-entry vehicles tend to support the idea thaZ pilots need some flight-path
stability and will fly unpowered vehicles, especially low (L/D)max 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 all speeds greater than the vehicle operational touch-
down speed minus 5 knots.
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Feelingc_ havo been expressed by some in th? field of lifting re-entry
vehicle design that some "backside" operation can be safty 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 form of spoilers or drag brakes is very
desirable and would Tdoubtedly have an influence on the amount of "backside"
operation that a pilot can tolerate in the flare aid float.

Suggestions have been made that d /d limits are not necessarily an
adequate specification of flight-path control requirements in the landing
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.

kssuming that the force damping terms of the vehicle are negli~ibly
small and the lift and drag derivatives of the elevator used for longit linal
control are negligibly small, it is possible to obtain the following longitudinal
transfer functions for elevator ccntrol inputs:

____ ________ e (~(3)

0 se (s + Fo)(s6+ (4)
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If it is further assumed that the initial flight-path angle is sufficiently
small so that terms containing sin (Xo) car. be dropped and cos (?,) can be
made equal to one, 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 (Y) to be small is not necessarily a good assumption for unpowered low
(L/D)inax vehicles.I ~ -X,
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It is interesting to note that many of the time constants are strongly

interrelated through the derivatives and do not necessarily vary independently

of one another. It can easily be established that

d y! IZe (7)

The last terms, *,/ a, can be related to the ph-goid frequency and

Equation 7 now becomes

cd(8)

da' tI - _ Me ( Z__ 8

It is obvious from this reLationship that //Z,# and f/ r- are the same and

differ from dY/du by only a constant,-I/g. Xt zero phu'goid frequency, //Z29
is identical to 1/4 and i/zr , and it also differs from d /da by the same

constant. The only way that //Z&, can be varied independently of d/da is

through the phugoid frequency and . When the phugoid frequency is small,

the term w /e is likely to be negligibly small.

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-

r pendent but highly functionally related. Variations in d3"/d imply highly
functional variations in f / rZ, , l/ , and f/Te, and the independent
effects of these parameters on flight-path control are likely to be small.

Requirements

3.2.2 Logitudinal maneuvering characteristics

3.2.2.1 Short-period response

3.2.2.1.1 Short-leriod frequenc and acceleration sensitivity

3.2.2.1.2 Short-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 period of time during which the flight

conditions of the vehicle in terms 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 lifting

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-entry

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 distussed such as short-period frequency, short-perIod
damping, acceleration s-'nsitivity, residual oscillations, control feel, cntrol
forces, and pilot-induced oz.illations are the same characteristic, specified
for airplanes in MIL-F--8785B(ASG) and discussed in some detail in Reference 8.
Some modifications to these requirements have beer made to make them more
applicable to lifting re-entry vehicle,.

All indications are that the short-peiiod 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 bc deficiencies for lifting xe-entry vehicles, although such
generaJizations can sometimes be misleading. The rationale and data presented
in Reference 8 in support o short-period frequency requirements as a function
of r/'l apply equally weli t 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 frequency
requirements for all Flight Phase Categories of Class IV lifting 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 n/
for lifting re-entry vehicles are identical to the Category C Flight Phase
limits for Class IV airplanes. Flight experience uith small lifting re-entry
vchicles such as the 1,12-F2, HL-10, X-24A, and the X 15 airplane tend to sub-
stantiate the feeling that in their longitudinal requirements, 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 reasonably rapid maneuvering
may be important considerations for Class IV 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 IV 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 W?/(nA)for
Class IV lifting 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. T7he upper boundaries on W1"Sp . are
the same for all Flight Phase Categories of airplane and lifting re-entry
vehicles to limit the degree of abruptness or high sensitivity of the response.
There is no justifiable reason for _,hanging these boundaries for lifting
re-entry vehicles.

Lower limits on On. are associated with tasks requiring precise
control of pitch attitude, and lower 1.mits on Wnd7 , and i/c are expected to
be associated with precise control of attitude and flight-path angle, especiaily
for Category C Flight Phases. Both cv, and ;,,* lower boundaries are subjects
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fo' a great deal uf discussion and difference of opinion which are difficult
to resolve with the avaiiable data. Except for some qualifications on the
lower limit requirements of W.,and 72/ that will be discussed later, it
seemed reasonable to keep the lower limits on the same as Category A
Flight Phases of airplanes and the lower limits on ?,& the same as Categor C
Flight Phases of Class IV airplanes.

Class III lifting re-entry vehicles are aiost lil. Class Ill : ;Janes.
No actual flight experience exists tor Class IllI lifting re-entr-" vc:xic s.
Until quite recently, due to NASA efforts in connection with the SS\, n',
Class III lifting re-entry vehicles have been given zerlous :ons1deratBon.
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 o ,(p4)for lifting re-erntxy
vehicles are the same as the Category C lower boundaries for airplanes.
Category A and B lower bomdaries are essentially the same as Category b
lower boundaries for airplanes with one exception. In the interest of
simplicity, the Level 1 lower boundary was raised slightly from &d,, /(?11/g)

0.085 to ad v/l/*a) = 0.096 to coincide with the Level 2 and 3 botudary for
Flight Phase Category C. The lower limits on oz,, at low n,7 s and the lower
limits on n/a for Category C Flight Phases are identical to those of Class III
airplanes. Class III lifting re-entry vehicles, because of their weights and
inertias, are expect-d to be less sensitive to turbulence efifects than Class IV
lifting re-entry vehicle. This, coupled with the lack of data and flight
experience, appears not to justify any stricter requirements for Class I
lifting re-entry vehicles.

Lower limits on are associated with a degradation of te e

tivity of the vehicle, i.e., the response becomes sluggish and the attitude
changes following a pilot input are slow and difficult to predict. Loter limits
on 17/ , or are associated with a decrease in the responsiveness of the
vehicle in terms oft flight-path angle changes. Adequate and sufficiently
rapid flight-path angle changes are especially important in the !anding approach
Flight Phase, Lower limits on L and Nl/h are difficult to establish based on
the available data, and to some extent these lower limits are arbitrary. It
is also true that lower limits on n/ can impose design constraints on the
maximum CL of the vehicle or its wing loading, but constraints on C. or wing
loading are not likely tc be a serious consideration for lifting re-entry
vehicles, especially unpowered vehicles which are required to fly much or all
of the approach and landing on the frontside of the (L/D)4ax curve. In view
of these considerations, it was decided that the 7/a requirements can be
relaxed if adequate justification can be presented to the procuring activity.
As is the case for airplanes, both cin 5 and n/l requirements can be relaxed
if suitable means are provided for controlling lift directly.

For the unpowered landing of Class III vehicles, there is some indica-
r 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 to closed-loop difficulties in flight-path control during the landing
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approach. Therefore, the adequacy of t.,e lower limit or. &. p for Class II
vehicles must be established by the contractor for unpowerad "Th.-id-ings.

Considerable data are presented in Referenice 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 piblished reports appears to refute
the requirements established here during terminal flight at low supersonic,
transonic, or subsonic speeds. There are differences of opinion, based on
limited and inconclusive data for airplanes, on the limits on at low
and the lower limits on 774 , 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 lifting re-entry vehicles, and some fixed-base ground simulator
results based on a simulation of an HL-10 shuttle, i.e., an HL.10 increased
in size to perform the Shuttle mission (Figures 12 and 13). Flight test results
on 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 tc:;t 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 171 for both
Level 1 and Level 2. The Level 1 boundaries on frequency agree with the speci-
fication, 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-0,
X-24A, X-1S, and X-20 were examined. Very little definitive pilot rating or
comment data exist to go with these short-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 re-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 ol' airp lanes
or lifting re-entry vehicles, Based on the categorization of re-entry vehic'e
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 upon 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 although the data did include the
effects of turbulence to some degree, the lowe- limits would not be adequate
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under realistic turbulence conditions, therefore the lower limits were increased
to those shown. Since experimental lifting re-entry vehicles are likely to
operate uder significantly lower turbulence levels than operational vehicles,
it was felt that the minimum damping requirements indicated by the data and
presented in Reference 8 should be adequate for experimental vehicles.

The upper limits of 4p 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
Phases, 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-
dinal, 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 frequelcy and still have acceptable handling
qualities (Pilot Rating less than 6.5). In fact, with frequencies greater than
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 recommendations can be made to relax the damping requirements
and the requirements on

Reference 37 presents some short-period frequency and damping ratio
data, with associated pilot rating, on the X-15 airplane between M 3 2.5 to
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
by the requirements as stated in T L-F-8785B(ASG). Requirements on a),,,and
5Pw~ as functions of T/V, or L, have been suggested as well as require-

ments ?or minimum n/c as a function of air3peed (Vo). 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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Reoui rement

3.2.2.1.: ReIidual osc:Ilat on:

[his paragraph is essentLally a qualitatice requirement on resi ual
P' oscillations as th-,: -eflect on tne handling qualitie. of the vehicle, :e

requirement as stated for re-.atry vchic!es doe- emphasize the fact that
residual oscillations due to iimit cyrle and structural resonance are to be
considered .&ith the fligh c,,! re! systc. SAS gains required to meet handling-qualities requirements. E.xperience with the X-15, M2-172, and X-24A vehicles

has emphaslized the fact that SAS systems can lead to limit cycle and structural
resonance problems and helse 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-878SB(ASG),
has been removed since tight tracking, in-flight refueling, or formation flying
are not requirements for Category A Flight Phases of re-entry vehicles.

In a preliminary draft of lifting re-entry vehicle handling qualities
requirementz (Reference 9), very specific quantitative requirements on limit
cycle and struutural resonance were presented and these were obtained from
Reference 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", aid "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 lcss of control by the
pilot or destruction of the vehicle. NASA FRC at Edwards, California has
developed a ground testing technique for lirit cycle characteristics which

has been applied to aircraft such as the X-15, F-Ill, and to lifting bodies
such as W2-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 vehicle 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 operates
the vehicle gyro through a torque circuit. The test technique consists of
introducing a disturbance into the system through the pilot controls at each
level of total loop gain to be tested. As an example, the total pitch loop
gain is k /W, SAS gain (ki= Se/9) times the control power Mfe. The elevator
limit cycle arplitude, kjqI ! (SAS gain times pitch rate peak to peak amplitude),
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and limit cycle frequency are olotted as functions of total loop gain (AeA4e)
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 car. result in
rate !imits of the control surface actuators. 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 actuators cannot respond to stabilizing
signals from the SAS and the oscillations will rapidly diverge. Depending on
the control system configuration, cate limitig of control surface actuators
may also 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 limit 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 cycle 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

Unacceptable - Limit cycles can cause the pilot to lose control
of the vehicle

Destructive - Aerodynamic loads approach the structural limitations
of the vehicle and continue until failure occu'rs

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 requirements 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 landling 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 seem 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 effectiveness 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 cauae 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 cause the pilot to lose control of the
vehicle" (Unacceptable region).

it appears thit the word descriptions of limit cycle levels are more
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 station. 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 to
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 original 11L-10 SAS system, the limit cycle frequencies at the
limit cycle boundaries were as follows:

(Degre s 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 Ndq--:3e, i.e., that there is negligible gain attenua-
tion due to augmentation loop dynamics, it is possible to estimate the cockpit
acceleration an.plitude at the region boundaries. The results are as follows:

Cockpit
(Degrees peak Acceleration

Region to peak) (g's)

Acceptable 0.5 .006

Marginal 1.0 .012

Unacceptable 1.5 .020

Similar calculations for the M2-F2 yield the following acceleration levels

L4 aq Cockpit
(Degrees peak Accelerations

Region to peak) (g's)

Acceptable 0.5 .001
Marginal 1.0 .003

Unacceptable 1.5 .006

Reference 39 indicates that over the frequency range associated with
limit cycles, the acceleration perception threshold is of the order of 0.001
g's. Thus the acceleration levels estimated for these lifting bodies at LC.4-
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 .0i to .02 at the pilot's station
can hardly "cause the pilot to lose control".

cInformal conversations with NASA-FRC personnel who have been intimately
concered with limit cycle problems, including pilots, indicates that the
primary concern 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 u.nder the conditions of limit
cycle as presented in Reference 38 were not of p2Tticular concern from the
standpoint of handling qualities difficulties, provided limit cycle instability
was avoided. Reference was made to recent studies (Reference 40) conducted by
the Flight Research Center (FRC) of NASA regarding the effects of buffet
intensity on handling qualities in precision tracking tasks. Although these
aircraft motions under buffet conditions have a continuous power spectrum rather
than a line spectrum as is the case with limit cycle motions, these experiments
are of significance to the limit cycle question. The results indicate that
buffet intensity variations between 0 to 0.2 g's rms produced vey 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 car, be tolerated with little loss of mission effectiveness
than the levels computed at the limit cycle criteria boundart..; of Reference 38.
These criteria are more related to control system design req__rements to
prevent augmentation system gains from reaching levels which can drive the
limit cycle unstable with the resulting e ngcr of damage to the flight control
system, or structural damage to the airplane.

Similar arguments are applicable 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.

Requirements

3.2.2.2 Control feel and control motion in maneuvering flight

3.2.2.2.1 Control forces in maneuvering flight

3.2.2.2.2 Control motions in maneuvering flight

Discussion

The tiLle of 3.2.2.2 ha3 been changed from "Control feel and st.,u'ity
in maneuvering flight", which appears in MIL-F-8785B(ASG), to "Control feel
and control motion in maneuver-ing flight". This "mphasizes that the require-
ment has been changed such that a stable variation of elevator surface positions
with normal acceleration is no longer required.

The requirement of stable control 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 veh.cles that in all probability
will be highly augmented. Reliability requirements for such vehicles and their
subsystems will generally be high because of high program and vehicle costs,
mission complexity, passenger safety, and vehicle and environmental unknowns.
It i6 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 stat'c instability for some Flight Phases
may be an important consideration in the optimization process. All of these
factors tend to suggest that once 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, unaugmented vehicle to be urtstable.

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 concenis for such effects as turbulence, desig, 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 augmentstion than is tzue 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 forze gradient limits (, /n) at the
higher n1 's are the same for liftirg re-entry vehicles and airplanes as
specified in NIIL-F-8785B(ASG). As is true for airplanes, the gradients are
higher for w'heel controllers than for center-stick controllers. In the case

-of unpowered lifting 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 limit load factor as is
the case for airplanes.

As explained in Reference 8, there is ample evidence that at vory low
values of )/ F3n can ..-id should bo higher than at high values of n/c.
Given a choice (References 41 and 42), the pilot tends to select a constant

kvalue of F,n at high n/e, but a constant value of Fs /e at low n/. At
low n1/h the pilot is concerned with the control of pitch attitude. These
factors are related by the following formula:

)7

At low / n , if F /t is held fixed at some desired value, then F,/n will vary
inversely with 71/c . The requirements for airplanes in MIL-F-878SB(ASG) also
specify fixed maximum and minimum values of r-/,n under certain conditions. For
airplanes, as 77/. decreases, F, /z will decrease when F./n is held constant
at its fixed maximum or minimum values.

Although there may be rational reasons for establishing upper limit,
on A.In at low values of 7/& for airplanns, such upper limits are not well
founded, and this i. especially true for lifting re-entry vehicles which will
fly under flight conditions of low dynamic pressure where n/ is small. Fixing
the maximum value of F/n will imply that the same attitude changes of the
vehicle can be made with lower stick forces as 7/6 is reduced. Whether such
low values of FI/z at low dynamic pressures are permissible or desirable is a
function of many things such as mission, tasks, and the kind of stabilization
system provided for the vehicle. Such 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 develop 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 r/n at low 7/ms would be eliminated for Level 1 and
Level 2. This allows maximum F/ n to vary inversely with n/ce, and F., la to
remain constant as n& is reduced. For Level 3 the fixed upper limits Zor
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maximum F5 /n are the same as the requirements for airplanes, except that Level 3
values of maximum F/n are not allowed to be lower than Level 2 values. The
minimum limits on ',/ were allowed to remain the same for lifting re-entry
vehicles and airplanes. When F. I/n is fixed and independent of n/, Fs/z is
allowed to decrease as 771 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 controllers.

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 pounds per
inch for Level 2. Contractors have objected to these large values and have
cited numerous examples of airplanes and re-entry vehicles with smaller values
that. have been acceptable to pilots. Therefore a minimum value of 5 pounds
per inch was specified for airplanes for Catt?.,'ry A Flight Phases. In the
case of lifting re-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.

Requirements

3.2.2.3 Longitudinal pilot-induced oscillations

3.2.2.3.1 Transient control forces

Discussion

The qualitative requirement on pilot-iuduced oscillations is the same
requirement stated for airplanes in NIL-F-8785B(ASG). These requirements
will of course 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 oscillations 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
to eliminate PIO's, but the problem is not well enough 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 PIO-related factors uiscussed, such as bobweights, are not likely to be
factors of importance to lifting re-entry vehicles. The discussion in Refer-
ence 8 should be referred to in order to obtain some insight into factors that
should be considered if PlO tende" cies are to be avoided in lifting re-entry
vehicles.
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Suggestions have been made for quantifying control system requirements
to avoid or limit PTQ tendencies. An analytic treatment of PIO tendencies is
contained in Reference 44. A class of PlO'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 PIO tendencies that can be related to high
short-period frequencies 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 Reference 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 to PIO's.

Based on the results of References 3, S, and 44, it has been suggested
that it should be possible to subdivide the combined dynamic effects of the

$: control system and airframe into an "effective control 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 PIe tendencies can then be computed as follows:

e I- 2 T,9 "SP

The two-parameter effective control system phase lag and 6a4," can be used to
correlate the data of References 3, 5, and 44 to establish limits on control
system and short-period dynamics to limit PIO tendencies for various handling
qualities Levels, Although some reasonable 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. it appears that the
difficulties are ass-ciated with the partitioning process into "effective"
control system and "effective" airframe and how this is to be determined for
complex control system transfer functions with poles and zeros in the vicinity
of the poles and zeros of the airplane short period.

The requirement in Paragraph 3.2.2.3.1 is identical to 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 F'/, for low values of 4.
(stick-free) and tend to inhibit PIe tendencies associated with low short-period
damping.

Requi remen ts

3.2,3 Longitudinal control

3.2.3.1 Longitudinal contrAl in unaccelerated flight

3.2.3.2 Lo_&itudinal control in maneuvering flight
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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 control 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-
8785B(ASG) are applicable to lifting re-entry vehicles.

Paragraph 3.2.3.3.1 is an addition to this lifting re-entry specifi-
cation and covers longitudinal control requirements for air launched lifting
re-entry vehicles. The X-15, M2-F2, HL-10, and X-24A are examples of experi-
mental lifting 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-entry vehicles, especially vehicles
with a low (L/D)max. Included are special minimum requirements on the landing

flare and float. Paragraph 3.2.3.4.3 covers the effects of adverse elevator
lift and longitudiaal flight-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 lifting re-entry
vehicles with some modification. The requirement is applied to the Service
Flight Envelope 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-878SB(ASG). This speed -4s
undoubtedly more meaningful and realistic for a lifting re-entry vehicle.
The requirement also applies to unpowered lifting re-entry vehicles during
equilibrium glide flight.

The longitudinal control requirements for maneuvering flight of
lifting re-entry vehicles are essentially the same as those for airplanes as
they are presented in MIL-F-878SB(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-878SB(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 Envelope 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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Requiiements

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 simiiar 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 lifting re-entry vehicles are
based either on air launch 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 e.pected 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 horizont-Al takec"
requirements are expected to apply to such vehicles.

The longitudinal control requirements for tail-wheel vehicles and
operation 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
lifting 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 c3ntrol requirements 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 through wind-tinnel testing.

Attempts were made in a previous version of a lifting ie-entry vehicle
handling qualities specification (Reference 9) to quantify some of the launch
requirements, After a discussion with personnel at Edwards Air Force Base,



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 therefore been qualitatively
specified.

The longitudinal control force and tiavel in takeoff for lifting re-
entry vehicles are the same as the requirements for airplanes as they are
presented in MIL.-F-878SB(ASG). The requirements for Class IV-L airplanes are
the same as Class IV lifting 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 duriug air launch and takeoff since they
appeared appropriate to both and no better basis for establishing launch re-
quirements is available at present.

The longitudinal control requirements in ianding for powered lifting
re-entry vehicles 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 been 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 geometric limited
touchdown attitude. An examination of X-15 landing data (Reference 30) for
the first 30 unpowered flights of the X-lS 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 flare 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, N12-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 lifting re-entry vehicles, res-
pectively.

In landing low (L/D)max 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 float. 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 confronted 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.

Requirement

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)rjax's, Unpowered
landing techniques upon which these requirements are based were developed b)'
NASA Flight Research Centel (FRC) and the Air Force Flight Test Center (AFFTC)
at Edwards Air Force Base in California. These techniques evolved over a
number of years through the use of experimental aircraft and became especially
important and crucial to the dead-stick landing of lifting re-entry configurations
such as the M2-F2 with an (L/D)max of approximately 3.0. There is increasing
evidence that these tvchniques are also applicable to unpowered 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 ,ne:gy
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-loop 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)max's of the X-1 and D-558-II are approximately 5.5 and
6.0 respectively. As the (L/D)max decreased below 5.0, unpowered landings
became a more critical piloting task. The X-15 has an (L/[,)max of

iapproximately 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 the performance of low L/D landings. The visibility from
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the X-1S cockpit is considered excellent. The handling qualities
of the X-15 in this speed and angle-of-attack range are also
considered excellent. Th,. all-movable horizontal tail for
both pitch and roll coatrol produces high airplane response
with very little cross-.coupling. All stability derivatives are
stable and of fairly high magnitude in this flight regime.
An effective method of spoee control is necessary to perform
accurate landings. The X-15's speed brakes have proven to be
quite valuable during the approach and landing phase."

The (L/D)max of the HL-10 in its landing configuration with the
original tip fins is approximately 3.4. With the modified tip fins, this in-
creases to approximately 4.0. The (L/D)max 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)max 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, after
a space flight of any duration, to maneuver into a position to
then dive at the ground with a vertical velocity of 15-18,000
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)max down to 2.2 to 2.5 were simulated. As quoted from the
conclusions oi 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)max 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)max. The preflare equilibrium
approach speed is a speed higher than the speed for (L/D)max rFigure 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
CL for (L/D)max. The pilot stops pulling g's and the lift 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)max with gear and flaps
down.

It becomes readily apparent that for any given vehicle with a given
(L/D)max, 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)max and the touchdown is to be completed at (L/D)max. 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 CL for (L/D)mnax 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)max with
flaps and gear down, and when the flaps and/or the landing gear were lowered.
This value of CL/CL(L/D)max must also be compatible with the CL for (L/D)m44
while the vehicle is pulling g's at the end of the flare with the flaps and/
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
initiation 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"
operation during the flare and float, 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)max of a given vehicle is the only factor of importance in
determining whether the vehicle is satisfactorily flared and landed, then allPthe 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)max 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)max of the vehicle in-
creases, this family increases. As the (L/D)max of the vehicle decreases,
this family decreases in size until for a sufficiently low (L/D)max, let us say
an (L/D)max z 2.5, none of the flares that can be performed analytically are
acceptable ishen 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

Rthe 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 Flare. 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 during 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 Inwer sink rate with lower flare initiation
altitute and Figure 20b shows a trend of lower flight-path angle with lower

6flare 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.

Unfortunately, no pilot rating or comment data exist for thGse 30
X-15 landings ta indicaLe 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 from 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 49.

The point-mass longitudinal trajectory equations of motion for an
unpowered lifting re-entry vehicle can be written as follows:

W V -D -W n

The rate of sink or altitude change with time and the rate of horizontal dis-
placement of the vehicle become

--- Vo"/(10)

A differential element of time (dt) can be expressed as

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 z in terms of flight-path
angle and velocity

dV

Vs;n 9 d(12)

A ==V 5sn)dt V- i rd
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F The acceleratic- normal to the flight path in g's ( f7 ) becomes
from the second of Equations (9)

- q9 (13)

v

Substituting Equation (13) into Equations (12) results in the following:

V __ __ __ _
i:_: de = -_ d " = r

dh VSFV," d~ V7 (,S;r, d 1)

_ ____ 2 (.,o 7)dg

If it is assumed for the purposes of this analysis that the normal
acceleration is held reasonably constant during the flare, then

- = - 2r = constant
W

It will be further assumed that the velocity change during the flare is not too
large, and Equations (14) can be integrated assuming V and V 2 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:

("~~~ ~j(V 1 > f) =copstant (5

(VV) 4. =i2 fI! V constant

[ where

= average velocity during the flare
z

(VAv); average velocity squared during the flar,
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Vu = velocity at flare initiation

V = velocity at flare completion

Substituting Y,, and VAv for V and Y2 in Equations (14) and periorming
the integrations, we have:

I ~I~rh'(VAt,); (ZG - )
~g J 79  77yn

h fh Q: ,) Cosav (16)
2, 2

fn (wq (co5X-c=

where

4 = flare time

hf = altitude change during flare

%; = flare horizontal distance

= average flare velocity

. = initial flare flight path angle or equilibrium
glide angle at flare initiation

4 = flight path angle at completion of flare

It is now possible to ratio the three fl~re parameters C j , h¢g
i ) as follows:

_01 CO

(17)
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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 viill be further assumed that the flight-path angles are sufficiently small so
that the following approximations are valid:

d o s - 1 ,.

( ~5in

k' ~s in '

By substituting, Equations (17) now become
h r I ( V + YA€ C

4'€ 2 (2e8)

With the further assumption that ; is o e to e o so h tI o <I; 1
Equation 10 becomes coet eos

~(19)

2q

Wit tefrhrasmtotht;r; is clsozr s htl

tE1
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where

2 r, fight path angle during equilibrium glide
just prior to flare initiation

\l1 the important flare parameters appear to be primarily a function
of two parameters, the average flare velocity, (VAv)f, and the equilibrium
glide angle when the flare is initiated.

It is interesting to note that ; is a function of (L/D)max and how
far on the "frontside" of the (L/D)max the flare is initiated (see Figure 18).
The value of (VV); is a function of CL for (L/D)max and how much this CL
must be decreased for adequate "frontside" operation, and it is also a functibn
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;/v . An in-
crease in (VAv); results in an increase in h,./t and hc/zf . The param-
eter Z; /tf is probably of least concern to the pilot in unpowered landings
of low (L/D)max vehicles. The parameter hf /41  is probably of greatest
concern and creates the greatest demands on 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 h./it , the average sink rate
during flare.

Analysis of the Float

After completion of the flare 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)max with
flap and gear down (see Figure 18). Since the change in velocity is the im-
portant variable during the float, an analogous form of Equations (12) can
be derived using Equations (10) and (11):

db(sn~~V~i sv (20)

d% -s1) dt = V aa' dV
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The deceleation during the float can be determined by the first of Equations
~(9).

(21)

v4 (--

where

0 = longitudinal deceleration in g's

By substituting Equations (21) into Equations (20) we now have
dV (Vs;,7 2r) dV

W/

(V i*.7 O')dV (V 5s 7')dVd(22)

;: , gal!P - i n ,

(Ve,05 XMV (Veos T) dV

If it is assumed that during the float the deceleration is reasonably

constant and it can adequately be represented by an average deceleration, then

a [D - 1'1 2r constant (23)

During the float the following approximations are also valid:

I W

V,'

} C.# c s v " / (24)
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By substituting Equations (23) and (24) into Equations (22) we have

dt - dV dVI V,, .
dh= V "I,. dV V "I,,VP. dV

a I1V, r (2S)

vd Y VdV
a,

Assuming average values of the other parameters and integrating Equations
(25) only with respect to velocity we have

tFL dV =dV' .9-V",o 10 V-L, FL/.] vfC

c ("MA V, FZ.

v,.V- v;-, V,

- ' ( SIV5)AVFL

h FL Vv.dV Vd V____ _ ( .' A V , 1 (26)

k'p ______ AVY FL

TAV,Jr1 2 v. -V2.) 7 ;, V, . - 'Z )
29~~g 2g L ~)~ l , 1AFL1

VT D VVC /VV VdV

_ o-V 1, 1o =,

2

2
29 L. I 7A V,1.rVDAVFJ.
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F
where

t float time

float altitude to touchdown

•F1, = horizontal distance traveled during float

Vrp = touchdown velocity

V = flare completion velocity which is equal
to float initial velocity

IL : average (L/D) during the float

= average flight path angle during float
2A V W1.

It is possible to relate the average flight path angle during the float (?'v;)
to the average sink rate during the float (2AV FL) using the first two equa-
tions of Equations (26)

tF1 2

AVJF (5 Av, ) (27)

The float time ( ) is directly proportional to the excess velocity,
i.e., the difference between the velocity at flare completion C V;p ) and
the touchdown velocity ( Vrv ). The touchdown velocity is determined by the

CL for (L/D)max 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 negligibly small, as it usually

is during the float, the float time is also proportional to (L/D)AV 0=.

(L/D)Av is a function of (L/D)max 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)max and excess velocity in determining float time is reasonably clear.

The float distance (zFL ) 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 compietion and touchdown. Float distance is also
directly proportional to (L/D)AVFi . Thus large float times may be
undesirable in themselves but they may also be undesirable because of the

proportionately 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 exanination 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. Altlhough 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; /tc must be reduced as the flare altitude is reduced, and 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-1S data, it is assumed that the flare was com-
pleted at an elevation 50 feet above the ground. Such an assumption seems
reasonable 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-1S landing in terms of altitude and velocity
variation with time 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

c. 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 fArst
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-1S flares based on the
average velocity during the flare for all 30 flights, (VAv)j = 275 knots.
The flare altitude and flare time can be related to (L/D)eff by the following
formula:
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The (L,/D)eff represents the T./D that would be required by the X-15 to
obtain a. sink rate C h. / t, ), represented by the dotted lines, when in an
equilibrium glide at 27~5 knots. Even though the (LIU)max of the X-15 L;

~approximately 4..? clean, the (L/D)eff during the flare was considerably
I; 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 (LD, '.The high energy
unpowered approach is performed on the s

the (L28)xcuv

for improving flight path stability and to buy time during the critical fot
period as the excess kinetic energy is consumed. Front-side operation reduces
uthe LiD to some value below (L/D)max. By performing the unpowered flare

the way he does, the pilot increases the "effective" LID of the vehicle.

Figure 22c is similar plot of the X-15 flare data except that
lines of average flare flight-path angle, ( D); are shown instead of
(LID) ef The average flare flight-path is related to u ti; by the
followtng formula:
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Even though the average glide slope at the initiation of flare for all 30 X-15
landings was approximately -13. 0% 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 angle at flare initiation.
This would suggest that the average glide slope for all 30 X-1S flares should
be approximately -13.9/2 or approximately -7.0 degrees. The average of-9 degrees and -4 is -6.5 degrees, which is close to -7.0 degrees. The
lower average glide slope during the flare and the higher effective L/D duringthe flare are really two different ways of looking at the same thing.

Figure 23 is a plot of X-15 float time ( tFz ) or the time from
flare completion to touchdown. 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
possible 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 to 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.................... ......... i......... ......... ......... ;.............. .... .... .... ........
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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 of attack at flare initiation was then held constant until the flare was
completed at zero sink rate. Figure 24 also contains data runs "flown" v the
same six-degree-of-freedom simulator. These data are published in
Reference 34 avnd agree substantially with the predictions. The flares
were initiated from stabil4.zed flight-path angles and the flare initiation
velocity varied from 240 to 320 knots at three different upper flap settings.
All the flares were performed with an initial incremental of 1.0 g's which
decreased to 0.5 g's by the end of each flare.

The flight data on the landing flares on the fifteenth 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 2-F2 flares is rea-
sonably good. The handling characteristics of the M2-F2 duwcing 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 denanding, requiring unique
flight preparation and practice procedures with little margin
for error or unusually increased pilot workload. Judgement
of flares and landings required complete concentration."

As further evidence of the demanding nature of landing the lifting body vehi-
cle such as the M2-F2, the first recommendation of the board ccnvened to
investigate the accident which occurred on the sixteenth flight included the
following statement:

"Consideration should be given to increasing the time allotted
to the pilot for the landing phase ---- ."

Also included in Figure 24 are flare data from a time history of the
HL-10 vehicle. fhe data are not from any particular flight, but presumably
are a composite of the flare profile flown on a typical HL-10 approach and
landing. From the approximate infoxmation available in Reference 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 siiuiation. Separate data were generated
for an upper flap control law and a lower flap control law. The data are
plotted as Fij 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-IlIA 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-IliA 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 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 b 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 ( / = 0'5 to an airspeed of 150 knots.
Flight data on N2-F2 float time (Reference 51) are also shown. The float
time for a typical HL-l0 flight (Reference 52) is 13 seconds. Th. 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-1lIA
flares is shown and was obtained from Referenc- 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
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-1lIA and the NB-52A
data was obtained from Figure 26. Because of the gross assumption made in
obtaining the flare tines of Figure 27a and 27b, the boundaries from these data
are not plotted on Figure 29.

Oitside 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 horizontal landing simulation
study for low L/D glide vehicles that does contain pilot rating data and
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Reference 46 contains limited information on the flare and float of the
F-1lIA 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-IlIA 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 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,
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 ( T = 00) 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 landing flare studies of the X-24A (Reference 50) are shown. The
touchdown airspeed was assumed to be 160 knots. Flight information on F-IlA
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
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-1S 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-l11A 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 horizontal landing simulation
study for low L/D glide vehicles that does contain pilot rating data and
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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,
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 ( T = 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-1O flight (Reference 52) is 13 seconds. The 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-IlA
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
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-1lA 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 coraments 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 horizontal landing simulation
study for low L/D glide vehicles that does contain pilot 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 extend 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 V! of the requirements
(Paragraph 3.2.3.4.2) are based on the recommendations contained 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-1S
data, Reference 48 suggests "that a 15 - second margin from flare completion
to touchdown is adequate'. Time from flare initiation 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
Fc...e Base have suggested that a total time from flare initiation to touchdown
of 20 seconds is adequate. Using the minimum float 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 loat time is based on some of the considerations
contained in a number of refrences, References 35 and 49 for example. in
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 Reference 49 is said to be based on pilot
opinion. Although somewhat arbitrary, 30 seconds was selected as the upper
limit on float time. Excessive float time requires long runways, contributes
to touchdown dispersion, and is probably dangerous.

Requirement

3.2.3.4,3 Elevator lift and longitudinal control in landing

Discussion

This is a new requirement on the effects of adverse elevator lift on
altitude and flight-path control during the landing approach. Adverse elevator
lift will occur with an elevator control aft of the c.g. As the elevator is
deflected to change the attitude and lift of the vehicle, the initial effect
of elevator lift 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 expected to be largest and most significant for Class III airplanes
or lifting re-entry vehicles with low frequencies and large response times.
Te data on this subject that presently exist are insufficient and sometimes
confusing from the handling qualities point of view. It is not possible to
establish quantitative flying oualities requirements at this time.
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boundaries based oai the3e date. Unfortunately the boundaries are plotted in
terms of overall vehicle parameters such as the (L/D)max and excess preflare
airspeed. The rating data are also for the complete flare and float to
landing, and from the data presented it is nct possible to separate the flare
parameters from the float parameters.

Reference 33 contains a summary plot of a number of interrelated
parameters 'iat affect the flare and float of a low L/D unpowered glide vehicl,.
Various unpowered landing li4mits are presented based on field length, (L/D)max,
time required for pullup, low and high flare altitude, etc., as determined
from in-flight data and analytical studies. These boundaries are based on
various specific assunptions discu-,cd in detail in Reference 33. Using the
information presented on the bounaries, 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 vehicles shown on Figure 29.
The comparison shows that all the N12-F2 flare data are to the left (unacceptable)
side of the boundary line, and all of the X-24A, X-15, and F-1l1A and NB-52A
data are to the right (acceptable) side of the boundary. In summary, the
boundary appears to be a reasonable Level 2 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-lS landing data on
the first 30 flights.

The upper boundary of X-lS landing flare limits on Figure 29 agrees
reasonably well with the recent limited F..IIlA and NB-S2A data of Reference 46
on larger airplanes. Reference 46 suggests that the unpowered landing of
larger 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 limited. 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 pil 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 both Class III and
Class IV experimental lifting re-erny vehicles.

Based on all these considerations, it would appear that the best
estimate of Level I and Level 2 boundaries for experimental lifting re-entry
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Reference 56 investigated this problem with the following short-

period characteristics.

(.O nsv = 0.928 rad/sec

Sp = .707

0.52 < Lx < 0.57 1/sec

With these short-period characteristics it was possible to establish a Level I
(Pilot Rating < 3.5) boundary as a function of control sensitivity (A,/$ ) and
lift e e to control (LS ). Although the d.ta were insufficient to describe tile
Level 1 boundary adequately, the trends in the data were evident. As L,5
increases above a moderate level, increases in MS 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 other basic stability
characteristics. It seems self-evident that the parameters (,7 12, 4,s , and
L. as well as LS and MS are impL.Ltant in a closed-loop situation when the

*pilot is controlling 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 problems increase with aircraft size. From Refer-
ence 57, Figure 31 is present+ed and the following direct quotation is made:

"A flight situation is postula ted in which the pilot has just
discovered that he is below his chosen glide path during an
approach to landing. The initial conventional airplane response
to elevator deflection is oppos. te 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 are unsatisfactory. The ability
to meet this requirement is obviously influenced by many things,
such as control-surface rate of deflection, tail length, lift-
curve-slope, damping in pitc6, 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 control param-
eter in the handling approach is the maximum control power available from
trim and the change in iifi atnuuciited with this aiotunt of control power".
These same parameters have been used in Reference 35 to establish a boundary
between acceptable and unacceptable based on total control power (A'. 5e- max)
and total loss in elevator lift in g's ( wjSe) The boundary in
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Reference 35 is based on fixed-base simulations of an IIL-10 Shutt 1 during

landing :p,.:.ach. The HL-O shuttle is an HL-10 lifting body scaled up to
the size an-I s.eight if 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 obtained from unpub-
lished NASA data. As stated in both references, large pitch accelerations
(Moseemax) tend to compensate for large losses in lift due to the elevator

r5e.Se max).

The fact that the parameters chosen consider only total control
power amd total loss in lift due to the elevator, and neglect short-period
dynamics, suggests that these are really not handling qualities parameters
as such and that they do not adequately describe thL closed-loop handling
q,. lities situation during the landing approach. It is interesting to ncte
that both parameters can be changed by simply varying Se.max. Discussions with
NASA Edwards personnel confirmed that the boundary of Figure 33 is in fact a
total control 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 sinking below 2,500 feet the flare
was considered acceptable; if they could not complete the flare by 2,500 feet
the vehicle was considered unacceptable. Thus, wl..t are adequate handling
qualities parameters to define the effects of elevator lift loss on closed-
loop control of flight path remains unresolved.

Requirements

3.2.3.5 Longitudinal control forces in dives - Service Flight Envelopes

3.2.3.6 Longitudinal control forces in dives - Permissible Flight Envelope

3.2.3.7 Longitudinal control in sideslip

* Discussion

The requirements for control forces in dives in the Service and
Permissible Flight Envelopes for lifting re-entry vehicles are essentially
the same as the requirements for airplanes as presented in MIL-F-878SB(ASG).
The only difference is that an unpowered vehicle is initially trimmed for
steady glide flight. If in fact there should be longitudinal control require-
ments in dives for lifting re-entry vehicles, there is no rational rea on
evident at this time why the requirements should I). different from those of
conventional airplanes.

The requirements on longitudinal control in sideslip for lifting
re-entry vehicles are essentially those for airplanes presented in MIL-F-9785B
(ASG). The reasons are the same: small amounts of sideslip should not result
in large or dangerous angle-of-attack changes nor should the corrections
required by the pilot be large when he intentionally changes the sideslip angle.
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Lifting re-entry vehicle configurations have a tendency to be sensitive
to sideslip angle changes and the sideslip angles may be restricted because of
lateral-directional requirements specified elsewhere. Under such conditions,
the elevator cor'rol forces specified will. apply at the maximum allo;:Ubte
sideslip angle.

Requirements

3.3 Lateral-directioncl flying qualities

3.3.1 Lateral-directional mode characteristics

3.3.1.1 Lateral-directional oscillations (Dutch roll)

3.3.1.1.1 Directional control margin

Discussion

The Dutch roll frequency an damping requirements for lifting re..entry
vehicles for each Flight Phase and vehicle Clas- are comparable to the
corresponding Flight Phase and Class of vehicle in MIL-F-878SB(ASG), Refer-
ence 2. For some of the longitudinal requirements, for example, the short-
period response in Flight Phase Category C, the specifications for re-entry
vehicles are more stringent than for conventional aircraft to account for
the exacting task of landing an tnpowered vehicle. The question naturally
arises, why shouldn't the Flight Pnase Categoiy C requirements for the un-
powered vehicle be more stringent for the Dutc.i roll, one of the primary
lateral-directional modes? The answer is tha.t the vehicle is not normally
maneuvered through the Dutch roll mode. Therefore, it is not nec,. ,' ary to
make the Dutch roll frequency and damping requirements stricter for the un-
powered vehicle in Flight Phase Category C. Another reason for not making
the Dutch roll requirements mcie sti'ngent, in particular, the frequency
requirement for Class III vehicles, is the absence of data at the lower end
of the frequency spectrum. The proposed designs for the Space Shuttle Orbiter
and Booster indicate that they will be very large and with their correspondingly
large inettias, the vehicles will have very low Dutch roll frequencies. Since
the general philosophy in compiling a specification is that requirements
should not be stipulated which might limit or restrict the design when there
is no rational basis or substantiative data to warrant a change, the decision
was made to keep the minimum Dutch roll frequency requizements as they ar-c i
Reference 2.

The major differenre between 3.3.1.1 and the same paragraph in
Reference 2 is the modification to the Flight Phase Category A requirements.
This change was made because of the less ,demanding aspects of this Phase
as compared with Flight Phase Category A for conventional aircraft. As
shown in Table VII, the magnitudes of the minimum frequency, minimum damping
ratio and minimum total damping are the same as the Flight Phase Category C
requirement.
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The part of the ":equirement that raises the level of total damping
when the parameter, 0zd !0l~Idis greater than 20 rad/sec 2 , is expected to
apply mostly to Class IV vehicles. The natural frequencies and roll-to-
sideslip ratios of these vehicles inherently are higher than for Class III
vehicles. However, whea the larger vehicles are augmented to improve the bare
airframe stability, the values of wc Ilt/j may approach the magnitude that
requires greater total damping. In tis event the requirement on the total
damping must be adjusted upward by the addend, ) da)d , in accordancc with
the appropriate equation for each handling qualities Level.

The last sentence of the Dutch roll requirement in NMIL-F-8785B(ASC)
dictated that Odhd shall always be greater than zero, with the control surfaces
fixed. This statement prescribed that conventional aircraft have a short-term
restoring tendency in yaw for the basic unaugmented airframe. In other words,
it was necessary that aircraft have basic unaugmented "weathercock" stability.
This requirement was included in the July 1970 working draft of the re-entry
specificatioa, Reference 9, but was eliminated from the present version so
as not to discourage or restrict the design of various kinds of vehicles, in
particular the Space Shuttle Orbiter and Booster. The decision not to require
"bare" airframe stability w..th controls fixed was arrived at after meetings
with interested government agencies and contractors associated with the Space
Shuttle program. It might appear, at first, that the decision was capricious
and unjustified. However, after looking at Iable VII, it is obvious that the
reqttiremants specify a positive stability margin, albeit, artifically through
an augmentation system. As long as stability augmentation control systems
faiL vwthin the reliability standards required for each level of flying
quali',ies, it is not necessary to require any inherent stability for the
basic airframe.

The subparagraph 3.3.1.1.1, Directional control margin, is a new
section written so that there is some control over the a.unt of directional
instability that is permitted in re-entry vehicle design. When an automatic
device is used to overcome an aperiodic instability of the basic vehicle,
there exists a possibility of not being able to recover the vehicle during
maneuvering. The reason for this anomaly is simply that the augmentation
system uses control power in the recovery direction to stabilize the vehicle.
If a large amount of instability is present, much of the rudder control power
may be needed for stabilization and trim and little may be available for
maneuvering and recovering. Obviously, some amount of control power should
be available to counteract abnormal A4sturbances or inadvertent inputs. How
much of the total control power should be available for contingencies is an
interesting subject. It was initially intended to include a quantitative
recuivement which specified that at least 25 percent of the total rudder
control power should be available -o the pilot in the critical direction.
This amount is specified in Reference 62 in a paragraph called "Maneuvering
control margin" %hich is concerned wit , pitch control effectiveness of V/STOL
aircraft. The s;,me value is also consistent with 3.3.6.3.2, Positive effective
dihedral limit, in which 25 percent of roll control power is required for side-
slip angles that might be experienced in service deployment. However, uitil
some basic research to determine the amount of ruddei control power that should
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be available at all times for maneuvering and control is performed, only a
qualitative statement is made in 3.3.1,1.1.

Requirement

3.3.1.2 Roll mode

Discussion

The roll mode time constant requirements for Class ITI and Class IV
operational vehicles are identical to the Ze requirements in Reference 2.
it was anticipated, at first, that the roll damping requirements would be
made more stringent for the termina't Flight Phase because the parameter :e
is important in lateral maneuvering including tasks that required preciseltess
in bank angle control. This idea was thought to be correct particularly for a
re-entry vehicle flying an unpowered approach during which thc pilot has to
make very precise control inputs and has to compensate for turbulence and
varying crosswind condi'tioais. However, an examination of the specification
for conventional aircraft showed the roll iode time constant requirements to
be identical fox Flight Phase Categories A and C. Since it it difficult to
believe that the TC requirements should be more stringent than the values
specified for the tasks that required precision tracking and precise flight-
path control, which Flight Phase Citegory A demands in MIL-F-878SB(ASG), the
TZ requirements for operational re-enty vehicles were kept the same as for
conventional aircraft.

The roll mode time coiistzPt requirements for the experimental re-
entry vehicles were relaxed significantly for all three Levels of flying
qualities. 'he *e maximums were increased over those specified for the
operational vehicle because highly skilled test pilots will be flying the ex-
pErimental vehicles in idealized environmental conditions. It is expected
that the pilots will be flying the unpowered approaches and landings only in
small crosswinds and in a low turbulence level like the present generation of
experimental lilfting re-entry vehicles, the M2-F3, HL-10 and X-24A, are flown.
Under these conditions, the higher roll mode time constant for each Level of
flying qualit.,*s seems reasonab~e for experimental re-entry vehicles.

Requirement

3.3.1.3 Spiral stability

Discussion

One major difference between the re-entry spiral stability require-
ments and similar requirements in MIL-F-8785B(ASG), Reference 2, is the Flight
Phase Category A, Level I requir_ment for Class IV vehicles. This require-
ment is specified slightly more .tringent for re-entry vehicles because it is
assumed that ,h; pilct may not be closing as tight a bank-angle-attitude-to-
aileron loop. Unlike re-entry vehicles, Category A tasks for conventional air-
craft demand r.apid maneuvering, precision tracking or precise flight-path con-
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trol. Since the pilot flying re-entry vehitles during Category A Flight Phases
may not be continuously controlling bank angle or may not be controlling it pre-
cisely or rapidly, then less spiral instability should be permitted.

Consideration was given to relaxing the Flight Phase Category C, Level
1 requirements for both vehicle Classes, because thi pilot flying the terminal
phase of a re-entry mission would be holding his bank angle very precisely.
With this technique, a higher level of spiral instability could be alloted.
However, conventional aircraft are usually controlled very tightly duxing the
landing approach, flare and touchdown and yet a T7 _ 20 seconds is specified
in Reference 2. Therefore, without further information or new data, the
Flight Phase Category C, Level i requirements for re-entry vehicles were left
the same as for Class III and Class IV conventional aircraft.

Additional requirements are included for the experimental vehicles;
in recunition of the fact that these vehicles are expected to be coptro~lxtd
very positively at all times. Therefore the spiral stability requirements
specified for the experimental vehicle are more lenient than for the opera-
tional vehicle. The values of the minimum time to double amplitude for Class
III-E and Class IV-E vehicles listed in Table 1X are cc-isistent with the mag-
nitudes specified in Reference 9.

Requirement

3.3.1.4 Coupled roil-2.iral oscillation

Discussion

I The authors of MIL-F-8785B did consider allowing a coupled roll-spiral
mode for Level 3 flying qualities. In fact, an early draft of the specifica-
tion permitted this secondary lateral-directional oscillatory mode provided
( a? )e. was greater than 0.1. The final version of the specification
for conventional aircraft does not permi, the coupled roll-spiral mode even
though data are presented in Reference 8 which indicate that some coupled
roll-spiral mode configurations received acceptable ratings. Not enough in-
formation was available to justify permitting the mode, in particular when at
the same time other handlirg qualities might not be satisfactory. One other
pertinent factor is turbulence and how this, phenomenon can drastically affect
the pilot rating of a configu'ation with a coupled roll-spiral mode. This
effect was documented in Reference 60, an in-flight simulation experiment per-
formed for the re-entry mission. In this study a difference of up to 4.5 in
pilot ratings was given for the same configuration when evaluated in turbulence
as compared to an evaluation in 'nooth air. One coupled roll-spiral configura-
tion received a pilot rating of 5 in smooth air and 9.5 when flown in moderate
turbulence. Based on the foregoing, no coupled roll-spiral mode will be per-
mitted for re-entry vehicles.
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Requi rement

3.3.2 LW eral-directional dynamic response characteristics

Discussic.t

As it is in the flying qualities specification for :oiL,'cntional air-
craft, Reference 2, the lateral-directional dynamic response characteristics
for re-entry vehicles have been divided into five main groupings as follows:
(1) response to atmospheric disturbances, 2) roll rate and bank angle oscill-
ations, 3) sideslip excursions, 4) control of sideslip in rolls, and S)
turn coordination. The latter two subjects are concerned with the maximum
aileron and rudder cockpit control forces permitted in improving the rolling
and yawing motions. The characteristics of the first three subjects are re-
lated to the roll-to-sideslip ratio of the Dutch roll mode U0//61d ). For
example, when 10//,d is in the high to very high range, the response to at-
mospheric disturbances will be the most important consideration. Correspond-
ingly, for low values of I0/1d , sideslip excursions will be the parameter
of most concern. The roll rate and bank angle oscil'htions requirements will
be most applicable whenever 10/61, is in the moderatc to high range, the
rezponse to atmospheric disturbances will be the most important consideration.
Correspondingly, for low vahies of I/3 1d , sideslip excursions will be the
parameter of most concern. The roll rate and bank angle oscillation require-
ments will be most applicable whenever l'/t6/d is in the moderate to high
range. Since most re-entry vehicle designs presently conceived have moderate
and higher values of I /(ld , the important lateral-directional dynamic
response characteristics paragraphs will be the ones that specify response to
atmospheric disturbances and the roll rate and bank angle oscillation require-
ments.

Requirement

3.3.2.1 Lateral-directional rtcponse to atmospheric disturbances

Discussion

The lateral-directional response to atmospheric disturbances could
be the most crLtical aspect of an unpowered re-entry configuration, particularly
in the terminal Flight Phases where turbulence and wind shear effects are most
prevalent. Even though many characteristics such as the Dutch roll natural
irequency, the Dutch roll damping ratio, the roll mode time constant, the phase
relationship between roll rate and sideslip angle, the roll-to-sideslip ratio
of the Dutch roll mode, the flight-control system nonlinearities and the com-
bined effects and interactions between these parameters detezmine the lateral-
directional response to atmospheric disturbances, one of these parameters,

10/Id , is likely to be of primary importance when it falls within the high
to very high range. Most of the Class IV and some of the Class III re-entry
vehicle configurations have 101(3/d which fall within this range. Therefore
a substantial number of re-entry vehicles will have a large response to atmos-pheric disturbances and the requirement of 3.3.2.1 may be one of the most im-
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portant for these vehicles. It is unfortunate that only qualitative re44ire-
ments are specified in Reference 2 aad that the re-entry requirements are also
qualitative. Until some research is accomplished on the lateral-directional
response to atmospheric disturbances for vehicles with very high I 0/( Id
no quantitative requirements can be specified.

Incidentally, the = 4 I¢/4Id ) requirement of
3.3.1.1 can be considered a crude requirement to improve the response in tur-
bulence since it requires an increase in Dutch roll damping as Plod 1i16Id)

t gets large. However, as mentioned in the discussion of 3.3.2.1 in Reference
8, because the controllability in turbulence is not a simple problem, a mere
increase in the Dutch roll damping may not be a satisfactory solution.

The last sentence of the requirement leaves the specification of the
different types and magnitudes of atmospheric disturbances for an operational
vehicle and an experimental vehicle up to the procuring activity. If a suit-
able method for specifying the lateral-directional response to atmospheric
disturbances is developed, then quantitative requirements on disturbances and
parameters can be specified. It should be noted that the bounds on the re-
quirements will probably vary significantly depending on whether the mission
for the re-entry vehicle is operational or experimental.

Requirements

3.3.2.2 Roll rate oscillations

3.3.2.2.1 Additional roll rate requirements for small inputs

Discussion

These requirements are very similar to paragraphs 3.3.2.2 and
3.3,2.2.1 of MIL-F-8785B(ASG), Reference 2. As stated in Reference 8, limita-
tions on the oscillations in roll rate are directed at precision of control of
vehicles with moderate-to-high 104/1'd response ratios. because the modal
characteristics of Class III vehicles generally have roil-to-sideslip ratios
of the Dutch roll that are within this range, these two lateral-directional
requirements will be more applicable to this Class of vehicle than to a Class
IV vehicle.

LAs with the roll mode time constant requirements, it was initially
int%-..ded to make the requirements on roll rate oscillations more stringent
for Flight Phase Category C than for Categories A and B. This change was
thought necessary to account for the precision of control demanded of Flight
Phase Category C tasks. In particular, landing an unpowered vehicle on a
normal size runway is one task that requires precise control abc" all axes
including the lateral-directional axes. However, or. examining ' ,-F-8785B(ASG),
Reference 2, it was found that the requirements on roll oscillations are iden-
tical for Flight Phase Category A, the most demanding Flight Phase, and Flight
Phase Category C, the next most demanding Flight Phase. Since the definition
of Flight Phase Category A fcr conventional aircraft is similar to the definition
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of Flight Phase Category C for re-entry vehicles, and the definition of
Flight Phase Category C for conventional aircraft is quite similar to the
definition of Flight Phase Category A for re-entry vehicles, then the roll
oscillation requirements should remain the same in the re-entry specification
for Flight Phase Categories A and C.

It is noteworthy that the data used to substantiate the requirements
for Flight Phase Category B in MIL-F-8785B(ASG) were obtained from two in-
flight rosearch programs (References 60 and 61 that simulated the re-entry
mission. So the Flight Phase Category B requirements in MIL-F-8785B(ASG) are
especially pertinent and directly applicable to re-entry vehicles. Unfortunate-
ly, few data points are located in the vicinity of the Lcvel 2 boundary for
the phase angles that relate to the adverse yaw region. As a result, the
boundary of f.'C._/FAV = 1-0 which prohibits roll rate reversal may seem
arbitrary. However, this requirement is consistent with the former MIL-F-3785
(ASG) doctunent which prohibited roll rate reversals during rudder-free rolls.
Since no additional information or new data exists, the Flight Phase Category
B roll rate oscillation restriction for re-entry vehicles was kept the same
as the requirement for conventional aircraft.

It might be fitting to compile a short surmaiy of the rationale or
background information concerning paragraphs 3.3.2.2 and 3.3.2.2.1. Some of
the highlights are listed as follows:

a. Because Class III and Class IV re-entry vehicles generally have 10idld
response ratios in the moderate-to-high range, paragraphs 3.3.2.2
and 3.3.2.2.1 are of primary concern and are directly applicable to
both Classes of re-entry vehicles.

b. The re-entry vehicle roll rate oscillation requirements for Flight
Phase Category A are identical to those for Flight Phase Category C.
The requirements are also similar for the coaparable Flight Phases

in MIL-F-878SB(ASG).

c. For Flight Phase Category B, the requirements specified for con-
ventional aircraft are directly applicable to re-entry vehicles
since the data used to establish the MlL-F-878SB(ASG) boundaries
were generated exclusively from research programs that simulated
the re-entry mission.

Requirement

3.3.2.3 Bank angle oscillations

Discussion

The bank angle oscillation requirements are the same as in MIL-F-
8785B(ASG) and are very similar to the requirements of 3.3.2.2.1. As stated
in Reference 8, the bank angle time history from a pulse is essentially the
same as the roll rate time history following a step input. With this knowledge,
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the authors of MIL-F-8785B(ASG) transformed the fo;c/CAi requirements of
Figure 4 into the oI/3v requirements of Figure 5. The movement of
the boundaries was accomplished simply by displacing the ZP parameter inL Figure 4 to the left by a value equivalent to the angle (90 + sin - 1 ) de-
grees. The advantage of having paragraph 3,3.2.3 is that large aileron con-
trol command inpats can be inse-ted without the vehicle rolling to excessive
bank angles. A secondary reason is that Oy will be easier to measure be-
cause the sideslip trace will not ramp. Rimning, the almost constant buildup
of the median sideslip angle with time, is one of the major difficulties that
the user must face in assessing a vehicle's roll rate oscillatory character-
istics, particularly when a vehicle has a noticeaDly divergent spiral. After
considering all the advantages that the OOS. /0.v requirements have over

*Posc../pAy ones, it might seem that paragraph 3.3.2.2.1 is not necessary.
This could be true were it not for certain augmentation systems, for example,
a stick-position-dependent roll damping augmentation system. Such a system
could be mechanized to provide roll damping around the neutral position but
when the stick is deflected beyond the threshold region, roll damping is cut
out. When a step aileron control command is made, the ensuing roll rate oscill-
ations are independent of the roll damping augmentation; whereas, for an
aileron control command impulse, the bank angle oscillations generated are
affected continuously by the roll damping augmentation system once the pulse
is removed. Hence no correlation could be 3xpected from the two tests for
roll oscillatory characteristics. In summary, even though the 014C/ A€
requixements for a command inpulse are essentially the same as the Po0 s c/AVrequirements for a step input, both sets of requirements should be inc~uded
to preclude the presence of a gap in the specifications for some sophisticated

control system mechanizations.

3.3.2.4 Sideslip excursions

3.3.2.4.1 Additional sideslip requirements for small inputs

Discussion

As emphasizcd in the general discussion of the lateral-directional
dynamic characteristics, for vehicles with a low 10/91,d ratio, the side-
slip response is the predominant undesired lateral-directional motion that
results from an aileron control input. Obviously, paragraphs 3.3.2.4 and
3.3.2.4.1 that set limits on the magnitude of sideslip allowed are most Tmean-
ingful to vehicles that exhibit low roll-to-sideslip response ratios. Since
the majority of lifting re-entry vehicles have high 10/1a' ratios, the side-
slip requirements are not expected to be critical requirements for these
vehicles. It should not be construed from this statement, however, that
sideslip is unimportant or its effect should be downrated. On the contrary,
the reaction to even swall sideslips can be very dramatic, but the primary
effect will show up in the lateral axis. As a result, the significant fac-

tors influencing the design of the lateral-directional properties of the
majority of re-entry vehicles will probably be the roll rate and bank angle
oscillations and not the sideslip excursions.
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Initially, a major revamping cf the sideslip excursion requirements
in NL-F-873SB(ASG), Reference 2, was cons.dered. The proposed modification
consisted of changing the parameter AO max to It1 /,1 I x I 0/569d which is
used in bIll.-F-8330), Reference 62. This latter parameter is the product of
the ratio of the maximulm change in sideslip angle to the initial peak in the
bank angle response and the ratio of the instantaneous roll-to-sideslip angle
envelopes of the Dutch roll mode. The primary reasons for considering the new
parameter are the pragmatic difficulties of using the scaling parameter " "

and its dependence on 3.3.4, the roll control effectiveness requirements. This
form of the requirement recognizes the ieed for a tie between sideslip, the un-
desired motion, and roll, the desired response, by using 6, , the initial peak
magnitude in bank angle as the measure of roll response to the aileron input.
With this form of *he requirement it is no longer necessary to calculate
(f) command and () requirement and ratio one to the otl:er. Incidentally,
attention is directed to the fact that 0, is not the bank angle change achieved
in one second as defined in Reference 2.

The reason IA#/(&4 x was not employed instead of A)6max
is that the requirement or 3.3.8.2 in Reference 62 was formulated only for
aileron control pulse inputs. The sideslip excursions resulting from step
aileron control inputs may also be important depending on how the stability
augmentation system is mechanized. Therefore an attempt was made to modify
the requirement so it would be usable for step aileron control commands. It
was hypothesized that. some parameter like I 69/191 X I0 1/#id where ,/ is
the initial peak magnitude in roll rate response, might be acceptable in de-
riving a requirement that could be demonstrated with a step aileron control
command. However, in attempting to check this concept, the magnitude of the
task soon became apparent. As a minimum, it would be necessary to convert all
the extensive sideslip excursion data used in Re' ::enc)s 2 and 62. This con-
version would require extensive use of computer e *ind programs followed by
much additional effort in correlating the daza wi ,i the proposed boundaries
for different Flight Phase Categories and Levels of fl.ying qualities. The de-
cision was made not to perform this work but rather to concentrate on other
more important paragraphs in the specification, e.g., the critical flare and
float requiremen'zs for unpowered vehicles. Therefore the validity of the para-
meter x l#/ I1 is still unknown since it has not been tested.

The sideslip requirements utilizing the parameter AA max differ
from the comparable requirements in MIL-F-878SB(ASG), Reference 2, in that the
magnitude of the requirement for re-entry vehicles in Flight Phase Category C
is stricter and in Flight Phase Category A is more lenient than for conventional
aircraft. Since the definition of Flight Phase Category C for re-entry ve-
hicles is closer to the definition of Flight Phase Category A for conventional
aircraft, then the limits on the maximum sides]ip allowed for re-entry vehicles
in the terminal Flight Phases are the same as the Category A nonterminal Flight
Phases in Reference 2. Likewise, the A# max limits for re-entry vehicles in
Flight Phase Category A are identical to Flight Phase Category C for conventional
aircraft since the definitions of the Flight Phase categories are somewhat
similar.
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The data used to substantiate the requirements for Flight Phase
Category B in MIL-F-8785B(ASG), Reference 2, were obtained exclusively frcm
an in-flight research program (Reference 61) that simulated the lateral-direc-
tional handling qualities of entry vehicles. Hence the sideslip excursion
boundaries for Flight Phase Category B in the specification for conventional
aircraft are directly applicable to re-entry vehicles. The research of Ref-
erence 61 involved a wide variety of lateral-directional characteristics in-
cluding Dutch roll damping ratio from .1 to .5 and Dutch roll natural fre-
que"cies from 1.0 to about 4 radians per second. No data were used unless the
roll-to-sideslip ratio of the Dutch roll mode was less than approximately 2.5.
The reason for excluding data with higher 10/0, is because the pilot ratings
associated with these simulations would reflect problems in roll rate oscilla-
tions, bank angle oscillations, or response to turbulence rather than sideslip
excursion problems. In sumnary, until further information becomes available,
the sideslip excursion requirements for re-entry vehicles in Flight Phase
Category B remain the same as specified for conventional aircraft.

As is true of the roll rate oscillations requirement of 3.3.2.2.1,
the sideslip excursion requirements of 3.3.2.4.1 are applicable only to small
inputs. It is obviously important to have requirements for both smull and
large control inputs, because a certain degree of precision of control is
needed for small as well as large control input maneuvers. The requirement
for large inputs of 3.3.2.4 was derived from 3.3.2.4.1 and might appear to
be redundant but paragraph 3.3.2.4 is obviously a necessary complement to that
part of the specification directed a+ the unwanted response, sideslip excur-
sions for both large and small control inputs.

The primary purpose of the parameter, i , is to scale the permissible
sideslip when either the aileron control input is small or else the applicable
requirement in 3.3.4 cannot be satisfied. Thus, with the use of t, the side-
slip excursion requirement can still be applied even though the vehicle cannot
meet the roll control effectiveness requirement. In Reference 2, no upper
bound was placed on the "t." parameter. The reason for this decision is con-
sistent with the argument that if roll performance is in excess of the appro-
priate requirement, then the unwanted sideslip should also be allowed to in-
crease. However, with no upper limit on , the maximum allowable sideslip
could reach inordinately high values. As an example, attention is directed
at the roll control effectiveness requirement for Class III..E vehicles, Flight
Phase Category A, Level 2. From Table X, Or = 300 in 3.1 seconds. Also
from paragraph 3.3.2.4, the sideslip excursion requirement is Ate max = 154
degrees. Now suppose the vehicle has very effective ailerons and it can achieve
a bank angle of 60 degrees in 3.1 seconds. The scaling parameter is then cal-
culated as 60/30 or 2. Knowing this value for i , the maximum allowable
sideslip angle is Afimax = IS = 1S x 2 or 30 degrees, a rather large side-
slip angle. In order to limit the sideslip angle in these cases where the roll
requirements are easily exceeded, the latter part of 3.3,2.4 is included as
an important aspect of the sideslip excursion requirement. In this sentence,
regardless of how effective the ailerons are, the scaliing parameter (') is
restricted to values equal to or less than unity. In other words, when the
roll performance exceeds the requirements of 3.3.4 the maximum amount of side-
slip allowed shall be determined assuming t 1.0.
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Requirelment

3.3.2.5 Control of sideslip in rolls

Discussion

This paragraph places reasonable limits on the maximum rudder pedal
forces permitted to maintain zero sideslip during the rapid turn entries des-
cribed in the roll control effectiveness requirements. The strictest require-
ment is specified for Flight Phase Category C, Level 1 because it is important
that any sideslip generated -an be compensated for with little pilot effort
during the critical terminal Flight Phases.

Requirement

3.3.2.6 Turn coordination

Discussion

The forces required to accomplish coordinated turns were specified
to ensure that only modest rudder and aileron forces are necessary when per-
forming the maneuver. It is reasonable that the pilot ot a Class IV vehicle
be able to coordinate a turn using a bank angle of up to 60 degrees and the
pilot of a Class III vehicle be able to coordinate a 3U degree banked turn
without exceeding the rudder and aileron force limitations specified for
coordination.

Requirement

3.3.3 Pilot-induced oscillations

Discussion

This paragraph is quite similar to 3.2.2.3, the longitudinal pilot-
induced oscillations requirement. As it is true for the longitudinal case,
it is equally important that zero or negative lateral-directional closed-loop
damping situations not be tolerated for any vehicle Class, flight condition
or failure state. The requirement should apply whether the oscillations are
caused by vehicle dynamics, control system dynamics, friction, free play,
aeroelastic coupling, or any combination of the se and other characteristics
of the complete vehicle system.

Requirement

3.3. Roll control effectiveness

Discussion

Adequate roll control effectivei 7s is of fundamental importance to
airplanes and lifting re-entry vehicles. iequate control power is necessary
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for general maneuverability in roll, trimming the vehicle laterally in cross-
winds, and correcting for lateral upsets due to atmospheric disturbances.
Control with atmospheric disturbances is of special significance, because,
as brought out in the discussion of the lateral-directional dynamic response
characteristics with a high 10/131d, lifting re-entry vehicles tend to be very
susceptible to turbulence. The ability of the pilot to compensate for turbulence
is highly dependent on the dynamics of the vehicle, the augmentation system
installed and its sensitivity to turbulence, and the specific atmospheric
environment in which the vehicle must fly.

Roll control effectiveness to satisfy general maneuverability needs
during the various Flight Phases is the primary requirement covered by this
paragraph (3.3.4). Roll control requirements to balance the vehicle due to
dihedral effects are covered by 3.3.6.3.2. Roll control in cross-winds during
final approach is covered in 3.3.7.1. The roll control shall also be sufficient
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. A
reduced atmospheric disturbance level is allowed for the experimental vehicle.
One or more of these requirements will determine the maximum roll control
effectiveness that is needed by a lifting re-entry vehicle.

Roll control effectiveness for general vulnerability is a function
of vehicle class, whether the vehicle is operational or experimental, the
Flight Phase Category, and the Level of flying qualities. Because of these
interrelationships, a large number of quantitative requirements are specified
in Table X for roll control effectiveness.

In keeping with the approach used in Reference 8 for airplanes, the
roll control effectiveness requirements have been specified in terms of time to
bank to a characteristic bank angle as a function of vehicle Class and Flight
Phase Category. For Class III re-entry vehicles, a 30-degree bank angle iB
probably representative of bank angles used for Flight Phase Category A and
B tasks. For Class IV vehicles 45 degrees of bank is probably more appropriate
for these same two Flight Phases. Since re-entry vehicles, ;jarticularly
unpo~ered vehicles, will require a reasonable degree of maneuverability during
Flight Phase C, a characteristic bank angle of 45 degrees is considered

appropriate for both Class III and Class IV vehicles.

It was necessary to devise a rational method for determining roll
contra! effectiveness requirements for re-entry vehicles using essentially
the requirements for airplanes as they appear in MIL-F-878SB(ASG). The method
consists of first converting the roil control effectiveness requirements for
airplanes in Table IX of MIL-F-8785B(ASG), presented in terms of tiote to attain
a characteristic bank angle, to roll control power requirements. The roll
control power requirements of airplanes and lifting re-entry vehicles were next
related by establishing some rational method of relating \.he Flight Phases of
airplanes and liftin; re-entry vehicles. Once this was doae, the roll control
piwers established for lifting re-entry vehicles were converted to roll control
eftectiveness requirements, based on time to attain the characteristic bank
angle established for re-entry vehicles.
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Based on a one-degree-of-freedom roll analysis, the roll control
power (La) is equal to the initial roll acceleration (#o) for a step
aileron control input ($ ). The roil contrel power or the initial roll
acceleration required to attain a characteristic roll angle ($t) in a given
time (t ) is determined by the following equation

~(30)

In practice it is not possible for pilots to make a perfect step aileron input.
The roll performance requirements of Table IX (0g. ) in MIL-F-8785B(ASG)
(Reference 2) are based on ramp inputs of 0.6 second for Class IIl airplanes
and 0,2 second for Class IV airplanes. The roll performance as a function of
time for a ramp input can be approximated well with a step input if the step
is initiated at one-half the ramp time. The delay time (dt) for the equi-
valent step is 0.3 and 0.1 seconds for Class III and Class IV airplanes
respectively. it was necessary to subtract these small increments of time from
the times of Table IX of Reference 2 to obtain the current time (t ) to be
used in Equation 30 to convert the roll requirements for airplanes to roll
control power or initial roll acceleration. In using Equation 30, a repre-
sentative and constant T of 1.0 was assumed.

The roll control power requirements for airplanes and operational
lifting re-entry vehicles during Category C Flight Phases are expected to be
simildr because of the similarities in the piloting tasks, especially during
landing. This is true for both Class III and Class IV vehicles. Category B
Flight Phases for airplanes and lifting re-entry vehicles are quite similar,
therefore it is reasonable to assume the same roll control power requirements
for re.entry vehicles and airplanes.

Category A Flight Phases for airplanes and lifting re-entry vehicles
bear little resemblance to each other. It is obvious that the roll control
power requirements for Class IV airplanes are significantly larger than those
for Class IV re-entry vehicles because of the differences in Category A Flight
Phases and their maneuvering requirements. The same arguments apply to the
dIfference in Category A Flight Phases of airplanes and re-entry vehicles
for Class iII. Category B roll control power requirements for airplanes are
more representative of Category A roll control power requirements for re-entry
vehicles, The decision was therefore made to make Category A and B roll control
power requirements the same.

Once roll control power requirements for lifting re-entry vehicles
were established as a function of vehicle Class, Flight Phase Category, and
Levels, it was necessary to convert these requirements into the time required
to obtain the characteristic bank angles established for lifting re-entry
vehicles. Rearranging Equation (30), and again assuming a representative=1.0, we have

160 (31)
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where L
a

From a knowledge of the characteristic bank angle and the roll control power

(j) it is possible to determine the time required to obtain the
characteristic bank angle. These values are shown in Table X as a function of
vehicle Class, Flight Phase Category, and Level. It is interesting to note that

in 'able X the roll control effectiveness requirements of experimental vehicles
are the same as those of operational vehicles. The rationale will be presented
later.

One of the determining factors in establishing roll control effective-
ness requirements for Flight Phase Category C is the capability of landing a
,c,,*c'e n a cross wind. The question naturally arises as to whether the
roil control effectiveness requirements of Table X are sufficient for cross-
wind landings. The results of a lndiag approach study (Reference 63) were
reviewed. In that in-fiight research program, marked increases were noted in
roll control power requirements for configurations with high/0// and low nj
when the aircraft was flown in turbulence with a 25 to 30 knot cross wind
component as compared to a 10 to 15 knot cross wind component. Since
paragraph 3.3.7 specified that the operational vehicles have the capability of
being landed in a 30 knot cross wind, the results in Reference 63 are meaning-
ful to re-entry vehicles as well as to airplanes. An examination of the data
indicated that the roll control effectiveness for Class IV vehicles shown in
"lable X is adequate to meet roll control power requirements for Level 1 with
a 25 to 30 knot cross wind. The roll control effectiveness for Class III
vehicles appear, however, to be inadequate.

Another in-flight evaluation (Reference 64) was rec:ntly published in
which a four engine jet transport was flown during the approach and landing
with different amounts of lateral control pow,r available to the pilot.
Unfortunately, the research was performed in smooth air and no approaches were
made in cross wind conditions. The general applicability of the dF,.a to CLsz TT'

operational vehicles flying in turbulence and cross wind conditions is
questionable.

The results of Reference 63 appear to indicate that Flight Phase
Category C roll control effectiveness requirements in Table X may be inadequate
in 30 knot cross winds with turbulence and high lihedral, especially for
Class III vehicles. B-at si:nce the roll control effectiveness requirements of
3,3.4 are not primarily turbulence and cross wind requirements it was decided
not to increase the roll control effectiveness figures of Table X. High
dihedral effects in the landing approach are converted by 3.3.6.3.2 and cross
wind requirements are converted by 3.3.7.1. Roll control must also be adequate
to balance the vehicle with the turbulence levels of 3.7.3 and 3.7.4,

All of these factors appear to be reasonable grounds for not reducing
the roll control effectiveness requirements for experimental vehicles at this
time. rhe roll control effectiveness of operational and experimental vehicles

* in Table X are therefore kept the same.
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Iequ i remenit

3.3.4.1 Roll response to aileron control force

Discuss ion

Ihe maximum roll response sensitivity denoted by the bank angle
achieved in on- second per pound of aileron contiol command is similar to
paragraph 3.3. .1.,1 of Peference 2. The purpose of such a requirement is
to prevent the lateril response from being so high that the pilot has difficulties
in precision of bank angle control. At first, the requirements in this
paragraph might seemi redundant since 3.3.4,2 specifies a minimum level of lateral
forces. However, upon further examination, it is obvious that requirements on
minimum aileron control forces ,alone are not sufficient to prevent the pilot
from encountering difficuities .n attempting to control bank angle precisely.

The primary differe.ce between the roll response sensitivity re-
quirements for re-entry vehicles and for conventional aircraft is that a re-
quirement has been included for Flight Phase Category B, Level 1. This
requirement is much more lenient than for Flight Phase Category A, Level 1
because the maneuvers are gradual and precision tracking is not required as
noted in the definition of Flight Phase Category B. It is reasonable to specify
a less stringent requirement for Flight Phase Category B than for either Flight
Phase Category A or C.

Requirement

3.3.4.2 Aileron control forces

Discussion

The maximum aileron-control forces listed in Table Y( include limits
for both the operational and experj.mental vehicles, The requirements for
operational vehicles are laid out in a matrix of Flight Phase Categories and
Levels consistent with similar groupings in Reference 2. For Flight Phase
Categories A and B, Levels 1 and 2 and all Flight Phase Categories, Level 3,
the maximum allowable wheel force is twice the maximum stick force. For
Flight Phase Citegory C, Levels 1 and 2, the limiting stick: and wheel forces
are identicai to permit one-handed operation in the landing approach. The
limits on the maximum lateral forces for the experimental vehicle in any
Flight Phase or Level is simply 35 pounds for a center-stick-controlled
vehicle and twice that value for a wheel controller. These forces are con-
sidered reasonable and consistent with what a pilot of an experimental vehi-
cle is capable of handling.

The minimum lateral force for each Level is the same as the comparable
Level for conventional aircraft.
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Requirement

3.3.4.3 Linearici , rolI response

Discussion

Although this requirement is qualitative, it is important to handlingqualities when precision of lateral control has to be maintained. Lateral
nonlinearities that affect the roll res,-,nse may be due to one or more prob-lems iike deadzones, nonlinear force gradients, (etents, spoiler lags, etc.
As an example, if the nonlinearity is caused by nonlinear force gradients, -he
problem would be manifested by either an increase or decrease in response
of the vehicle with a linear increase in force application. For the case wherethe response is increased significantly with a linear force increase, the re-sult could be an oversensitiveness to which the pilot has to adjust by matchingthe force required with the response desired. This operation can be accom-
plished but may be difficult because of the increased workload. The resultmay be a degradation in mission accomplishment depending on the specific
task and other duties the pilot has to perfor.i simultaneously. Since it is notpossible to specify quantitative requirements, pilot evaluations should be made
for each Class of vehicle and Flight Phase Category as demonstration of the
acceptability of nonlinear roll responses.

Requirement

3.3.4.4 Wheel control throw

Discussion

This paragraph sets limits on the amount of lateral cockpit control
for vehicles designed to use a wheel controller. 'lie t 60° limits which arereasonable for one-handed operation are the same as established in Reference
2. They were determined from research performed in ground..based aiiu in-flight
simulators and reported in Reference 65. The wheel throw limits of t 80degrees for completely mechanical systems were included so as not to severely

t restrict the designer of vehicles with a simple lateral control system.

Requirement

3,3.4.5 Rudder~pedal-induced rolls

Discussi on

ii;e first part of this paragraph is directed at re-entry vehicles
achieving a ;ii.imnm roll rate from the use of rudder without any aileroncontrol inputs. The requirement is similar to 3.3.4.5 of Reference 2 and isconsistent wilh the tasks that pilots of re-ei.try vehicles perform in the loweratmosphere. As when flying airplanes, pilots of re-entry vehicles like to
have the capabiliti of raising a wing with rtdder, in particular, when they
are otherwise preoccupied %%ith navigation funz-tions, etc. It is interesting
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that a vehicle which has this cnaracteristic does not necessarily need to have
a stable dihedral. The desired rolling moment can also be produced from a
vehicle that has a significant rolling moment in the right direction with
rudder application or artificially through a rudder-aileron interconnect.

The second half of the requirement is new and is concerned with the
problem of generating excessive roll rate from rudder pedal application.
Since the majority of re.e-ntri -onfigurations are characterized by high
dihedral effect, a limit is needed to keep rolling moments due to rudder from
producing excessively large roll rates. Another reason for having an upper
bound on rudder-pedal-induced rolls is to preclude the situation in which a
large percentage of the available aileron control power is used up in counter-
ing rciling moments. These upsetting moments could be produced inadver-
tently from inputs to the rudder made by the pilot or caused by a malfunction
of the augmentation system. Although no quantitative limits are specified
on the maximum allowable roll rate produced from rudder inputs, tlis new
requirement should help in minimizing lateral control handling problems that
result from intentional or inadvertent rudder deflections.

Requirement

3.3.5 Directional control characteristics

Discussion

This requirement on directional stability and control characteristics
is a general catch-all requirement on balancing yawing moments. As in
Reference 2, a qualitative requirement on sensitivity to rudder pedal forces
has been included because of the absence of sufficient data that could represent
substantiation for a quantitative requirement. However, this requirement has
implications on other paragraphs 3af the specification that have quantitative
requirements associated with them. In particular, the latter part of
3.3.4.5 is concerned with the maximum allowable roll rates produced by
rudder pedal inputs. Requirements on rudder pedal forces for specific
conditions are given in the paragraphs referenced below:

3.3.5.1 (speed change)

3.3.5.1.1 (asymmetric loading)

3.3.5.2 (go-around)

3.3.6, 3.3.6.1 (steady sideslips)

3.3.7, 3.3.7.1, 3.3.7.2 (crosswinds)

3.3.8 (dives)

3.3.9.1, 3.3,9.2 (asymmetric thrust)

Requirements

3.3.5.1 Directional control with s eedchine
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3.3.5.1.1 Directional control with asymmetric loading

Discussion

These paragraphs are quite simii.,, to 3.3.5.1 and 3.3.5.!.1 of
MIL-F-8785B(ASG), Reference 2, with the e ,.eption that any reference to
propeller-driven vehicles is not incluu.c. The directional control with speed
change requirement places quantitative limlts on the rudder pedal forces
associated with flight within the Service F,ight Envelope. Without rctrimming
directionally, only reasonable rudder pedal .iorces are allowed wheu increa-
sing or decreasing speed from a given trim pcint. The second requirement
is directed at keeping control trim forces lov. when flying within the Opera-
tional Flight Envelope with an asymmetric loading. The primary intent is
to keep the rudder pedal forces down to realistic values when flying a vehicle
with an asymmetric loading.

The possibility exists that the above requirements, which are valid
for both the operational and experimental vehicles, could be relaxed for the
experimental vehicle. However, until soine experience is accumulated with
standard size re-entry vehicles flying various Flight Phases or until detailed
information becomes available regarding the specific mission of the experi-
mental vehicle, no attempt will be made to specify the requirement differently
for the experimental vehicle.

' i Requirement

3.3.5.2 Directional control in go-around

Discussion

This requirement is based on the same numbered paragraph in MIL-
F-8785B(ASG), Reference 2. The primary difference is the elU.nination of
requirements that are associated with propeller-driven vehicles. The need
for a requirement on the directional control in go-aroumd is obvious. Rudder

pedal forces greater than the values specified could contribu-.e significantly
to the pilot workload during this critical flight condition.

Requirement

3.3.6 LatpraI-directional characteristics in steady, sideslips

Discussion

This major section of the lateral-directional flying qualities contains
requirements on re-entry vehicle characteristics that are manifested from
rudder-pedal-induced sideslips. They are directed primarily at the static
characteristics of the vehicle, whereas 3.3.2 was directed at the dynamic
properties of the vehicle. Some of the important stability derivatives that
influence the static characteristics are N,@ , Nj4, hj. , Ng , and

Jsr The makeup of the section has been logically separated into 
three
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divisions: yawing moments due to sideslips, side forces due to sideslips, and
rolling moments due to sideslips. in addition, a subparagraph, positive
effective dihedral, is included under the third division since it relates to
the amount of control power and control forces that are necessary to compen-
sate for the rolling moments induced from sideslips.

This requirement is quite similar to 3.3.6. of MIL-F-8785B(ASG),
Reference 2. One notable exception is that the maximum sideslip angle which
is applicable to these requirements may be specified by the procuring activity.
Therefore the allowable sideslip angle may not be defined as in Reference 2 by
either full rudder pedal deflection, 250 pounds of rudder pedal force or
maximum aileron control or surface deflection. The rationale for including
a fourth method of specifying the maximum sideslip angle is in deference to
the very high dihedral characteristic inhzrent i- many re-entry vehicle
configurations.

It is also noteworthy that the sideslip angle defined by any one of
these limits must be attained prior to the vehicle diverging because of some
undesirable characteristic like an uncontrollable rolloff. Obviously, a
vehicle with such a response does not meet the requirements.

Requirement

3.3.6.1 Yawing moments in steady sideslips

Discussion

Requirements of yawing moments in steady sideslips are specified by
establishing requirements on the sense and linearity of gradients of rudder
pedal deflection and rudder pedal force with sideslip. Thtse gradients are
important to the pilot because if they are linear, then he is able to predict
how an increase or decrease of rudder pedal deflection or force will affect
the directional response of the vehicle. The primary difference between this
requirement and 3.3.6.1 of Reference 2 is the range of sideslip angles in
which the linearity of these gradients applies. Because of the inherently
high roll-to-sideslip ratio of re-entry vehicles, these vehicles are not
expected to be flown at large sideslips. Therefore it is reasonable to
specify linearity of rudder pedal deflection and force with sideslip over a
smaller range than for conventional aircraft. For the operational vehicle,
Flight Phase Categories A and B, Levels 1 and 2, and all Flight Phases of the
experimental vehicle, the sideslip range for linearity of the rudder pedal
deflection and rudder pedal force has been reduced to 1/3 and 1/2, respect-
ively, of the values specified in Reference 2. However, for Flight Phase
Category C of the operational vehicle, the sideslip limits for linearity of
the force gradient remains the same and the range for linearity of the de-
flection gradient is 2/3 the value specified in the requirements for conven-
tional aircraft. The requirements for the operational vehicle in Flight Phase
Category C are stricter because the pilot of an operational vehicle has to
control yawing moments due to sideslip more precisely over a wider range of
sideslip angles since approaches will be made in turbulence and in other
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adverse conditions.

If one of the four factors in 3.,.6 that determine the .axinum allow-
able sideslip angle limits the sideslip to less than the angles specified in
this paragraph, then the linearity requirements of 3.3.6.1 are waived for
sideslip angles beyond the smaller angle.

Meeting the requirements of the sense and linearity of gradients of
rudder pedal deflection and rudder pedal force with sideslip will not neces-
sarily assure static directional stability. Paragraphs 3.3.1.1 and 3.3,1.i.I
are also directed at static directional stability. But as mentioned in the
discussion of these two paragraphs, basic unaugmented "weathercock" stability
is not required. In other words, the Dutch roll natural frequency can be les3
than zero, with the control surfaces fixed. Another difference between the
two sets of requirements is that the re-entry requirement allows a gradient
reduction outside the sideslip range of linearity of no more than 50 percent
whereas the MIL-F-8785B(ASG) requirement permits a g.'adient reduction larger
in magnitude. The rationale for making the re-entry requirements stricter is
a result of the sensitiveness of re-entry vehicles to sideslips becAuse of the
high roll-to-sideslip response ratio. A stricter requirement on rudder pedal
deflection and force versus sideslip for re-entry vehicles appears to be jus-
tified.

Requrement

eq3.r.6.2 Side forces in steady sideslips

Discussion

This requirement on side forces in steady sideslips, which is similar
to the comparable requirement in Reference 2, is directed at the proper rela-
tionship of bank angle to sideslip angle. While a variation in bank angle
with sideslip is not necessarily required, an increase in left bank angle with
right sideslip or right bank angle with left sideslip is not permitted because
it can be confusing. However, even though it is possible, a re-entry vehicle
is very unlikely to be designed with this characteristic.

Requirement

3.3.6.3 Rolling moments in steady sideslips

Discussion

The rolling moments in steady sideslips requirement is directed at
the sense of the aileron control deflection and aileron control force with
sideslip angle. In addition, for Levels 1 and 2, 3.3.6.3 requires linearity
of aileron control deflection and force with sideslip. The primary intent of
the paragraph is to determine the static lateral characteristics (the magni-
tude of positive effective dihedral) of the vehicle by means normally used by
the pilot. Incidentally, these methods are easily measurable and are amenable
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to standard flight test techniques. Because of possible control cross-coupling
effects, the requirement does not necessarily specify positive effective dihedral.

Linearity of aileion control deflection and force with sideslip is re-
quired so the pilot can control the bank angle of the vehicle more precisely
than if the variations were not linear.

Requireipent

3.3.6.3.1 Exception for go-around

Discussion

This paragraph, which is essentially the same as in Reference 2, waives
the rolling moments in steady sideslips requirements for Flight Phase Category
C when a go-around is made. Thus the sense of the gradients of aileron-control
deflection and aileron-control force with sideslip angle may be opposite to
the way they are specified in 3.3.6.3. it is doubtful that a re-entry vehicle
will ever have to use the exception, but since it may be possible, this con-
stitutes sufficient justification for including such an exception.

The allowable aileron-control force of 10 pounds is not a function of
controller type because one-handed operation is assumed during the go-around
maneuver. The requirement that 50 percent of roll control power be available
to the pilot is included to provide a control margin so the pilot can cope
with disturbances during a critical low-altitude flight condition.

Requirement

3.3.6.3.2 Positive effective dihedral limit

Discussion

This paragraph establishes limits on positive effective dihedral by
specifying both the amourt of roll central power and the aileron control force
required to compensate for the rolling montents generated from the sideslip
angles that are experienced throughout the Service Flight Envelope. The re-
quirement, although similar to 3.3.6.3.2 of Reference 2, differs from it in
t,.o important aspects. First, requirements are specified for the operational
vehicle and less demanding ones for the experinental vehicle. Secondly, the
Level I requirements for the operational vehicle are approximately 25 percent
more stringent than the Level 1 requirements in Reference 2. The rationale
for changing the requirement is that since re-entry vehicles generally have a
high roli-to-sideslip ratio, it is reasonable that more roll control power margin
should be available to take care of the large rolling moments that might occur.
Furthermore, MIL-F-83300 (Reference 62) specified that for Level i. positive
effective dihedral should never be so great that 50 percent of the roll control
power available to the pilot and no more than 7.5 pounds of aileron control
force should be required for the sideslips expected in service employment. This
requirement for V/STOL aircraft is identical to the initial parts of 3.3.6.3.2
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for a re-entry vehicle with a stick controller.

The primary reason for setting limits on the amount of positive effec-
tive dihedral is the concern that large amounts of the available lateral control
power will be needed to check the response of the vehicle due to turbulence.
Another reason is because substan-ial aileron control power will be required
when the vehicle is flying in crosswind conditions. This fact is particularly
valid if the pilot chooses to employ the standard slip method (upwind wing
down and opposite rudder to hold straight flight) in the flare and during
touchdown.

Requirement

3.3.7 Lateral-directional control in crosswind's

Discussion

rhe lateral-directional control in crosswinds require~ment for the
operational vehicle is the same -s the Class III and Class IV requirement in
MIL-F-8785B(ASG), Reference 2. The sole difference between that requirement
and the one for the experimental vehicle is the velocity of the crosswind
component. Since the experimental vehicle will be flown under the most
favor.ble atmospheric cnditions, it is reasonable that the velocity of the
maximum crosswind be set at a reduced level. As rationale for establishing
the 90-degree crosswind component for the experimental vehicle, information
was obtained about the operation procedure for the present generation of e-
search lifting body vehicles. An example of some of the highly restricted
ground rules is one that would not permit a vehicle to be launched if the wind
on the lakebed exceeded 15 knots in any direction or a 10 knot crosswind
component to the proposed landing site. In accordance with these restrictions,
the crosswind component for the experimental vehicle is set at 10 knots for
Levels 1 and 2 and zero for Level 3,

Requirement

*3.3.7.1 Final approach in crosswinds

Discussion

This requirement establishes limits on rudder- and aileron-control
power necessary to fly the final approach in the crosswinds of 3.3.7. It is
directed also at the magnitude of the rudder pedal force that produces the
sideslip needed to fly in crosswinds and the aileron control forces that com-
pensate for the rolling moments generated from the sideslip. Requirements
are specified for the operational vehicle and more lenient ones are specified
for the experimental vehicle. The requirements for the operational vehicle
are significantly different from the requirements of 3,3.7.1 in Reference 2.
For Level 1, the allowable ailero.. control power available to the pilot and
the maximum aileron control force are approximately 25 percent less than the
values in Reference 2. Similarly, the Level 2 limits are stricter than the
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corresponding requirements for conventional aircraft. These maximums for both
Levels are consistent with the specified magnitudes in 3.3.6.3.2, Positive
effective dihedral limit. The rationale for making the changes is written in
the discussion of 3.3.6.3.2. Briefly, the reason is the high I/6d, roll-to-
sideslip response ratio of re-entry vehicles. This characteristic demands
considerable control power to check the reaction of the vehicle when it is
flown in crosswind conditions. Therefore, SO percent of the roll control
power available to the pilot is specified for Level 1 instead of 7S percent
and 75 percent is required for Level 2. Likewise, the reduction in the allow-
able aileron control force from 10 pounds to 7,5 pounds for Level 1 and from
20 pounds to 10 pounds for Level 2 is to partly account for the high sensitive-
ness in roll because of the high I/' Id ratio.

For the experimental vehicle, the maximum sideslip is 50 percent of
the value for the operational vehicle because, as discussed in the rationale
of 3.3.7, the experimental vehicle will be flown only under the most favorable
atmospheric conditions with a very low crosswind component. Also, in accord-
ance with the reduction in sideslip, it is reasonable that the requirements
on aileron control power and aileron control force be less strict than the
comparable requirements for the operational vehicle.

Requirement

3.3.7.2 Takeoff run and landing rollout in crosswinds

Discussion

The takeoff run and landing rollout in crosswinds paragraph is simi-

lar to 3.3.7.2 for conventional aircraft, Reference 2. It requires that

rudder- and aileron-control power be sufficient to maintain a straight path
on the landing surface with the cockpit control forces not exceeding the values

in the lateral-directional control in crosswinds requirement. This specifica-
tion has to be met for both the operational and the experimental vehicles up
to the crosswind velocities listed in Table XII. This requirement is self-
explanatory but is quite important. Some re-entry configurations that are
satisfactory under other critical flight conditions may not be acceptable on
the runway in the initial portion of a conventional takeoff or the final
stage after touchdown.

Requirement

3.3.7.2.1 Cold- and wet-weather operation

Discussion

Obviously, this requirement for cold- and wet-weather operation is

applicable only to operational vehicles since experimental vehicles will only
be landed on dry surfaces. If compliance under these adverse conditions
cannot be demonstrated, the minimum speeds for which directional control can
keep the vehicles on the runway by use of aerodynamic controls alone are the
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same for Class ill and Cla.s IV vehicles as the speeds for airplanes of com-
parable Classes in Reference 2. These speeds are consistent with the landing
task for operational re-entry vehicles since they have to be designed to land
on the same wet and slippery runways as conventional aircraft.

As mentioned in the .4III.-F-8785B(ASG) BIUG, Reference 8, some airplanes
that have large side areas tend to be blon sideways when there are high cross-
wind components along with very slippery runway's. This fact is also expected
to be true in the design of man) re-entry configurations. Under the detrimental
weather conditicns mentioned above, it will be difficult for re-entry vehicles
with large side areas to keel; from being blown to one side of the landing sur-
face. Therefore the iast part of the requirement that permits an exception
for 90-degree crosswinds at which the force tending to blow the vehicle off
tbc runway exceeds the tire-runway frictional force is also valid for re-entry
vehicles.

Requirement

3.3.7.3 Taxiing wind speed limits

Discussion

This paragraph is directed at operational vehicies only since experi-
mental vehicles will not be taxied in winds of up to 45 knocs. The require-
ment is self-explanatory since it is rational that it should be possible to
taxi a re-entry vehicle at any angle to a 45-knot wind.

Requirement

3.3.8 Lateral-directional control in dives

Discussion

Lateral-directional control in dives applies to powered vehicles and
to unpowered vehicles in equilibrium glide flight. Otherwise the requirement
is quite similar to 3.3.8 of Reference 2. The main difference is the deletion
of any reference to propeller powered vehicles.

Re uirement

3.3.9 Lateral-directional control with asymmetric thrust

Discussion

The intent of this paragraph is to require the safe lateral-directional
controllability of the vehicle following sudden asymmetric loss of thrust.
One minor difference between this requirement and 3.3.9 of Reference 2 is the
insertion of the phrase "inability to get a, air start". This qualifying
remark may be very applicable to those re-entry vehicles that require air-
breathiig engines for the approach and landing. These engines have to be
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started at the proper time in the latter part of the terminal Flight Phase.
However, due to the duration of the soak period in sp.ce which may be up to
a week or longer, tne capability of obtaining a good air start and stabilizc'd
engine operation is an unknown. Even though the inability to aet an air
start does not constitute a sudden asymmetric loss of thrust, it still may
cause a substantial lateral and directional cut-of-trim condition (depending
on the location of the nonstartable engine and the toal number of engines).
Therefore, this addition to the requirement may be as sigrAficant to the lateral-
directional handling qualities as the controllability following a sudden
asymmetric loss of thrust.

Requirement

3.3.9.1 Thrust loss during takeoff run.

Discussion

This paragraph is essentially the same as 3.3.9.1.of MIL-F-8785B
(ASG), Reference 2. At first, consideration was given to permitting a larger
lateral deviation than 30 feet following thrust loss during the takeoff run.
It seems reasonable that a bigger sideward variation be allowed since re-entry
vehicles will not normally be making horizontal takeoffs from narrow runways
on a routine all-weather basis. However, without further available information
or experimental data that could be used to permit a greater departure to
either side of the intended path, the requirement remains the same as for
conventional aircraft.

As stated in Reference 2, this requirement is essetitially a qualita-
tive one because of the many variables that would have tc be weighed in form-
ulating a more exact definitive requirement. In spite cf the nonquantitative
nature of 3.3.9.1, the requirement does fulfill the primary objective of en-
suring that, following thrust lose during the takeoff run, the pilot can
either safely reject or safely continue the takeoff.

Reguirement

3.3.9.2 Thrust loss after takeoff

Discussion

There is no change in the specification of this paragraph and the
comparable one in Reference 2 because the re-entry requirement is addressed
to the same task as for conventional aircraft. The purpose of this require-
ment is to ensure that a straight flight path and a safe climb-out can be
made following a thrust loss after takeoff. The straight flight path does
not have to be parallel to the runway. The use of automatic devices which
operate in the event of a thrust failure are permitted as well as banking the
vehicle as much as 5 degrees away from the inoperative eAgine.
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Re9ui remeo t

.3.9.3T n3.3..3 ransient effects

Discuision

Although the requirement on transient effects following a sudden
loss of thrust is basically qualitative, it can have an important effect on
handling qualities. Due to the inherently high roll-to-sideslip ratio of the
Dutch roll mode of many re-entry configurations, the sideslip generated from
the sudden asymmetric thrust condition can cause large roll rate and bank
angle oscillations. These motions have to be controlled in an expeditious
manner so that dangerous conditions are avoided. The type of pilot corrective
action used can be significant because unnatural or unusual control inputs
may reinforce the oscillations. In addition, if complicated motions are needed
to correct for the asymmetry, than longer time delays will have to be assumed.
As a guide to defining a representative time delay, the last part of paragraph
3.4.9 is repeated below:

"This time delay should include an interval between the occur-
rence of the failure and the occurrence of a cue such as acceler-
ation, rate displacement, or sound that will definitely indicate to
the pilot that a failure has occurred, plus an additional interval
which represents the time required for the pilot to diagnose the
situation and initiate corrective action."

From the foreloing, it is reasonable to assume that a time delay of one
second may be unrealistically short. As mentioned in the BIUG for conven-
tional aircraft, Reference 8, the time delay depends upon initial pilot alert-
ness, the extent to which he is actively controlling the vehicle, the magni-
tude and type of pilot cues, etc.

In summary, this requirement which is similar to 3.3.9.3 of Ref-
erence 2 is necessarily qualitative because of the many and different vari-
ables that have to be considered in specifying a quantitative requirement
that is both complete and unambiguous.

Requiremtnt

3.3.9.4 Asyimnetric thrust - rudder pedals free

Discussion

This paragraph is written similarly to 3.3.9.4 of Reference 2. It is
addressed to the operational vehicle only and its capability of being flown
in steady straight flight with rudder pedals free following asymmetric loss
of thrust. The requirement is considered fundamentally important since
banking the vehicle rather than yawing or sideslipping it is a more instinctive
and natural reaction by the pilot after he perceives an asymmetric thrust
conditiof.
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Requirement

3.3.9.5 Two engines inoperative

Discussion

This requirement which was new to MIL-F-8785B(AS-;), Reference 2,
may be very meaningful to re-entry vehicles, especially those that require
airbreathing engines for the approach and landing phases. Due to the length
of the cold soak period in space, the chances of obtaining reliable "light-offs"
of all engines while descending through the atmosphere is a.t best an unknown
factor. If two engines do not start or if one engine does not start and another
engine fails later on, it is reasonable to expect that the resulting transient
motion can be contained. In addition, it should be possible to maintain straight
flight at any speed between the one-engine-out speed for maximum range and
the speed for maximum range with two engines inoperative. Also, in the event
that two engines fail simultaneously in the climb following a go-around, for
example, this paragraph r. quires that the lateral.-directional characteristics
be such that the pilot can recover from the asymmetric condition at any speed
above the minimum climb speed. This requirement is reasonable and is consis-
tent with a similar specification in the regulations for transport aircraft.

Requirements

3.4 Miscellaneous flying qualities

3.4.1 Approach to dangerous flight conditions

3.4.1.1 Warning and indication

3,4.1.2 Prevention

Discussion

As is true for airplanes, Section 3.4 attempts to cover flying qual-
ities aspects for lifting re-entry vehicles which cannot be classified as pri-
marily longitudinal, lateral-directional, or control-system characteristics.
The requirements treated in this section are the same requirements treated
for airplanes in MIL-F-878SB(ASG) with some slight modifications. For terminal
flight at low supersonic, transonic, and subsonic speeds the requirements are
likely to be similar for airplanes and lifting re-entry vehicles. Undoubtedly,
additional miscellaneous flying qualities requiremants will develop as the
missions, Flight Phases, and tasks of lifting re-entry vehicles are more clearly
understood. The subject treated is complex and most of the requirements are
qualitative in nature.

The requirements un approach to dangerous flight conditions, and
warning and prevention of such conditi;ons are applicable to airplanes and
lifting re-entry vehicles. In paragraph 3.4.1.2, nuisance operation of pre-
vention devices is allowed for an experimental vehicle.
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..4.2 Stalls

3.4.2.1 Required condtions

3.4.2,2 Stall warning jequirements

3.4.2.2.1 Warning speed for stalls at 1 g cos 2 normal to the flight path

3.4.2.2.2 Warning range for acc ierated stalls

3.4.2.3 Stall characceristics

S.4.2.4 Stall recovery and prevention

3.4.2.4.1 One-engine-out stalls

Discussion

The importance of stall requirements to lifting re-entry vehicles
is open to some question, since for some lifting re-entry vehicles, a clear
stall may not be evident, and the maximum angle of attack or minimum speed
may be limited by other conditions besides stall. Also presently, some consid-
eration is being given to lifting re-entry vehicles that may be required to oper-
ate at angles of attack far be yond stall. An example is a Faget vehicle that
re-enters at an angle of attack of approximately 60 degrees. Since some lifting
re-entry vehicles are expected to fly and cruise with engines much as airplanes
during some Flight Phases, such as the ferry phase, it was decided to retain
the stall requirements with the option that they could be waived with theVprior approval of the procuring activity.

The stall requirements as stated are the same as those of airplanes
with only a few minor modifications. Angle-of-attack warning may be required
for certain Flight Phases since it is the angle of attack and not stall as
such that indicates an approach to a dangerous flight condition. For unpowered
vehicles, stalls will be made in gliding flight with g's normal to the flight
path of 1 g cos r. Accelerated stalls for unpowered vehicles will be made in
gliding turns.

Requirements

3.4.3 Spin recovery

3.4.4 Roll-pitch-yaw coupling

Discussion

It is highly questionable whether any spin demonstration will be
required of lifting re-entry vehicles. in cases where spin demonstration is
not required, spin recoveries are not likely to be a requirement. Since some
lifting re-entry vehicles during particular Flight Phases will fly and cruise
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f
with engines like conventional airplanes, the spin reccvery requirement was
retained.

It is questionable whether requirements on roll-pitch-yaw coupling
should seriously ba considered for lifting re-erntry vehicles that are not
required to perform violent maneuvers or rapid 360 degree rolls. There was
considerable doubt by some contractors and government agencies whether lifting
re-entry vehiclos could ever meet the roll-pitch-yaw coupling requirements
for airplanes as they appear in MIL-F-8785B(ASG). Based on these discussions,
it was decided to reduce the rolls to 90 degrees.

Requirements

3.4.5 Control harmony

3.4.5.1 Control force coordination

Discussion

The requirements on control harmony and control force coordination
are identical to those of airplanes as stated in MIL-F-878SB(ASG). The same
arguments apply, and the discussions on this subject in Reference 8 are applic-
able to lifting re-entry vehicles in terminal flight at low supersonic, tran-
sonic, and subsonic speeds.

Requirements

3.4.6 Buffet

3.4.7 Release of stores

3.4.8 Effects of special equipmen

3.4.9 Transients following failures

3.4.10 Failures

Discussion

The need for a buffet requirement is obvious as is the requirement
on release of stores. These requirements are taken directly from MIL-F-878SB
(ASG). Some thought has been given to lifting re-entry vehicles with expend-
able tanks, etc., which can be considered to be stores.

The requirement of paragraph 3.4.8 was taken from MIL-F-878SB(ASG)
with the references to armament delivery, bomb bay doors, and armament pods
deleted. Such references are not expected to be applicable to lifting re-entry
vehicles.

The requirements on transients following failures and failures are

186



self-evident. They apply equally well to lifting re-entry vehicles and are
taken directly from MIL-F-87853(ASG).

Requirements

3.5 Characteristics of the primary flight rontrol system

3.5,1 General characteristics

3.5.2 Mechanical characteristics

3.5.2.1 Control centering and breakout forces

3.5.2.2 Cockpit control iree play
i 3.5.2.3 Rate of control displacement

3 5.5.2.4 Adjustable control.,

Discussion

Section 3.5 deals with requirements of the primary flight control
sys+m, including the stability augmentation system, as they are related to
flying qualities. The requirements presented here, with minor modifications,
are essentially the requirements in Section 3.5 of MIL-F-8785B(ASG) for air-
planes. For terminal flight in the lower atmosphere at low supersonic, tran..
sonic, and subsonic speeds, one would expect the requirements for airplanes
and lifting re-entry vehicles to be similar. It is, however, recognized that
lifting re-entry vehicles, especially fully operational vehicles, will have
more sophisticated flight controi systems than airplanes. The control systems
will probably be fly-by-wire and the vehicles themselves will be highly
augmented to meet all the mission requirements of an operational vehicle. As
the design, simulation, and operational experience wth these vehicles develops,
the requirements on the primary flight control system will be modified and
extended.'The requirements on mechanical characteristics, control centering,
breakout forces, free play, control displacement rates, and adjustable con-
trols are the same as the requirements for airplanes presented in MIL-F-8785B
(ASG). The need for such requirements appears almost obvious. For more details
of the rationale of these requirements and the data upon which the requirements
are based, one should refer to Reference 8.

Requirements

3.5.3 Dynamic characteristics

3.5.3.1 Control feel

3.5.3.2 Dampin
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Discussion

The quantitative dynamic characteristics in paragraph 3.5.3 are
essentially the same as those for airplanes in MIL-F-8785B(ASG). In the case
of lifting re-entry vehicles, the requirements for Category A have been
equated to those for Category B rather than Category C Flight Phases.
Category A Flight Phases for lifting re-entry vehicles are considerably less
demanding than Category, A Flight Phases of airplanes.

An addit i)nal statement has been added to the requirement that allows
alternate methods of defining acceptable dynamic characteristics if such
methods can be substantiated with qandling qualities data to the satisfaction
of the procuring activity. This addition was felt to be necessary because
the flight control systems of operational lifting re-entry vehicles will
undoubtedly be complex, and there are indications that some or many of these
systems may not be adequately covered by the quantitative requirements as
stated in MIL-F-8785B(ASG).

The requirements of Table XIV are based almost exclusively on the
flight results of Reference 3. In this experiment, the highEr-order dynamic
effects, a result of the introduction of various kinds o. hig, er-order control
systems, could be adequately represented by a time delay ur control system
phase shift at a representative airplane frequency. It has been suggested,
and rightly so, that the effects of various kinds of flight control system dy-
namics on handling qualities cannot always be adequately represented in terms
of phase shift, and some phase shift or delay may be desirable in some cases
to attenuate a vehicle that responds abruptly to control inputs. It has also
been recently recognized that there should also be requirements or limits on
control system lead as well as control system lag. Some of these additional
aspects of control system dynamics on handling qualities are discussed in
Reference 4.

Suggeetions have been made that the effects of complex control
systems can be adequately represented by a partitioning of the overall dy-
namic effects into an "effective" control system and an "effective" airframe.
It has also been suggested that the amount of phase shift should be a function
of the "effective" bandwidth of the airplane. But requirements that have been
developed based on these suggestions using particular data, are often not
supported by new data, such as the data of Reference 4. At present, no ade-
quate procedure exists for establishing handling qualities requirements for
the large variety of flight control systems that may be used in airplanes or
lifting re-entry vehicles.

The requirements on control feel and control damping are identical
to those in NIIL-F-8785B(ASG) for airplanes. The rationale and data to
support these requirements are discussed in detail in Reference 8.

Requirements

3.5.4 Augmentation system
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3.5.4.1 Performance of augmentation system

3.5.4.2 Saturation of augmentation system

Discussion

The statements on requirements of paragraphs 3.5.4 and 3.5.4.2 are

identical to those in MIL-F-8785B(ASG) for airplanes. One should refer to
Reference 8 for the rationale and the details upon which the roquirements are
based.

Paragraph 3.5.4.1 on the performance of augmentation systems has been
expanded to include performance degradation due to limit cycle, and coupling
due to structural vibration and structural modes. Limit cycles are self-

Csustaining oscillations in closed-loop systems caused by phase lag introduced

through nonlinearities such as hysteresis, "slop", and deadband. Coupling
due to structural vibration and structural modes is really structural resonance
caused by the augmentation system.

Since re-entry vehicles are likely to operate at high augmentation
system gains, there is a danger of limit cycles and structural Tesonance
reaching magnitudes which might cause loss of control by the pilot or structural
damage to the vehicle.

NASA FRC at Edwards, California has experienced limit cycle problems
with the augmentation systems of the X.15, F-Ill, and lifting bodies such as
the M2-F2, HL-10, and X-24A. Based on this experience, NASA FRC has dvveloped
a ground testing technique and criteria for limiting limit cycles and structural

resonance to acceptable magnitudes. These have been discussed in some detail
in Section III under paragraph 3.2.2.1.3 and this discussion will not be repeated
here.

Based on NASA FRC experience with lifting bodies, a design acceptance
criterion has been developed as shown on Figure 14 of Section III, paragraph
3.2.2.1.3. These limit cycle criteria are stated in terms of amplitude of the

limit cycle at the control surface in degrees (elevator, aileron, or rudder).
[ Limit cycle amplitudes have been defined that are acceptable, marginal, unaccept-

able, and destructive.

Reference 38 has shown that the magnitude of the limit cycle is re-
lated to the total loop gain of the augmentation system. As this gain increases,

the phase lag in the control system increases until the "knee" in the limit
cycle versus loop gain plot is reached. At this point, the phase lag begins
to exceed 180 degrees and the system becomes unstable. Reference 38 states
that based on NASA FRC experience, the amplitude of the control surface limitI, cycle is a good indicator of the proximity of the limit cycle to the crossover~point.

As discussed in Section III (paragraph 3.2.2.1.3), performance degrada-
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tion due to the liit cycle amplitudes quoted represents degradation in the
performance of the flight control system that can lead to such things as
structural dama;gc long before the limit cycle levels are sufficiently high
to result in a siRnific ant degradation in handling qualities.

Based on the data in Reference 39, there is also ome question as
to whether the control surface limit cycle steady-state amplitudes postulated
as limit cycle criteria are truly indicative of the proximity of the limit
cycle to the crossover point, and the tendencies of the limit cycle to insta-
bility. It is cIear that additional work will be required before quantitative
limit cycle criteria and requirements ran be developed, i.e., requirements
related to handling qualities and flight control system design. These limita-
tions in no way (letract from the extreme usefulness of reports such as Refer-
ences 38 and 66 in the analysis and design of flight control systems from the
standpoint of limit cycle and structural resonance.

Requirements

3.5.5 Fa.ilures

3.5.5.1 Failure transients

3.5.5.' Trim changes due to failures

3.5.6 Transfer to alternate control mo.tes

3.5.6.1 Transients

3.5.6.2 Trim changes

Discussion

The requirements on failures and failure transients, are the same as
those for airplanes presented in M1L-F-8785B(ASG), with one exception. The
Level 1 requirement for Level 1 failure transients has been relaxed from
0.05 g's to 0.1 g's. The 0.05 g's would be hardly noticed and it is felt to
be too stringent for both airplanes and lifting re-entry vehicles. Discussions
witb contractors and governient agencies also generally indicate agreement
with a relaxation in the Level I requirement.

The requirements on transfer to alternate control modes, transients,
and trim changes follow the requirements in MIL-F-8785B(ASG) and require
no further discussion here.

Reouirements

3.6 Characteristics of secondar control systems

3.6.1 Trim system
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3.6.1.1 Trim for aynmmetric thrust

3.6.1.2 Rate of trim operation

3.6.1.3 Stalling of trimns stemas

3.5,1.4 Trim system irreversibility

Discussion

Section 3.6 is concerned with the requirements of secondary control
systems as they relate to flying qualities of lifting re-entry vehicles. The
requirements presented here are essentially the requirements fur airplanes as
they appear in MIL-F-8785B(ASG). The requirements on speed and flight path
control devices (Section 3.6.2) have been expanded to require an auxiliary
drag device for an unpowered lift-ng re-entry vehicle in the landing approach.

It is recognized that secondary con*rol systems of fully operational
lifting re-entry vehicles will undoubtedly be more sophisticated and differ in
many details from the secondary control systems of conventional airplanes.
For example, much of the trim system may be completely automat-c, at least
for some Flight Phases. As information from design, simulation, and actual
operational experience becomes available, the requirements on secondary
control devices will be revised.

None of the requirements in Sections 3.6.1, 3.6.1.1, 3.6.1.2: 3.6.1.3,
and 3.6.1.4 ".*re been changed from the requirements in MIL-F-5735B(ASG).
Reference 8 _xplains the need for the requirements and presents the rationale
upon which these essentially qualitative requirements are based.

Requirement

3.6.2 Speed and flight-path control devices

Discussion

The intent of this requirement, when applied to airplanes or lifting
re-entry vehicles, is to assure that the rebponse time and effectiveness of
fore-and-aft controls is adequate to control airspeed and flight path. The
requirement for airplanes is basically qualitative in nature.

The importance of this requirement has been especially evident to
pilots and flight test engineers at Edwards Air Force Base who have been
associated with landing unpowered experimental airplanes such as the X-15,
and unpowered experimental lifting re-entry coniigurationi such as the M2-F2,
HL-10, X-24A, and the M2-F3. For unpowered landings that are to be made

* routinely with a reasonable degree of precision, NASA and Air Force person-
nel at Edwards have indicated that an auxiliary drag device is a requirement.
Discussions with NASA ane Air Force personnel have indicated that, based off
their experience, the auxiliary drag device must be capable of doubling the
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minimum drag during the landing phase of flight. This experieuce is the basis
for the quantitative requirement for unpowered lifting re-entry vehicles.
Since the drag device must be modulated to both increase and decrease speed
and flight path angle during the landing approach, its nominal position will
be partial extension.

Regqui rement s

3.6.3 Transient and trim changez

3,6.3.1 Pitch trim changes

3.6.4 Auxiliary dive recovery devices

3.6.5 Direct normal-force control

Discussion

The requirements on transients and trim changes, pitch trim changes,
auxiliary dive recovery devices, and direct normal-force control are essen-
tially the same as the requirements in MIL-F-8785B(ASG). 'lle discussion in
Reference 8 should be consulted for more detailed explanations of the need
for these requirements.

An exception to the requirements on pitch trim change conditions,
paragraph 3.6,3.1, has been made. The table on pitch trim change conditions
referred to in paragraph 3.6.3.1 of MIl,-F-8785B(ASG) has been omitted. For
lifting re-entry vehicles, it appears that pitch trim change conditions
cannot be adequately defined at this time and these trim change conditions are
best established by the procuring activity for each specific lifting re-entry
vehicle.

Requirements

3.7 Atmospheric disturbances

3.7.1 Use of turoulence models

3.7.2 Turbulence models

3.7.2.1 Continuous random model (von Karman form)

3.7.2.2 Continuous random model (Dryden form)

3.7.2.3 Non-Gaussian models (von Karman and Dryden forms)

3.7.2.4 Discrete model
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Discussion

Included in Section 3.7 are the requirements for turbulence models

to be used by the contractor in any analysis and simuliatin .,f f; ing qualities
to assess the compliance of a lifting re-entry vehiclc to flying qualities re-

quirements with atmospheric disturbances. The atinosphcrik. disturbainoes
speci fied are essential ly those for airplanes in MI!.-I-878SB(AS(;) t th modi fi-
cations to make them more applicable to lifting rL-entry vehic!e . A detailed
discussion of atmospheric disturbances, turbtileni..e models, turbulemi e levels,
and the application of turbulence model in analysis i!. Lojtaine.t iii kference
8. "hii discussion, with minor modifications to be noted thre, applic. equally
well to lifting re-entry vehicles.

There is ample evidence to indicate that atmospheric turl.ul:nce is a
problem of considerable significance to lifting rc-entry vehi-les. [ his
concern is expressed by lifting body pilots in Referc.!tnce 3 in a ptaper entitled,
"Pilot Impressions of Lifting Body Vehicles." Reference 6U describ,.s some of
the lateral-directional handling qualities problems assuciated %ith _untrol
of re-entry vehicle configurations in the presence of atmospheriL turbulence.

The response and control problems in turbulence of lifting re-entry
vehicles are usually associated with several of the charactristics typical
of lifting re-entry vehicle configurations. Lifting re-entry vehiLles are
what can be described as "inertially slender" vehicles. This i, a way of
saying that the rolling moment of inertia is much smaller than the moments ofinertia in yaw and pitch (1,;, <fV/r) . "Inertially slender" aircraft

display more pronounced roll responses. especially roll responses due to side-
slip (L ). The roll response due to sideslip is roughly proportional to /1
at all gust frequencies. At high frequencies, /, is the primary roll
response parameter, but at low frequencies, the response is also inversely
proportional to the Dutch roll frequency and the roll mode root. The Dutch
roll damping ratio determines the roll amplification at the Dutch roll frequency.
When the Dutch roll damping is low, the roll response at the Dutch roll frequency
will predominate and under these conditions, a good indication of the roll
response is provided by the bank angle to sideslip ratio, o/0/d . The bank
angle response to sideslip disturbance is, of course, dependent also on the
power spectral density uf the disturbance as well as the airplane transfer
function. The initial roll acceleration and the roll angles that result from
a sharp edged gust can also be relatively large because of the relatively small

r• ,. and the low roll damping. References 05 ana 66 describe some of the control
and gust response problems of inertially slender aircraft. The importance of
the frequency response of the vehicle in roll for sideslip gust inputs is
discussed in some detail in Reference 68.

"le turbulence velocity field is generally assumed to be a zero-
mean Gaussian random process. Although there is ample evidence to indicate
that the Gaussian assumption is not strictly valid, this assumption is used
because of the simplicity it affords in mathematical analysis and simulation.
Filtered Gaussian noise does not produce a sufficient nunbr of extreme
gusts or "spikes" and the natural "patchiness" which is evide1 ,t in some
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turbulence records. This is one reason Th4L the Gaussi- continuous random
turbulence model is supplemcnted with a discrete model in MIL-F-8785B(ASB).

In addition to a discrete model, a continuous non-Gaussian turbulence
represcntation is desirable and will provide wore realistic sudden intense
gusts due to "patchy" turbulence which can occur occasionally. rhis kind of
turbulence could lead to severe roll control proble s for lifting re-entry
vehicles in view of their unique lateral-directional characteristics. A non-
Gaussian turbulence r~presentation mnay be especially important in the simula-
tion of side gusts, th . Allowing for non-Gaussian models for turbulence
representation, at the discretion of the procuring activity, is advisable for
lifting re-entry vehicles.

Reeves (Reference 67) has recently investigated the non-Gaussian
character ot low altitude atmospheric turbulence and an interesting method
for simulating atmospheric turbulence velocity components that have non-
Gaussian probability density functions. His work was directed toward the
goal of accounting better for the natural patchiness of turbulence which leads
to quiescent periods and periods of varying turbulence intensity. He replaces
the Gaussian probability density function with one that is a modified Bessel
function of the second kind with order zero (Figure 34). The Bessel function
probability density function yields a greater probability for near-zero velocity
fluctuations and a greater probability for large velocity fluctuations
(Figure 35).

Reeves' particular simulation method employed spectra having W-)
high f:,!quency asymptotic forms (Dryden spectra). Reeves recommends using the
Dryden spectral forms since they ate spectrally factorable and permit the use
of exactly fitting linear filters. For lifting re-entry vehicles, both von
Karman and Dryden spectral forms are allowed for non-Gaussian models as well
as the random models. Also, Reeves' development was directed more toward low-
altitude turbulence, but c6rtain evidence is available to indicate that high-
altitude turbulence is also non-Gaussian.

Requirements

3.7.3 Scales and intensities (clear air turbulence)

3.7.3.1 Clear air turbulence (von Kayman scales)

3.7.3.2 Clear air turbulence (Dryden scales)

3.7.4 Scales and intensities (thunderstorm turbulence)

3.7.4.1 Thunderstorm turbulence (von Karman scales)

3.7.4.2 Thunderstorm turbulence (Dryden scales)
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Discussion

The requirements on the scales and intensities of clear air tur'bulence
for operational lifting re-entry vehicles are the same as those for airplanes
as they appear in MIL-F-878SB(ASG). The root-mean-square intensity can,
however, be reduced for experiment-il vehicles since they are operated under
more ideal flight conditions. ThE degree of reduction cannot be defined
quantitatively at this time and tne degree of reduction is left to consultation
between the contractor and the procuring activity.

The value of ar specified as a function of altitude for clear air
turbulence (Figure 8), is that rms level of turbulence that can only be
equalled or exceeded with a probability of 0.01, i.e., 99% of the time in
flight at a given altitude will involve turbulence with an rms level less than
6ar, or flight in air without turbulence. It is also true from Figure 8

that since c,,L is zero above 90,000 feet, 99% of the time in flight above
90,000 feet will be in turbulence-free air.

Obviously, Figure 8 does not mean that no turbulence is present
above 90,000 feet, nor does it mean that high turbulence levels cannot occur,
but the probability of any level of turbulence is less than 0.01. Since lifting
re-entry vehicles will certainly spend more flight time at high altitudes than
airplanes, allowing for higher levels of 6,,r at altitude may be justifiable
for lifting re-entry vehicles and should be considered by the contractor and
the procuring activity.

Thunderstorm turbulence is not expected to be a consideration for
experimental vehicles because of the more ideal atmospheric conditions under
which they will operate.

Requirement

3.7.5 Application of the turbulence models in analysis

Dis cussion

The requirements for applying turbulence models in analysis are
essentially the same for iifting re-entry vehicles and airplanes. The detailed
discussion of the requiremrents in MIL-F-?785B(ASG) is applicable with the
additional consideraLlons to be presented here.

Although simplicity in gust simulation is always desirable, this is
especially the case for lifting re-entry vehicles if non-Gaussian turbulence
models are to be used. The primary consideration for lifting re-entry vehicles
is likely to be the lateral-directional response, particularly the roll response
which is stroagly influenced by the low roll moment of inertia and high roll
due to sideslip of lifting re-entry configurations. Of the six gusts i9 , ,
p9 , and r"9 produce lateral-directional responses and the side gust 6 -j

is clearly of primary importance. When the span of a lifting re-entry vehicle
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is small coinpared with the predoininant vertical gust wavelengths, the effects
of Pg , the spanwise gradient of the vert~cal gust, is also likely to be small.
It is also true that the rolling moment due to -P9 is small when the unaug-
mented vehicle roll damping is small. In such cases, it may be justifiable to
regCLect ile secondl-order input p, . ie yaw% gust velocity, -r , is also a
second-ordler input and its effecti can probably Le safely neglected for some
lifting re-entry configurations.

In che longitudinal case, the head-ot gust 44 at altitude can
probably be neglected compared to o. , In the landing approach, however,
it may be advisable to include u, in the simulation. Th,- second-order magni-
tude input q, can probably be safely neglected for some lifting re-entry
vehicles.

In the simulation of gusts for lifting re-entry vehicles, it may often
be adequate to simulate only i69 for lateral-directional motions and o . for
longitudinal motions. It is also probably true that q, and can be obtained
from € and lg simulation with only a small amount of additional complication
in equipment. Of course, care must be used in making decisions on simplifica-
tions in gust imuilation for lifting re-entry vehicles since these simplifica-
tions may be strongly configuration dependent. It is left to the contractor to
supply justification to the procuring activity for any simplifications in gust
simulation for the purpose of investigating vehicle flying qualitities.

Since lifting re-entry vehicles will in many cases be highly augmented,
it should be emphasized that the turbulence velocities ( , , ,

r ) agreed upon tw'ill be applied to the unauginented aerodynamic terms in
the vehicle equations of motion and the air sensors used in the augmentation.

Requirements

4 QUALITY XSSURNCE

4.1 Compliance demonstration

4.2 Vehicle States

4.2.1 Weights and moments of inertia

4.2.2 Center-of-gravity positions

4.2.3 Thrust settings

4.3 and test conditions

4.3.1 Altitudes

4.3.2 Special conditions

,1.4 Interpretation of qualitative requirements
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Discussion

The requirements of this specification are intended to apply to those
Flight Phases, loadings, external store configuratioiis, and geometric
configurations of a lifting re-entry vehicle during terminal flight at low
supersonic, transonic, and subsonic speeds. The requirements are also
expected to consider the various failure states of the vehicle. Design and
flight test experience with lifting re-entry vehicles is extremely limited
and it is difficult to specify the critical conditions of the vehicle to meet
each of the requirements in the specification. These critical conditions will
vary from one lifting re-entry vehicle to another and will also depend on
whether the vehicle is to be considered operational or experimental.

The number of design and flight test conditions to be considered
must of necessity be extremely limited and the limitations are to a large
extent determined by considerations of time and money. Experimental lifting
re-entry vehicles are usually low budget, "one of a kind" vehicles. For
"low budget" vehicles, a greater degree of reliance on checking compliance
to the requirements will be determined by analysis, simulation, and ground
tests.

The specific loading and flight conditions to be examined must be
established by mutual consultation and agreement between the contractor and
procuring activity with a realistic consideration of the many factors involved.
The discussion and tables in Reference 8 on Quality Assurance for airplnnes
may be used as a guide for design and test conditions to be investigated for
lifting re-entry vehicles,

Compliance with the requirements will be determined during glide and
gliding turns for unpowered vehicles. When speed is to be held constant and
varied from one speed to another, indicated airspeed will be used in unpowered
gliding flight.

The requirements on vehicle states are essentially those of airplanes
as they appear in MIL-F-8785B(ASG). For unpowered vehicles, nominal settings
of drag devices shall be established for selected design conditions where vehicle
compliance is to be investigated.

It will not be possible to establish design and test conditions for an

unpowered vehicle at fixed altitudes. The terminal and nonterminal Flight
Phases will be explored at altitudes as they occur during glides and gliding
turns during terminal flight to touchdown.

-There are special flight conditions that m.sy be unique to lifting
re-entry vehicles and way reveal special problems, based on past experience
with such vehicles, and should be investigated in flight if possible. These
are:

1. Lowest dynamic pressure and lowest Mach number
2. Highest angle of attack

3. Lowest angle of attack
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4. Most critical angle-of-attack condition as determined by
mutual agreement between the contractor and procuring
activity.

During some Flight Phases, a lifting re-entry vehicle will be required
to operate under low dynamic pressure conditions, that is, dynamic pressures
lower than those required to sustain the vehicle in level flight. This will be
true even within the limitations of this specification which is expected to
apply during terminal flight at low supersonic, transonic, and subsonic
speeds. Such conditions may be critical from the standpoint of meeting handling
qualities requiremerts and should be considered.

The dynamic characteri.tics and handling qualities of lifting re-
entry vehicles can be strong functions of angle of attack. Based on past
experience with some lifting re-entry configurations, this is especially true
of lateral-directional characteristics. In fact, flight envelopus for such
vehicles are often limited by angles of attack above and beluw which the
handling qualities of the vehicle become unacceptable. It is therefore
advisable to check both a high, low, and critical angle of attack region for
compliance with the requirements.

Because of the very limited handling qualities data on lifting re-
entry vehicles, it is more true of this specification than MIL-F-8785B(ASG)
that many of the requirements have been stated in a qualitative way to allow
latitude in establishing requirements based on consultation and agreement
between the contractor ar.d procuring activity. Final determination of
compliance with the requirements will be made by the procuring activity.
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