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STMLIARY.

Handling qualities criteria and operational»pérforﬁance margins
have been determined for the landing phase of commercial short-
takeoff-and-landing airplanes, The requiiements are the result

of a literature survey, analysis of areas found to be inadéQuately
covergd by current criteria, and a subsquent'piloted simulator
investigation of critical criteria requiring substantiation.

Three complete simulator models ﬁe;e used, each éescribing the
characteristics of a differeﬁt high-1ift system, the externally

blown flap, the augmentor flap, and the internally blown flap.

The proposed criterie are presented with substantiating'discussions
froﬁ currently availabie data or difectly from the results of this.
simulation work where it is applicable., Further work is required in
some areas where time limitations prevented full investigation of

all three concepts or complete analysis of a given criteria topic.

The requirements are offered here as a starting point, and a base

for the evaluation of competitive STOL designs.
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docurent,

- used 12 to 15% of the enginé air to blow the leading edge and trailing edge

1,0 IKTRODUCTION

The work reported in this document was performed under Contract HAS2- 3.4
to NASA-AmeS.Researéh Cenler, The purpose was to puﬁduqt research into the
flyigg gualities of some typical commercial STOL'trdnsport designs ‘in order to
contribute towards a statement of criteria for the performance margins and
handling qualities required for STOL operations. These criteria could then ve
used in the design definition and e&aluation of comﬁeting STOL high 1ift
concepts.‘ . : .

The research was restricted to the landing flight phase including aporcacn,
landing flare, roll-out, and go-éround; The inVQ§tigation concentrated mainly
on the Longitudinal performance and handling qualities since the lateral/direct-
ional requirements were alréady we‘ll covered by existing literature, A smnall
emount of éngine failure work was accomplished.

A 1iferatufe_sur;ey was conductea to esteblish current regulations.and
criteria and to define the areas requiring further investigétion. Direct
comparisons of existing requirements from various sources helped in the -

definition and planning of the piloted simulation work that is reported in this.

Three proposed STOL transport configurations ﬁere modeled in the
simulator: the externally blown flap (EBF), the internally blown flap (IBF),
and the augmentor‘wing (AW). A common epproach speed was chosen at 80 knots
which was}considered to be consistent with the 2006 foot field length for the
gross- weight range of these airplaneg. The augmentor wing airvplane was designed
to pass £0% of thé total engine air fléw to the trailing edge flaps, Space
requirements for the ducting in the';ing necessitated & low wing loading by

CTOL standards for this configuration. The internally blown flap configuration

flaps, and the externally blown flap used an 8% bleed to the leading edze only.

REV SYM ‘ | BOEINEG |no. Di-10509 N
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The engine positioning on the EBF wing was carefully chosen to give favoraple
thrust impingement on the flaps, whereas on the IBF the engines were placed
ta aveld Jet exhaust Interfercncn with the freilf

A e
b U B e &

Seperate ldngitudinal Stabpility Augmentétidn Systems (SAS) were designed
for each configuration, The SAS feedbaéks, feedférwards, and contrﬁl inter-
connects were used to very the aifplahe handliné.characteristics so as to
define acceptable and unacceptable values ;f'péstulated handling qualities
parameters. Different SAS types were used to evaluate different piloting
techniques fér’control of flight path and speed. Two main SAS types emerged
fron these evaluations and their form ié described in detail in Section 5 of this
document. In other sections, the two SAS types are referred to as:

(2) Minimum SAS - describing an augmentation system thet hes pitch rate
damping and attitude hold features tied to the elevator, and flight
path rate fed back to the engines‘to improve the control of flight
path angle with throttles, | . |

(b) Full SAS - describing an augm;nfation System using similar feedbacks
to (a) but including also the use of awxiliary flap or main flap
moéulation controlled by Stifkhfnd throttie movementé, and.having
speed, angle~of-attack, ahdiéith acceleration feedback'signals.

jThis SAS also includes an interconnect’from the colqmn into engine
thrust,

Néithefj?hese augmentation systems included typical amplitude and fate
limits,except those imposed by full coﬁtrol déflection, maximum engine thrust
or acceleration cap&Sility. The SAS was used simply to modif& airplane hanﬁling

qualities for the purposes of this research,

: The aerodynamic data used in modeling the three concepts had different
[+ .
=l sources which influenced the flying qualities of each tyve. The Augmentor Wing
|
REV SYM : ' _ ' ' - MFBETR L luo. D6-4OLGY _}_
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, the chosen wing plaﬁform and flap configuration, The EBF data was derived

- from theoretical tﬂcrniaues modified empirically by data from NASA and

D1 4100 7740 ORIG.3/7

was rodeled on wind tunnel data(from the Ames 40 x 30 tunnel)corrected to

Boelng wind tunnel tests. The IBF serodynanic build-up was almost purély
theoretical using jet-{lap thebry with some small corrections from British RAB
data. The_fesulting Augmenﬁor Vling data retained significant non-lihearities
associatea with the wind tunnel model from whiqh it was derived, whereas the
EBF data'was averaged from a number of tests ﬁith the non-linearities faired oufj
Differences“in handling qualities between the airplane typeé are therelore
mostly due to the different levelé of accuracy of the aerodynamic data modeling.
ihe.results of the tests are not presentéd ﬁs a judgement of one'cohcept
egainst the other, but raﬁhef as an indication of the effects that non-
linear data can have oﬁ tptal airplane handling.qualities. |

The three configurétions covefed a range of possible aerodynamic éharacéerf'
istics against which the proposed criteria couid be judged.. Further work
is required to fully prove these criterla and Su&tlstlcallf designed ex-
perlments are needed to justify the ratlonal anproach to landlng field length
determination.

The criteria are sgpecifically identified in each section of the document,
and hackéround material for each is.presentgd.in the discussion sections
which appear after each stated criteria, This layout gives freedom to include
as much of the simulation results as possiblé in fhis ddcument The pronosed )
criteria are offered as a starting point for further research, and as a base

for the evaluation of competitive STOL designs.

t
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List of Symbols

Cs Blowine Thrust (1bs)
Iyremic. prassure {(1ng/fic) ¢ Dofercnce wing arsa (I¢9)
blowing momentum coefficient
CL Coefficient of lift
C Maximum 1ift coefficient available at the value of
LMAX C. at which the airplane is flying.
Cy J }
C, Maximum 1ift coefficient available at the value of
LMAXC 'CJ ccmputed with maximum thrust.
Juax
CLwﬁ Lift coefficient of wing and body alone
QLS Lift coefficient due to elevator deflection
(-3 .
CMS Pitching moment coefficient due to elevator deflection
e
Fo Blowing thrust value, lbs.
B
Fg Pilot's stick force, 1bs,
h Airplane altitude, feet
Characteristic length of turbulence, feet.
u,v,w } . _
Lg Rolling moment due to control deflection, ft-1bs/deg
N, ,n, Normal acceleration, ft/sec2
Posc/P Ratio of the oscillatory roll rate response to the
AV average roll rate response to a step wheel input
Q Pitch rate, deg/sec
t time, secs
tﬁ The time required to achieve a positive change in raﬁe
of climb following an aft column step input, secs.
3 t¢ The time taken to reach a bank angle @ in a maximum
€ control roll maneuver, secs.
S Tb Dutch roll period, secs.
; ™/ Thrust to weight ratio
" REV SYM BOEING ‘No. n6-Lohog
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WIND

<

MIN

«3

MCA

N

COL

The time required to achieve & positive change in
heading angle following a right wing dowm roll input,
secs

Equivalent air speed; kncts

Crosswind velocity at 10 feet altitude, knots

Steady wind speed, knots

Minimum demonstrated speed in stalling maneuver, knots

Minimum speed at which straight flight can be maintained
with one engine failed and less than 5  of bank angle,k¥s

Wing loading, 1bs /fta.
Initial rate of descent, ft/sec

Normal force due to vertical velocity, heave damping,
lbs/ft/sec.

Angle of attack, degs.

Wing angle of atfack, degs.

Angle of attack referred to body axes, degs
Sideslip angle, degs. .
Auxiiiary flap deflection, degs

Column deflection, ins -

'Pedal deflections, ins.

Throttle deflection, ins. ..

Wheel deflection, degs'or inches
Flight pathangle, degs.

Effective inclination of thrust wector including
interference effects with wing aerodynamics, degs.

" r.m.s. level of random turbulence, ft/sec

I3 u, v, w, ref

° )1 Coefficient of braking friction on runway

; f;d Dutch roll damping ratio

o
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O' .
E tl‘ Effective single degree of freedom time constant of
iz load factor resporse, secs
T R Effective single degrec of freedom time constant of
roll recponse ; fecs :
w’)/‘D Frequency of dutch roll oscillation, rads/sec
bd‘_;P 4Frequency of short period osecillation, rads/sec
o, Pitchangle, degs.
@ "Roll angle, degs
¢1/ . Roll angle achieved in one second due to a unit
& deflection of roll control, degs/inch
¢osc/ . 'Ratio of the oscillatory bank angle response
¢AV to the average bank angle response to a
pulse wheel input '
}4 Heading angle, degs A
Cormmon subscripts: -
SS « steady state
Max <« maximum value
app - at approach trim conditions
)y - 2O
ok
") - R
oL+ (
s
£
[+
N
e
-
o
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2.0  OPERATIONAL ENVIRONMZNT

This section defines the assumed operatioral environment used in tEe des{én
of Lha thres OTOL airplancs and in the plauning of the tesl conditicns for the
piloted simulation work. This study was directed tow#rds the landing and go-
around phases of the flight profile and only thesetconditions are Qealt with,

At this stage in the development of.commércial STOL transportation systenms
very little is knocwn of the likely airport éizeé or sites which may b; avail-
able. The choice of turbulénce levels, cleafance planes, runway sizes, etc,
is therefore an arbitrary one, although necessary for the assessﬁenﬁ of handling
qualities arnd operational suitability of proposed STOL designs. The follow-
ing definitions are therefore & first cut which the three STOL airplénes were

designed to meet without excessively large penalties.

2.1 Wind end Turbulence

A modified version of the wind model defined in Reference 1 was used.

This assured consistency with prévious STOL handling qualities investigations

performed at NASA Ames Research Center,

2.1.1 Steady Winds

The tendency in airport planning towards single direction operation, and

the further restrictions which will occur with STOL strips situated in narrow

access corridors, is causing airlines to demand higher and higher crosswind
capability from short-field airplanes. Ransome has suggested (in Reference 2)
that the desigh cross-wind be at léast 25 knots and perhaps as high as 35 knots.
Other airline feedback to the Boeiﬁg Company has suggested that-a 30 knot

crosswind measured at a height of 10 feet is an acceptable minimum for future

airplane design. As discussed in Section 7.1.2, a 30 knot cross-wind was chosen
for this study since the design penalty for the required rudder and lateral
control power seemed reasonable at approcach speeds above

REV SYM | | BIEINE |vo. T6-40U00 >
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70 knots,

The wind shear profile used is shown in Figure2./-1, and was recommuended in

Reference 1., For the de2sisn crosswing level, V., = 30 knots,
- = - . . . ’ lo

2.1.2 Random Turbulencé'

The Reference 3 furbulence model was used with the Dryden specﬁral forn,
The r.m.s. turbulence levels in two axes, (7, and 0y, are kept constant at
the reference level, ‘TRef. . The Variation_éf Oy with altitude is‘shown on
Figure 2.7-2, and of Iy, Ly and Iy on Figure2.-3. The meximun turbulence level

for’nofmal handling qualities was set at the .0l probability level for cléar

air turbulence (non-storm) as defined in Referencé 3.

2.2 Vleather Minima

The majority of the piloted simulator investigation was performed in VFR

‘flight conditions. Critical flight path control tasks were repeated under

simulated IFR conditions with breakout at the Category II minima., No investi-

gation has been made of Category III requirements,

2.3 Terrain Clearance Plane

The FAA has defined minimum flight path requirements and protection

. surfaces for STOLports in Reference 4, Ransome (Reference 2) has requested at-

least a 6° climb-out capability with all engines operating, and a 1% gradient

- above the FAA protection surface for the engihe failed condition., This leatter

case would appear to be a reasonable minimum, and also consistent with the need
for minimizing noise on the ground and providing a flexible performing airplane

that can fit into and around existing ATC routes.

2.4 Allowable Noise Footprint

The aim of introducing jet-powered STOL aircraft into short fields built

inside existing communities is going to req&ire considerable reduction ih the

REV SYM ' ' - BOIEING |~o. DG6-40409
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noise levels enmitted by these airplanes, A suiteble goal would seem to be
to produce & noise level below the residual level of the surrounding community.
A firct detiniticn of thiz would be to confine +the 80 ZTEAR centour within a

box 20;C00 feet long by h,OOO feet wide centered on the runway.

2.5 Xunway

Runway'width and marxings a}e laid out in Reference L, The giide slope
location relative to the>fhreshold'énd the touchdown aiming zone have an
impect on touchdown dispersions as discussed in . Section 3.5. It should be
expected that STOL runways will be grooved, and possibly heated, to maintain

a reasonable ninimum friction coéfficient,'/a = 2,

2.6 Aircrew ‘

Cockpit layout and systems design should be consistent with the concept
of a two man crew, If should be possible for either crew member to fly énd land
the eircraft in an emergency. The piloting task should not require exceptional

skills or extensive special tréining.

REV SYM o | o BOESNE |no. D6-40L09 N
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3.0 OPERATIONAL MARGINS

3.1 General
Criteria: The choic; of 6perational mergins rmust provide protection fro:;
vuncontroilable flight conditions yet allow sufficient maneuvering fér comvletio
of approach positioning, landing, or the go-around procedure. The requirenents
nay be classified into {our categories:
1, ?rovide adequate maneuver capability to perform the functions that
are required of the airplahe.
2, Provide a margin in angle-of-attack to prevent dangerous less of 1ift
or loss of control due to atmospheric disturbances,
3. Provide a margin in speed to prevent dangerous loss of 1lift or loss
of coptrol due to speed. deviations from the reference speéd.
L, ’ Provide capability to maihtain the desired flight path at svpeeds

less than the target speed. - f

The choice of operational landing fieid lengths should reflect the
consistency with which the flare and braking performance required can be demon=-

strated, Typical environnmental conditions that mey be encountered in routine

powerplant and system failures.,

\
‘Discussion: The operational margins used by today's airplanes have been

over a nusmver of years flying into and out of a variety of airports in

extremes of atmospheric conditions. In terms of 1ift margins,today's require-

carefully defined maneuvering conditions, Climb gradients and field lenzgth

requirenents have grown from operational experiences and are known to allow

e

" commercial operation must be taken into account as well as the effects of likely

derived and developed from many hours of commercial jet oPeraiions, accunulated

ments are simple and are quoted as speed marginsfrom a stall speed measured under

REV SYM ' ' BOEIE |no. D5-40409
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'speed decrease from the speed on epproach. The conclusion is that the currently

- than inadvertent speed decreases, Such decreases must still be taken into

operation froa most of the world's airports without large off-loading pcnalties.

The related 1ift, thrust, and angle of attack characteristics of a typical
éowcrcd lisrt STOL airplane rende;s this simple-ccnespt ol speed margins in-
adequate. The basis for the proposals in this section is that the cepability
of current conventional aircraft should be matchedtin terms of maneuvering marsin
and margin from stall in gusts, but not necesserily in tﬁe ePeed margin, This
latter excention is vartielly justified By notiﬁg that in-service flying
records demonstrate that séeeds below the reference value are rarely recorded,

In fect, pilot's make every efforﬁ to stay fast by the addition of speed in all
critical cases such as gﬁsty weather, high winds or for heavy weight conditions,

Typical records of landings show that touchdown speeds average only a 5 to 10%
required speed margin is nore truly indicative of protection from elements other

account, however, but the exlstlng margins could poos1bly be reduced or

replaced by other equivalent protection,”

In the same way, the landing roll-out and take~off operation for STOL is
very different frcm conventional eperation. When aircraft body lengths approach
107 of the total aveilable rurway aemore rational epproach has to be taken to
generating field 1en"th margins than the exisfing application of an overall
factor, Following the approach outlined in Reference 5 the present study ran
& number of simulated landing tests,and the resulting touchdonn and roll-out datu
has been analyzed on & statistical besis to_help draw conclusions concerning the

important parameters affecting consistency of touchdown performance,

These analyses are simply a beginning, It is obvious that much ﬁore data
in the simulation arca, and in actual flight operations, will be necessary
REV SYM - o BOEIRE |vo.  D5-HOKOI >
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before hardened criteria can be adopted concerning opereational margins., But,
the proposed criteria have been demonstrated to bz sufficient by the testing
conducted in the present study, and they zre therefore cffered for usc as &

" baseline for evaluation of competitive STOL designs. -

e
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3.2 Lift Margins

Criteria: The choice of reference spzeed end configuration for the approach

shel) provide a margin of 1if% fronm stall warning to cater for the acceleratica

requirenents of Sections 5.4.1.1 and 5.4.2,1, and fhe flight pvath control re-

quirements of Section 5.4,1.2.

The choice of reference speed and configuration for the approsch shall

provide a sufficient margin of 1ift and angle-of-attack from winj stall or fron

‘loss of control about eny axis to cater for:

D1t 4100 7740 ORIG. /71

1. A hanepver up to an incremental .5 g, with all engines opefating at
maximun pover.

2. A maneuver up to an incremental .35 g, with all engines operatiﬁg
at the trim power fof.the landing approach,

3. A step gust of 20 knots T,A.S.\normallto the flight path, witﬂ one
engine inbperative and the remgining engines set at the power re-

quired to maintain the approach glide slope at the reference speed.

Discussion: - The airplanes_simulated in the present study were deéigned
to meet a series oflconservative margins formulated from a compariéon of the
cﬁpabilities of conventional jet commercial transports. The single 1lift margin
used by current airplanes acts as a margin for méneuver, speed errors, angle- |
of-attack protection in gusts, and for recoveryAfrom wind shear., The inter-
action between thrust setting and 1ift for the propulsive.lift systems used
by STOL airplanes requires that these individual margins be treated and apvlied
separately with carefully defined power séttings, speeds, and configurations,.
This apéroach asswaes that the margins used in today's jet operations are
critical in all phases and that the future of jet_STOL operations Qill occur
in similar environmental conditions. Néither of these assumptions is

necessarily correct, , -

L4
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of engine thrust settlng, and monitoring of speed alone will ensure éufficient

nSection 2.0 of this criteria document defines the environment selected to
represent a first proposai for the definition of STOLport weather conditions,
It was an aim of the prese?t'study to definc more.élgarly the margin require-
rents for STOL operation in this selected environment,

1

3.2.1 HManeuver Requirements

The normal maneuver and control feouirements for the STOL landing and
apnrodgh phase are nresented in detail Ain Sections 5 4,1,1 and 5.4.2.1, Because
these are normal operational maneuvering requlrements they are expressed as

margins from stall werning (1nherent or artificial), not from CLmax'

Other maneuvering requiréments, more usually measured as margins from
CLmax’ are for Drotection fron gusts or for gross colllslon av01dance maneuvers.
However; the interconnected lift and thrust characteristics thap are a vital
feature of the STOL concert allows the available 1ift ﬁargin to vary with
pover setting., These characteristics may lead to & new requirement for a pargin
to cover likel& operational conditions where Tlight paraméters nay momentarily

reduce otherwise specified margins to very low values, The equivalent case for

CIOL is covered by the knowledge that the lift margin avallable is 1ndependent

maneuver capaoility in all flight phases,

Theoreticelly speaking, the»30% speed margin currently used for CTOL
operations should yield an incremental acceleratidn capability of ,69 g before
stall at constant speed, However, due to»the dynémic nature of the demonstra;
tion maneuvers used to define the reference speed, Vi, the acfu&l normal |
accéleration margin to the break_in the 1lift curve slope ranges from ébout L2
to .59 incremental g for a typicel family of cormercial jet airplénes. If it

is assumed that these margins are critical for safe operation, and that the
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requirement is independent of avproach speed, the STOL airplane should be
designed to match this capsbility, To understand the v&lidity of this assunp-
tlon, the three high-lift STOL tyves used in the present ntudy were designeg

to meet the most criticel of a set of pﬂrlcrmanca margl s which equal the
maneuver ceapability and gust penetration ability of todey's jet transports,
These margins are listed in the criteria compafison'of Section 9,0, The 1lift
and angle-of-attack mergins which resulted (for level flight and fof descent on
the glide slope) are shown on Figure 3.271. Operational type evaluations were
then made of these airplanes, although limited simulation time allowed a
thorough exa&ination of only two of these types, the augmentor wing and the

externally blown flap aireraft.,

The variation of lift margins during operaticnal maneuvers in calm air and
in turbulence was investigafed by means of continupus recordings of the follow-
ing parameters: ’

(i) instantaneous lift coefficient, Cy, measured &t the instantaneous o(w

gnd power setting.

(ii) Maximum lift coefficient, CiMAXCJ’ gvailable at theﬁinstantaﬁeous.

power setting and spéed¢
(i11) Maximum 1ift coefficient,'CLMAXéJ K évaildblg at maximgm power
at the instantaneous speed. ,MA_X o |

Allvlift coefficients are for tﬁé tail-off airplane including ground
effects, For easy comparison, the first two parameters were récoided on time

shared traces, and the instantaneous 1ift ccefficient, Cj, was also displayed

in the ra.t:.os CI_,/C]:,“Axc and CL/C-“IIAXC .
JHAX
The variations of these parameters help to illustrate the advanta~es

and disadvantages of the powered 1ift concepts from the point of view of

1lift margins, and a number of examples are given here as background material,
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LIPT MARGIN SIMMARY - NASA AMES JET STOL ATRPIANE

TRIP4 TRI)". TRI}d CI_HA‘/“..'"% CI-'I\’J\Y’-.m q-‘A.jf rp‘,,i,v,::q- }';Yg)e aln’\;,,.?z‘_
. e ‘x W Thl'ust C_ . Pl a - ~ e T 14 Aol ’..;. w v LAAe LLUNIDN
TRIM SPEED L ) i Ultmmnyu \'UJ’:"“-‘QI" dr:‘gS- dess,
o " &/ BRI e W Bt [RESINEAN A
60 Kts l W at at :
? SW trim nax.
thrust thrust
Avgmentor
Wing
- Fwd c.g. .
Y =0 -2.50 74.0 3.58 1.8; 1.98 35.2 37.7
= -6 5.0 45,5 1.64 2,05 32.8 30.2
Externally
Blown Flap
Aft c.g. .
7 =0 T.7 65,9 L6k | 1.63 1.82 23.9 23.9
= «6 12,7 39.7 1.k0 1.86 17.3 18.9
Fwd C.g.‘ : ’

78 -6 13.% 43,3 1.39 1.78 17.4 18.2

Internally
" Blown Flap
Fwd c.g. :

Y= 0 5.8 T2.0 4.80 1.35 1.39 20.6 20,8
1= <6 7.3 k9,0 1.31 1.39 18.7 19.3
NOTE: The normal acceleration cépabilities of the AW and EBF are far in excess

of the minimum design value (1.45, see Section 9.0) because engine size
was dictated by engine-out performance requirements. The IBF capability
was lower than the design value due to a late change in aerédynamic
data inputs. This latter design was not recycled for engine size and
flap design. '
Figure 3.2-;1
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' system that utilizes engine thrust (to help improve the flight path respouse

3.3.2 The Effects of Stability Augmentation

Figure 3.2-2 shows typical varlations of these margins (with and without
Séability Augmentation Systems (SAS) of varicus types) in reéponse to a step
input of the column. In the basic airplane response, note that the.éimilar
relationship between C

and speed, and C., and speed (at constant power setting),

L

Luaxcey

giving an approximately constant C

J

allows the aveilable C to grow at the same rate as the required CL thus

L margin, With a stability augmentation
to colunn inbuts), the thrust changes which occur during a similar maneuver

vary both the margins and the C, margins, and it can clearly be seen that

L
control of such variations will necessarily become part of the design process

for stability systems of this type.

In one series of tésts designed to gvaluate handling qﬁalities for various
SAS configurations, the results shown on Figufe 3.2-3 were generated., Here the»
pilots were usihg similar evaluation maneuvers on each of several runé for éach
type of augmentatidn system. These evaluations consisted of "vertical -'S"
raneuvers (involving flight path va:iatiohs about the nominal glide slope of
+2 doﬁs) and speed variations along the nominal élide slope of +10 knots, The
figure shows the range of margin variations during evaluation runs made for
each SAS; the basic airplane SAS off;‘ a'SAS.inQOIVing no feed forward from
the pilot's column to the throttle (denoted by MIN SAS); and a full de-
coupling SAS with-complete interconhects. These tests were Eompleted for
the AW and EBF'airplanes only. The data show an increased v;riation in the
1ift margin at full power when the "full SAS" is used., Note, however, that

this augmentation system improved the variation in the flare and gave much

tighter control of angle of attack during the maneuvers.
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There also appears to be a small improvement in the CL/CLMAXCJ margin
variations for the full SAS, The large difference in variation of this margin
betgeen the EBrF znd the swgsenter ging airplone is attriiuﬁed to the different
rates of change of 1lift ﬁith pover near the trim point, and the fact that the
EBF design is closer to CIMAX to begin with. The figure shows that the

critical maneuver from the margins point of view is the flare. This will be

~dealt with more fully in Section 3.2.4,

3.2.,3 The Effect of Turbulence

Figure"3.2-h shows the effect of turbulence on the margin variations for
an EBF airplane (with the minimum SAS involving no feed forward from the
coiumn to the engine), The evaluation was mede in calm air and in simulated
turbulence with R.M.S, gust intensities of 6-1/2 ft/sec and 10 ft/sec, Data
are showm for fhree vhases of the apprgach; a level flight segment approaching
the glide slope; fhe transition phasebfrém level flight to the 6° glide slope
(including capture of the glide slope); and the finel flare maneuver for
landing. The effect of increased tﬁrbulence is obvious, especially du{ing the
1e§el flight phase which was longgr than the descent phase during these

evaluation runs,

3.2.4 The Effect of Landing Flare and Ground Effects
The peasured 1iftAfatios included the ground effects on CLMAX’ and this is
the main reason why large increments of‘CL/CLMAX’were detected in the flare,

The increased values of this 1lift ratio at C; (Figure 3.2-4) illustrate the

JyMAX
- fact that the flare occurs at very close to full thrust, This.powered flare
technique was adopted by the pilots in order to give a reasonably flat

attitude at touchdown, as required in commercial operations for vassenger

comfort, and also to provide good visual contact with the runway,

REV SYM . _BaEsAE v, DE-1040Y N
' : PAGE 25




RMS TURBULENCE LENEL ~ VT/AEC

o 64 o o 6% to

o 64 \o

=T\

RATIO VALUES
RUN .

EE

S F'e
Cn .
e
1 S DY SRR SN S | -ITV =5
5
© NOTE : ENDS OF BOXES INDICATE MAXIMUM
o ) AND MINIAUM LIFT
L DURING EVALUATION
} . ’ ‘.o — [ N -
Cy _ . - B
C_ e i g
: M p T T ~

\

PRI e SN O S YOO SIS s 0
3
Th
N . '51
3 g
e ) - _- L= 3 8
. y §
“Aee |
N -
" FrROM Lasooflbostolist
TR O fF-=-=f~~=F--I—-1T—— ad siabatey alotoly Eanlels ——Z iz r ==L -
- -0 ERRTUN R S . .,
b LEVEL FUOGKT . TRANSITION LANDI NG
. PHAs= L AND ¥=-6° FLARE
. - EBF AIRPLANE WITH MININMUM SAS MODE
R 5 */_;__ U
Cal MS?. ce‘ AT . . H
PP LR e EFFECYT OF TURBULENCE D6-40409
AP 4 — N
: i 2 4 OH LAFT MAEGINS '
G - - 4 RG3 -4
a1 | S e e .
i i THE BOUNG CO arAs o




J18-04a7

plane has a CL,. only 10% larger than the trim Cj, for approach, and the AW

larger avallable maximum llft aoout 60% greater than the trim lift coefficient

Dt 4100 7740 ORIG.3/71

A time history of a typical flare maneuver for+he ERF airplane is shown
in Figure'3.2-5. The use of thrust for flarc is clear, as also is the large

reduetioe in CLMAX-%n ground e”fectt.

The loss of 1ift and change in CIN in ground effect for the AW and ERF
configurations is shown on Figure 3.2-6, Both suffer a 5-10% loss in Cp, at '
the avpproach power and trim angle of attack, and about a 25% loss in CLMAX at

P

approach power,

In ground effects &t the trim thrust setting for approach the EBF air-

has a CLMAX gbout 20% bigger than CLTRIM' It was therefore very obviously
necessary to use power to flare the FBF airplane, and indeed both airplanes

were flared by using power for other reasons, 'The increased power gave a much

for the augmentor wing, and about 40% for the EBF,

To conduct fhe tests descrived in 5.4.2,1, te'determine the normal accelera-
tion capability required for flare coﬁtrdl in full ground effect, fﬁrther
limits were put on-the CL, availabie. The effect of these reduced»CL‘MAX
values on the complete flare while enter1n° ground effect from free air was not
checked, However, it is logically expected that airplanes which meet the
total requirements of 5,4.2.1 (both in free eir end in ground effect) will be

accentable.

For reference purposes & summary of the average thrust values used in
the flare is given on Figure 3.2-7. There are three equivalent parameter
values given to the vertical axis; actual % of meximum thrust; the equivalent
steady state flight path angle that this'thrust level ﬁould give at the |

reference approach spced, and the equivalent sink rate for this steady state .
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REV SYM | L BHEINI"INO. >

PAGE 27



Juced from
%:E:oava'\\ab\e copy

TIME SCALE

-5 Sec =
VMV F M PV UG UM MU PR AT v L MR M U U e el T e (]
taans K ' ?F': 2 : 1

‘8§00 —
e .:i.l.f,ll-.ﬁf O O A O
- ', S 0

400~ - -

Heear 3001  dcor :_Iaf A0t
FEET 200 A INCH - ¢
100 - =2l

04— PG

+

L ALTITY

~FT/SEC -9

Ce
Cepax

AT MAX.
THRUST

73

NOV.17 COND 068

CALC REVISED ODATE .
— MARGIN VARIATIONS (N THE Dé-4040%
- FLARE MANEUVER :

EBF F16.3.2-5 |

APPD
P AGE

rﬁéﬁﬁmyﬁazmwwy : 28

D1 4100 8040 QRIG.3/71 .
. . J18=-047




THRUST
COMMAND

~ 7%

TIME SCALE

Jf- 5 secj
e, clevethwo, omro PRINTED INU S A

D

. I.4-.% i
I.O-*n"rn AR :
2+ nil }‘ 4
! ~ o8 E.’ll; . .':T i ,‘ ; n].ﬂijl’: il g'
% ?\i’...' 4351 :-;')\.u
0~ PEIN e G [CAEEFICIED
(74
~ DEGREE S
NoV. 17, ConD. 058
carc nEVRED | onTE MARGIN VARIATIONS (N THE D6-40409
CHECK FLARE MANEUVER FIG. 3'.2_5
APPD EBF (CONTINUED)| .
APPD PAGE N
e BT ETLEST VL o 24Ny 29 -

D1t 4100 8040 ORIG,3/71

J18~047




.0
"
S
%
> o
3 @
D
~ rm a
L
< R
e 2
<
5 o3
= [© -
=
N
L0 \u
o
5
;
<{
S < §
| Y %
.4 2
P
g
o fk
0 |
v |
5 _
g |
0 ,
. B!
o8
Lo
cuc REVISED 1 PATE | GRoun® EFFECT ON LIET D6-40409
CHECK ’ . ’
AW ert-
APR & ARG 3.2-6
APR PAGE .
THE BOEING COMPANY 20

D) 4100 3240

K=

ALBANINE 1050
. - - a



J18~04a7

Dt 4100 7740 ORIG.3/71

Fréhnﬁhe present study, and from.previous work at Ames Research Center ang g
Boeing, it esppears that the Qse of power early in the flare aids ithe pilot in
Producing more econsistent toucndown sink :aﬁes from steep epproach paths, A
thruét Ancrease at LO t0 50 féet algitude.éauses-the.appréach sirk rate to
reduce and the pilot can more easily control the airplane to the ground and
verforn a more consistently judged flare with the elevetor. Thnis so=~called
fdrift-doﬁn" flare appears to take'place at about a 3° flight Path_angle, or
7-8 ft/sec., éccording to Figuré 3;2-7. 'The benefic;al effect on 1ift margin
during the flare is bbvi&us from Figure 3.2-6 and these data cen be‘used as a

1

guide for cﬁécking flare margins oﬁ other prbposed STOL désigns;
3.2.5 The Effect of Turné and Maneﬁvers'

Margin variations iﬁ smooth-turning flignt were small for operational
bank angles., Figure 3,2-8 shows a condition where fhe povwer increase required
to maintain speed in the turn caused the CLNAX to increase at ﬁbout_thé ;ame ratg
as the lift regquired to maintain the turn, and the maneuver was éompieted at
constant margin, This behavior was typical‘of both.£he auémentor wing and
EBF types at small bank anglgs.' To investigate this effect at larger bank
angles, typical fligﬁt test meneuvers were simulated including'ﬁind-up turns
and stalls, Figure 3.2-9 shows & wind-up turn to a maximum of h5° bank angie,
with only a slight loss of margin at the high angles, Analysis of a seriés of
approaches involving positidning maneuvers using stéadily increasing vank
angles yielded the data in fhe upper plot on Figuré 3.2-10., With the wings
level ihe normal acceleration‘margin from stall was ,03 g at frim thrust, and
02 g at maximum power, As increasingly larger bank angle maneuvers were
completed, the speed, angle-of-attack, a.ndi engine thrust variations cut into
the available margin as shown by the shaded area on the figure., 1In perfectl&

smooth flignt in a conventional airplane the loss in margin would follow the
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" speed in level flight.

mexinum power, of course, shows exactly the same loss in the maneuver as the

s01id-line labeled "no powered 1ift" and equal the ecceleration level used
to maintain the given bank angle, The STOL airvlane does considerably better

than this, et least up to the hank angle which requires full power to maintain

The margin available at ¢ ='h5° is still of the order of .hk g, where the

conventional airplane would be reduced to .2 g. The margin from stall at

CTOL eirplane would,

-

The lower plot on Figure 3,2-10 shows similar results calculated for
steady maneuvers on the augmentor wing airplane, Since the trim thrust velue
was & higher percentage for this airplane, full power would be reached at a

lower bpank angle than for the EBF, Nevertheless, a considerable improvenent

in maneuver margin over the conventional airplane is shown.

If these charts are used to size STOL airplane mergins so that they may
maneuver up to 1.5 g.before stall (same as CTOL), then a margin of about .35 g

at the trimmed power level would suffice for STOL., This value would vary;

Adepending on how close to full thrust the trimmed flight condition turned out

Dt 4100 7740 ONIG.3/7}

to be,

3.2.6 Mgrgins at Low Po#er Settings

In general, the transition maneuver from lévei flight to the 6°-glide.
slope (and other maneuvers requiring momentérily low power settihgs) were
accomplished without excessive reduction in the‘available 1ift ﬁargin.

However, if rapid thrust reductions are mhde during maneuvers the gust mergins

can ve greatly reduced and an inadvertent stalled condition ray result;
During the present study an eveluation was made of such maneuvers and
_REV SYM | o BDELSRE |vo. D5-1OLOI >
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Figure 3.2-11 illustrates a particular flight in which there was no lower
limit (or "flight-idle stop") on the engine settings that the pilot could

select., Havinz been briefed to make ranid and precise flight path changes

- using thrust, the pilot pulled the throttle back to a very low setting pro-

ducing an iragvertent stall condition. Although recovery from the "stall" was
immediate upon thrust increese and the landing was successfully completed,

this can only be attributed to the docile stall characteristics "enginecred"”

into the sinulation. Real life problems, such as asymmetrical wing stall,

buffeting, or loss of laterel control would be unaccepiable, and such iné
advertent events must be guarded against with positive "stops" in the engine
controller, Figure 3,2-12 shows a repeat condition with such & "stop"'
-simulated. The setting of these ih-flight.engine limits so that they do rot
interfere with required'performance capability is dealt with in Section 3.3.
Similar “stalled ccnditions® caﬁ be ehcountered b& engine thrust reductions
during wind-up turn maneuvers as shown in Figure 3.2-13. Again; the ease
of recovefy from this condition is dué mainly to the simuiation of dociie

stall éharacteristics.

A more realistic rapid transition maneuver from level flight to the &°

glide slope is shown on Figure 3.2-1k, This is an example of a late transition

.which required power reduction to the flight idle stop and is included here

&8s being representatife of the worst design condition. At the worst point‘

in the maneuver the equivalent load factor increzent available vefore stall
was .22 g (CL/CL} = ,82), On the steady glide slope the margin vias restored
to U2 g. -Conseéiﬁntly, there is a need for at least & ,2 g maneuver margin
at trim thrust on the élide slope just in order to make a.répid transition

without stalling., To provide margin from stall warning will probably require

a further-l g, The total margin from stall at approach thrust must'therefore te

about .30 g.
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3.2,7 Choice of Lift Margins for Maneuvering
In the following discussion the term "margin" is
cérd,ticn or nane

Wlnb-OU” 137t ccefficient in the flight

used to relate the
ver undar Suu4" koo

" the maximum wing-body 1ift coeflficient available &t the power setti

ng for whieh

. free of stall warning and retain a level of protection from gusts., Guidelines
for this Are discussed in Section 3.2.6,
The selection of generalized margins to CLMAX for the purpose of gross

the margin is specified. This 1ift ratio is quoted in terms of an effective

normal ecceleration marsin, In actual flight the normal acceleration capability

to stall would differ from this calculated value du¢ to 1lift from the tail and

the dynamics of the maneuver,

Summarizing the examples of margin variations discussed in Sections 3.2.1
through 3.2.6, the most critical flight maneuvers appear to be tine landing
flare and the transition from level flight'to the glide slope, of, a cepture
of the ILS beam from a flight condition sbove the beam and high in sveed,
The flare raneuver is: con51dered to be a normal requlremenu and the spe01f1ed
margin is that the accele“atlon requlrement of Sectlon 5.4.,2.1 is available
without running into stall warning. Guidance on design rules for thls case
are glven in Section 3.2.h The capturé of the glide slope, and the settlng
of the flight-idle engine stop, are relatgd to the flight path control

requirement of Section 5.4.1.,2. This is also a normal maneuver eand must be

naneuvers and collision avoidance is spill'difficdlt, because this background

naterial has shown that the required margins are to some extent a function of

- airplane configuration,:trim conditions, énd handling qualities, Stability
g sugnentation system design mus£ take into aééount the variations iﬁblift
§ npargins caused by the confrol of flap aﬁgle and thrust, Figure 3.2-15 shows
§ an example of how a properly designed SAS can achieve large speed and flight
o
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path variations at constant lift margin,

Also, the question of vhether margins to CLHAX should be tied to trin
pover or ve referred to the 1ift avaiiablé ut maxlmum‘poﬁer'is not completely
resolvgd. figure 3,2-10 shows that margiﬁs refefred to trim thrust should
teke into account the beneficial effect of addedfpower in the turn, Also
relevant to this discussion is ﬁhe fact that conventiogal handling quelities

were only. eachieved in these airplanes by the use of a stapility augmentation

system (more correct a corrmand end stébilit aurnmentation svystem) which
Y y augn

linked engine thrust to the column, Thus increased pover wes available to the
pilot in all maneuvers, The discussion in Section 3.2.5 results,in 8 reguire=-
ment for a ,35 g margin at the trim thrust, or ;50 g'margih at full thrust,

to nmatch current airplanes nargins,

The mergin at trim thrust to cover the transition maneuver was .3 g,

as discussed in Section 3.2.6, and is therefore not limiting.

3.2.0 Protection from Gusts

For the purpose of comparing STOL gust protection requirements'with_the

“capability of current airplanes, a step gust input will be used.. This is

simpler to analyze and the results of simulated flight in turbulence will be

used to modify the discussion to the continuous gust spectrum case,

Figﬁre 3.2-16 relates the step vertical gust level to the equivalent
engle-~of-attack increase as a fuhction of approaéh‘speed. The sﬁaded area
on the figure in the region of 125-135 knots #epresents the stalling angleé
of attack for a series of commercial jeﬁ tranéports. To match this séme
gust protection (about 20 knots) the STOL airplane requires & laréer nargin

between the trim angle-of-attack and the angle~of-attack for CIMAX‘.

-

o, D6-40L0Y
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\n\If the STOL airplane 1lift characteristics at stall_are different féom
conventional airplanes'theh the recquirement for protection may po;sibly be
changed, If very small 1ift losses cre sgstained‘after'stall then oL =mergins
cﬁuld possivly be reduced., The resl requiremént héfe is that no dengerous
loss of 1ift should occur, and as operational experience witi STCL grovs
it should be expected that airplanes with little or no loss of lift after

CLHAX nay well be able to reduce this margin,

In ‘the present study « variations'during maneuvers and Ilight in
turbulence were continually monitored and compared with the éngleéof-attack
at which meximum 1ift would occur at th¢ power setting in use, a:CLMAX’
This.latter variable wes affécted strongly by the power setting aé shown in
Figure 3;2-17. An example of the efrect of this vas a condition in which a
rilot was asked to maneuver throuéh 3#5° flignt path chenges during an'approaéh
by using the throttle, Figure 3.2-13 shows the resulting +7°, -11° changes in
O(LHBGIN due tq the thrust changes needed forbthgs rmaneuver, Variations in
angle-olf-attack in simulated turbﬁlence were relatively small,.the ﬁost
inmportant ﬁargin changes ag&in being due to the thrust variations required to

maneuver, Even in the flafe, (see Figure 3.2-5), angle-of-attack nargins were

_not critical, Flare techniques devéloped by the pilots included the use of

thrust with only 3° to 4° of attitude change, thus minimizing the o changes
in the flare, Based on these data the margin in angle-of-sttack has been set

as equivalent to & 20 knot step gust (15° o{ at 30 knots), in order to "match"

‘current jet transport capability,

"3.2,9 Genersal

It is recognized that tke choice of actual overational margins will still

depend on actual simulation work on specific airplanes which analyze maneuvers

similar to those used in this study. Sufficient work has not yet been done to -
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show sirmiler rmergin requirements, end the rasylts

decide the extent to which these margins are devendent upon specific consisura.

tion deteils, lowever, the two iypes of high lift systems studied here diq

M ~ Y I & $H2
nave boen uscd to define a
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3.3 Flight Path liarcins

Criteria:

1.

3.

vimery f1ight poth control systen must bo capadle of achieving
a. a descent angle of 2° steeper than the nominal glide slope

angle at a speed 10 knots above the reference apbroach speed,

‘b. a descent angle of 2° less than the nominal glide slope angle

at a speed of 10 knots below the reference approach speed and
in the design headwind,
¢, an incremental flight path angle sbove the nominal of

AX=2O N (?E_ . -.- X- egrees

?V /rRmf FOR V - knots
APPROACH

The maxinmum climb rate a§ailablé at full pvower &t the reference

approach speed with one engine failed must ve at least 250 ft/min

"in a 3°/sec steady turn rmaneuver, A configuration change is

allowable to reet this requirement as long as it is easily madé
with the same motion that is_required to‘increase thrust, and pro-
vided no noticeable loss of lift or app;eciable changé in control
forces results, |

The maximum rate of sink below 10CO feet altitude shall be less

than 1000 ft/min,

-

Discussion:

1,

The control fequirements for the primary flight bath control

system ere discussed in'detail in Section 5.4,1.2 and were justified
by particular tests conducted in the présent study. .It is worth
noting that the first requirement listed effectively picks the
value of the flight-idle "stop" referred to in Section 3.2.6.

The maximum clirmb rate requirement evolved from the engine-out

Al
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climb gradient (and hence the minimum T/VW) felt to be acceptable to

a limiting value on acceptable rate of descent near the ground,

the most often quoted value being 1000 ft/min. The present tests

controllavility and go-around tests that were conducted on the Hﬁf
aiiplane. Due to the large rolling moments generéted by enzine
faiiure for this type of airplene, the design engine-out rolling
moment is & direct function of the mawimum installed T/4. Thus a

series of tests were conducted to determine the minimum engine-out

the pilot, These tests included clearing turns during the go-around
'ciimb-out, for which a turn rate of 3°/sec was considered to be |
adequatg. In this clgaring turn it-was found that thé variations in
clirmb rate due to piiot technique and airplane dynamics resulted in
portions of the turn occurring with thé aifﬁlane descending rather
than climbipg‘unless the'average climb rate‘capabilityvin the turn
was greater than 250 ft/min, It was therefore considered that this
was a}minimum value of acceptable one-enéiné climb rate,

Many times during evaluations of flight pé%h control requirements
pilots commented on tﬁe excessive rates of descent needed to capture
the glide slope from an initial condition above the reference’speed
and above the ILS beam., The nominal glide slope for these teéts was
at -6° and the reference approach speed was 30 knots, Nominal rate
of descent was therefore 850 ft/min. This incresses to 955 ft/min
at 10 knots above reference, and 1275 ft/min at increased speed and on

a 2° steeper glide path, There are many documented tests suggesting

anmplified the need for such a limitation and discussions with the

g evaluating pilots brought forward the following guidelines for
o limitations for manual flight:
§ &, The nominal stabilized glide slope should represent a rate of
° -
REV SYM BOEIA L |N'°_ D6-40409 N
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C.

d.

€.

descent of between £00 and 1000 £t/min.

Below 1000 feet, the maximum rete of deécent needed in
meneuvering chould be less than 1000 ft/min if at ali‘
possible,

Above lQOO feet, rates of descent as high as 1500-20C0 ft/min
are acceptaple,

The ajirplene should be stabilized‘on the final descent slope
before reaching 4OO' altitude or at least 45 seconds from

touchdown,

In the descent, the body attitude should be within two degrees

of the touchdown attitude and power levels rust be set high

enough to give good engine acceleration characteristics.,

Since some of these ideas are not fully'tested against the STOL

approach requirements, the criteria chosen was the simple restriction

on meximum sink rate,

REV SYM
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3.4 Sreed Mar=ins

Criteria: The choice of reference speed and approach confizuration shall

provide a margin of 155 in speed frem the demonstrated V... at the arnrooch

wve i -

pover setling,

Vigy is defired as the lowest ootainaole speed in 1 g flight thet does
not sufrfer uncortrollavle roll, yaw or pitch motions, intoleradble oufiet, or

exceed the nmaximum allowable angle-of-attack,

Discussion: This recuirement is conparable to tne familiar-speed parzin
of conventlo;al jet airvlanes, and is tahen from references 5.& 6 since no
specific tests to determine the nece351ty of this margin were completed
in the present study. It is not expected to be more limiting than the normal

acceleration requirement at approach power of Section 3.2 vhich provides a

1ift margin for the critical maneuver ceses,

It is worth noting that the requirements onfminimum control sveed, Vch,

in Section 7.1.6 can also set a speed margin requlrement for tkhe abproacn

~ reference speed if the airplane is rudder power or lateral control power

limited,

Other speed margins suzgested by verious investigators have been xeyed

to minimun speéds defined by the capability to ﬁaintaih the reference flight

| path an le at full power, The purpose of such a nargin would apoear to be to

ensure the capabilityvto return to the original'glide slope after a disturbance

due to gusts or wind shear or sone inadvertent speed change. The flight path
a¥

margins of Section 3.3. cover this since the requirement xor f&Y ;> 20 - EV was

é determined to cover just this very case. The speed margin from 'X==o at
g full thrust for the airplancs used in this study was between 25 and 30 knots
; all engines operating, and less than 5 knots with one engine failed.
E :
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No requirement hes teen generated for a speed margin from the

ower-off Vygy. Other discussions in this chapter have expressed the need
Tor a flignt-idie stop Gil the_engin;s o?'pqwercdflifﬁ veh;cles with the express
intent of avoiding inadvértent buffet or étall due to idie power sélection oy
the pilot. The trinméd flight path angle at £0 knots and 25% power is ebout
10° - 11° giving a descent rate of 1500 ft/min, well above the usable values
quoted in Section 3.3. Once the flight-idle stop is installed, of course,
the question still arises in the form "should there be a speed margin from
the Vyqy et flight-idle power", No reQuirement has been found for such a
margin in this study, but tMQQuestiondeserQQS more sfudy. A flight-idle
stop set to the flight path-éontrol requirements of Sections 5.4,1,2 and
3.3 proved to be satisfactory in the present study for all the transition
maneuvers accompli;hed, even in guéts up to r.m,s. levelslof 6.5’ft/sec.
Calculation of thg speed margin availaple for the AW and EBF airplanes at

this stop setting shows it to be'of the order of 5 to 10 knots,
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Therefore, the pilots' learning curves influence these results and statistical

3.5 Touchdown Disversions

No criteria were determined in this area,
N eaunzion:
A statistical analysis of touchdown point and s1nk rate at touchdown hag

<

been made for the following'configurdtions:

Aircraft  SAS Configuratidn' . Piloting Technicue
Al Full SAS, poor 'response‘ - Flare with coluan
(’En = 2,0 Sec% :

AW . - Full SAS, 1mproved n, response Flare with column
Ct'n = C)G sec, ) :

AW Minimum SAS Flare with throttle

EBF Minimun SAS o Flare with throttle

Horizontal error an& sink rate“error with-respect to the glide slope aﬁ an
altitude of'SO feet-weré also analyzed for the first two AW configurations.

The target sinx rdte at'touchdown was 6-ft/sec. The target touchdown point
was (00 ft. from the threshold on a simulated 2256 ft. runway.

Two eXperiﬁental test pilots fleﬁ the runs analjégd over a period of several

days. .The pilots were not initially familiar with the configurations flown.,

pmethods must be used for evaluatioh. Most of the runs were prlmarlly intended
to evaluate aircraft handling oualltles in the landing approach and flare.
Precision lendings were considered to be of secondary importance, Vertica; ngh
maﬁeuvers or speed chénges during the approach were used in the majority of
runs, A few runs in cross winds and turbulence are 1ncluded Most of the runs
were performed in still air with unlimited ViulDlllty. No engine failures are
included., The pilots did perform go-arounds if it appeared that a reasonable

touchdown couid not ve made.
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vere terninated before the flare. All of the landings were visual although

3.5.1 Statistical Analysis

The maneuvers during the approach were larger and of a different type thap
a pilot would rommally use, lowever, they are similar to tasks such as capturin;

= s - - L1 1) 2Ap
the g i;c sloze or flyding in o bastj e“vlrcauudt. These evaluation 1ghvefu

several runs simuleted breekinz out of an overcast at various altitudes, A)ti-
tude and raw IIS data were available in the simulator cockpit. .It ié rossible
that performance could be iﬁproved'by the use of more elaborate landing aids,
For the reasons stated, it is felt that the data are not adequate to
determine de%ign field lengths for the aircrafp configurations studied. The
data are valuable for the following uses:
o They gilve a qualltatlve evaluation of the verformance of the various
con¢1guratlons in the flare and toucthfn.
o They will serve as a basis to design experiments to determine field
length'ratiénally. .
o They suggest relationships bétween easily measured flignt path
paremeters and touchdowm disper51ons which can be used to define
apnroach and landing aids and to set flight path boundavles for

satisfactory landings.-

Some simple statistical anéLyses have been.caried out on the available data |
in order to deterﬁine the effects of the vafious configurations on landing per-
formance, The mean values and the stendard deviatlons of touchdo¢n distance,
sink rate at touchdown and the aircraft relationship to the gllde nath at 50 ft.
are shown in Table 3.5fl.

The standard deviation is a measure of the amount of scattef of the data
ebout tﬁe mean, Statistical tests can be used to determine if the aifference

between two means or standard deviations are significant in a statistical sense,

BoEsve o, D5-10k09
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- single point tecomes mora imporitent in determining the mean and the standard

. sequent sections of this chapter,

With a large number 6f availadle data points, the mean value of the touchdown
poinﬁ and the distributicen of'the touchdown distances ebout the mean could ote

precisely determined, As the numoer of dafa noints is reduced the effect of 2o

deviation of the set, .

With the knowledge of the number of data points in a set of date, an
estimate of the eccuracy with which the mean and thg standard deviation is known
can be made., It can then be determired if there is sufficient data to give
statistically significant differences between calculated mean values and standard
deviations,

Tests of significance have veen made for the following combin;tions and the
results are shown in Table 3.5-2.

o AW aircraft, full SAS, effect of load factor response

o AW airéraft, full SAS and simple SAS, effect of piloting technique

o] Simple SAS, AW and EBF aircraft effect of airplane configuration.

The statistically significant results are further analyzed in the sube-

Touchdown distances and sink rates at touchdown for the configurations
tested are shown in Figure 3.5-1., Data from Reference 13 fTor the C-141 aircraft
with an all-weather landing system are shown for comparison, The C-141 data

were obtained for a conventional glide slope approach,
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STATISTICAL PERFORMANCE SUMMARY

- =
Meen, X = L Z.X:.
N s

Standard Deviation: 4, J-{

- Ef.*l.z- &< s 2

[P UV

TABLE 3,5-1

»wiwn-1)
AW Aircraft e AW Al reraft e
PARAMETER Full SAS Minimum SAS#* ’j U]l SAS Minzmuoun HDASH
' o . 7 . ok . »r = 0.6 A7 Aiporaft’ Ly
n, —Z.g)ec’ ng Os.gc. AW AircraftlBF Aircrafbﬂ} = c.@gc’ Sec. f. ATrera “pircraft
% - i
‘1) Touchdown distance z
: (from thre.;hold),
. Xrp, ft. 680 695 630 536 316 165 262.5 1193.5
i , |
{ 2) Sink rate @, i
|  touchdown, H’l‘D’ , . : . |
. ft/sec ~0,7 ~=k.9 =7.45 -7.6 2.37 1.97 2.95 | | 2.67
} T ' : : i
' 3) Horizontal glide- i
; slope error @ 50°', : : v
t Axsor, £t -6 0.8 - - 8y | 109 - -
i ) Sink rate_ error ‘
¢ 50', Afisor, o
;
*Note: The minimum SAS required an unconventional piloting technique,
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TESTS OF SIGNIFICANCE

CONFIGURATION

PARAMETER AW A/C, Full SAS Minimum SAS, AW A/
, : Tn, = 2. Sec. vs, AW vs, EBF Full SAS {%'n =0.5 Secj
Tn, = 0.0 sec, Vs, Minimuw SAS
. Vg

Xp* Mean 0] o

Std Deviation v 0 v
Hypt  Mean Vv 0. v’

Std Deviation 0 0 v
AXSO" Mean ',‘/

Std Deviation 0
Aﬁso,: Mean v

Std Deviation 0

TABIE 3,5-2

0 -~ Difference not statisticelly significant,

V _ Dirference is significant
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3.5l2 offect of Load Factor Respongé on Touchdown Characteristics

The AW aircraift configuration with full SAS was used to evalﬁate the
effacts of varying lo2d fazctor recponse, Aanventional gilﬁiing techniques,
(flafe with coluzn) were used. SAS gains weré varied to obtain eauivalent
time constants for the load Tfactor response,7t:nz, of 2 sec, and 0.5 sec.

These equivalent time constants were measured from responses to a column pulse,
see Section 5.4,1, Data are presented in Figures 3.5-% and 3.5-2, and Table
3.5~ to show the effects of load facﬁor response characteristics.

The date show a significant reduction in the touchdown dispersion (os
measureé by the standard deviation) aﬁd the mean sink rate at touchdown'for
fhe more responsive (’t'nz = 9.6 sec.) aircraft, The differehces~between
the mean touchdovn distances and the sink rate dispersions for the two con-
figurations were not statisticelly significant,

Theré is nﬁ-significant 1inear'corr§lation between the ﬁouchdoﬁn distance,
Xrp, and the sink rate at tbuchdowﬁ; ﬁTD’ for either configuration, ‘None of
the sink rates at touchdown exceeded the assuned gear limits of -4 ft/sec,

The nean sink rates of -6,7 and k.9 ft/sec., forTnz = 2 and 0.6 sec,, |
respectively, were satisfectory. AlSo‘the mean touéhaown distances of ¢80 ft,

and 595 ft, are not statistically different although the dispersions about the

nean for the less responsive aircraft are significantly greater., This suzgests

that the fine scale controllability of both aircraft was sufficient, but the
long tepﬁ cohtrol of flight path and pre;ision control of the flare wés ﬁore
difficult with the Ifnz = 2 sec, configuratioh. This configuration was more
sensitive to flare initiation height and the initial conditions when the flare

was begun. This suggests that this configuration would also be more affected

g by gusts and turoulence,
o . . ‘ o
s The responsive (1Tnz = 0,0 sec,) system gave the pilot sufficient control
: during approach and flare to touch down well past the threshold, yet choose the
: . .
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poinénconsistently enouzgh to stop the aircraft within the required distance.
With the stovping characteristics used in the simulation, the aircraft could

stop in about 1100 feet from the touchdown point,

P
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3.5.3 Effect of Piloting Technique on Touchdown Characteristics

The AW aircraft was also tested with a less complex longitudiral SAS.

1]

This "minimua” SAS did not use an sudliary
thrust and 1ift and required a different piloting technique. The pilot
controlled speed by changing aircraft attitude with column., He controlled

rate of sink with the throttles, This fechnique is significantly different

~from that used in large jet aircraft and required several runs for the pilcts

to feel sure of themselveé. The SAS was used to damp the pitch response

. and to quicken the engine characteristics to give good load factor response

’ to‘throttle_commands.

Accurate and repeatable flﬁrés,weré difficult using this unconventional
technique as demonstrated by thg_ﬁigher sink rates at touchdown shown in
Figures 3.5-1 and 3.5-3. Because of the learning p;ocess involved it is
difficult to‘say if the larger dispersions in touchdown distanceé compafed

to the more responsive, conventional aircraft, are meaningfui. It does appear

~that the pilot tended to touchdown harder with a larger dispersion with the

"simple SAS using the unconventional technique than he did with the conventional

technique using the more responsive SAS,

With further training and improved flight path information in the
cockpit it would be possible to improve landing performance and to produce

good, consistent landings using this technique

3.5.4 Comparison of EBF & AW Configurations

Figure 3.5-3 elspo compares the AW andAEBF configurations both flown
with the minimum SAS mode, Both configurations had essentielly tﬁe'same
meén_sink rates at touchdown and the same dispersion about the mean. The

lower touchdown distance dispersions obtained with the EBF aircfaft may be

REV SYM | | o SO |0, DE-LCL0O >
' lnc: 6L



J15-047

D1 4100 7740 ORNIG.3/7Y

days. -

point from the aim point ( AXTD’ ft.) with sink rate error (AI:ISO,', ft/sec)

below 50 feet altitude for the more responsive aircraft and at about 50 feet

‘the differences in the dispersions of AXSO' and A }'{50, (see Figures 3.5-L

due to pilot experience, By the time the pilots flew the EBF configuration

they had gained experience flying the AW in the unconventional mzde for two

3.5.5 Compariscn of Tcuchdown Dispersions With Flight Path Paramaters at

50 Feet

Figures 3.5-I through 3.5-7 compare the distance of the touchdown

and horizontal flight path error ( AXSO" ft.) measured with rgspect to the

glide path when the aircraft passed fhroughSO feet altitude.

The computer used in the simule.ti'on stored various flight path parereters
when the aircraft passed thi'ough 50 fee_t altitude during the agprooch,
These parameters were recorded and uséd_ to calculate the relation of the

aircraft 6o the glide path at this point. The flare was generally initiated

for the aircraft with tn: 2.0 sec. Analysis (see Table 3.5-2) shows that
through -7 for definitions of these @erms) for ’C'nz = 2,0 sec and tnz = 0.6 sec.
is not significant. This implies that the pilots could position the aircraft
relative to the glide path prior to the flare equally well for eit‘her con-
figuration, The significant diffefence between the mean values of AXSO'

and A}.{SO' for the two configurations indicates that the pilots learned that:
these initial conditions helped compensate for shortcomings in the flare
capability of the aircraft. Figure 3.5-4 shows that the pilots tended to be

right on the glide path at 50 feet when flying the more responsive aircraft.

With the less responsive aircraft they tended to be below the glide path as
shown in Figure 3.5-5.
REV SYM BOssaes |vo. D6-LOL09 >
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The large difference in touchdown dispersions for the two configuratiosns
is significant. It indica.t':es that although the pilots could set vy initial
_condition:—: to cheii likix},;,the aircratrt with the sluggish n, response Sti_ll
had large touchdown dispersions, Further investigation of Figures 3,5-14 and

3

3.5-5 shows that the pilot could cut the touchdown dispersions somewhat if

he kept the aircraft within 22 dots using the raw ILS data with the Z'n = 0.65¢2c

i z
configuration. It does not appear that the touchdown dispersions of the

sluggish configuration would be much improved if this criterion were met,

-

Statisticel analysis indicates that there is significant linear
é_ofrelation between AXSO' and AXTD for the Tnz = 0.6 sec. cohfiguration
(99.6% confidence level). The linear correlation between Axso, and AX’I’D
is less (95.5% .confidence’ level). for the tnz = 2. s_,ec.";.i.rcraf}t. :4 It
appears that ab5u£ 174 of the touchdo;m.l- distance error may be attributed to

" the horizontal glide slope error in both cases. B

There does not appear to be any correlétion between sink rate errcr at
:50 feet and touchdown distance, as shown in Figures 3.5-6 and 3.5-7. This
1mplies that as long as the aircraft has suffiecient flare capability the
sink rate at the beginning of the flare is unimportant. However, the aircraft
‘location at the begihning of the flare still gffects the touchdown point.
Better landing gids would enable the pilot to position the aircraft more

precisely and improve touchdown dispersions.

D1 4100 7740 ORIG.3/ 71
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3.6 Landing Distances

Criteria

The ianding field length for the STOﬂ airplane 55411 Bé determined
in & rational manner to includé touchdown dispersigns and braking distance
dispersions which accéunt for the following events:

(1) = Turbulence up to the maximum design value

(2) Wind shears up to the é;ximum design value

(3) Engine failure at £he worét altitudé during the approach

(4) Crosswinds up to the ﬁaximum design value,

~Sufficient hard runway surface will be pfovided for underruns and

overruns to cater for the worst combinations of the above cases, .

Discussion .
.'In the present study, insufficient»data were generated to define the

“individual effects of environmental conditions or engine failures on landing -
dispersions, stefer; the fesults which were takén give a general idea of

the sensitivity of:field length td airplane handling qualities, A calculation
of the braking sequence after touchdqwn4was included in the simulation and

this produced‘a realistic visualbscene of the derotation, a good aural simulatién
of the thrust reversers, and some impressive acceleratioh éﬁes.from the motion
system which simulated sustained longitudinalyacgelefations'with cab pitch

anglé. The calculated distanceé to stop were a function of touchdown speed,

the braking assumptions being /#r Max ® +2 plus about 30-L0% thrust reversing.

The resulting roll-out distances were nominélly 1100 feet, varying
about 15% due to touchdown speed variations. Adding these to the touchdown
dispersions discussed in Section 3.5 gives the total ground run variations for

individual airplanes and for various augmentation system designs, Figure 3.6-1

P
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compar;s the 3¢ dispbrsions of tcuchdcwn distance and stopping disténce

for the two SAS cenfigursticans tésted on the av_‘entof wing_airplanc. The
inﬁerijre.tation»of thé 30 éa{a r-nus; be.aﬁproache‘d with cérg since ’che- datsa
points are not distributed normally and the number\of yoints is fairly small,
However, for use in determining SAS effects on airplane field }ength capapilisy,
the 3<r data lends some scale to ﬁhe;compariéon. The less responsive airflane

is obviously going to need a larger'runway.

Interpreting these data in terms of field lengﬁhs may be misleading

‘as far as absolute numbers go, but Figure 3.6-2 shcws the comparison in order

to point out the obvious relétionship between the eaiming point to fhreshold
geometry and the touchdown dispersion'capability of the airplané. Also
apvarent from this figure is the need for more such data to define vhether the

2000 foot field is really a possibility.

Figure 3.6-3 shows the frequency distribution and cumulative distri-
bution of the 39 landirgs accomplished with the responsi#e SAS on the augmentor
wing airplané. A normal distribution line is shown for comparison. A good

fit to the experimental points appears to be a logarithmic normal distribution

N = 1 uF..{“(Q‘“ Ko - 6oo)

&re 2o =

~where 0 = standard deviation of the touchdown pts.

Figure 3.6-4 compares this cumulative frequency distribution with

data taken for the 727 airplane landing on 5000 foot fields and data taken

‘by the FAA for large L-engined jet transports landing on 10,000 foot runways.

In conclusion, the data obtained during the NASA Ames simulation.are
not adequate to define field length requirements for the configurations

tested, However, they do give a basis of comparison for further tests and
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for analytical evaluation of the effects of configuration changes. These
déta can be used as a basis to design experiments to determine rational fielaq

lengthis.

The data show that: | , ‘
(1) ‘The load factor response chafacteristics will influence touch-
down dispersions and gear design.
(2) ‘ fouchdown characteristics can probably be improved with better
landing aids.
_(3) The simulator can be used to detefmine figldAlength paremeters

if the experiments are carefully designed for this purpose.
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4,0 ééNTROL SYSTEM CHARACTERISTICS
4,1 General

'Th%s section deals with those aspecis of tﬁe'flignt control system that
influence the pilot's impressiom of vehicle handling qualities. The paragraph
headings are conyentional, but the'customary‘disti;ction between primary and
secondary.controls_hag been droppéd. For STOL aircraft, items such as
throttles, flaps, and trin systems’zénd tﬁ'bear close relationship_to thicle
handling qualities and safcty.. Segregatién of these functions is no longer

recommended.,

4,2 Cockpit Control Travels

Criteria: - The cockpit controllers éhallAhave the following.travels:
Longitudinal +4,0 to +6,5 inches | |
" Lateral*  $3.0 to #6.5 inches
'birecfional +2,5 to +4.5 inchés

*If a wheel is used the meximum travel should not exceed +60
.degrees., : - ' :

Discussion: These criteria are taken directly from Reference 7. The
present study used #6 inch column; +60 degree wheel; and +3.5 inch pedal,
These travels were satisfactory, but’parametric variations were not run,

4.3 Control Centering and Breakout

Criterla: The cockpit cpnﬁrols shall havevpositive.centering in flight
at all no¥ma1 trﬁm'settings. Absolute centering is not required but controller
positioning should be sufficiently precise to provide_ease of_stabilization
and nust be compatible with auzmentation sjétem sénsofirequirementg.- Centering

forces should not interfere with tracking tasks,

Pitch. 0.5 to 3;0 pounds
Roll " 0.5 to 3.0 pounds
Yaw " 1,0 to 10,0 pounds
REV SYM . g o BoEIAE |vo. D6-10409 >
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has been retained for compatibility with the requirements for other axes, althoug;

Throttle | 1,0 to 3.0 pounds

Discussion: These criteria are taxen difectly from Reference 7. In the
vresent study the nominal oreaxout Iorceé were 2.0 ﬁounds columan; 2.0 pounds
wheel; and 6.6 pounds pedal, These levels-were_satisfactory for one-hand
operation, Paremetric variations were not run,
L4 Feel System

Criteria: The slope of the force versus displacement curveé beyond the
breakout region shall fall within the following ranges:
Pitch control 2 to 5 éounds per inch
Roll-éontrol 1 td 3 pounds per inch
Yaw controi* '10 to 35 pounds per inch
Throttle 0

The increasg in force produced by é one-inch travel from trih shall ve
greater than the opreakout force, |

Discussion: The force gradients are based on Reference 7. The maximum
force levels assbciatéd with thesevgradients and associated breakout forces
gre compatible with the maximun forcé level requirements of References 5 énd 8

except as noted for the pedals. The column gradient range of 2 to 5 pounds/inch

1 =4

Boeing transport exverience has showﬁ th#t the optimum level can ve expeqted
to lie near the upper end of this range. |

The requirement relating to the fofce buildup in the first inch of travel
and the breakout is intended fo provide good centering, allcwiprecise pogition-
ing for small fravels, and to proteét againsﬁ.pilpt iﬁduced cscilletions, PIO,

It should be noted that for the roll axis the incremental force for one inch

#The maximum pedal force shall be less then 100 pounds. If a high initial
gradient is chosen, a nonlinear shepe must be provided to limit the maximum
force level. : ‘
REV SYM ' o ' EBLEINZ |N0. D6-L0409 _)_
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of travel (1.6 vounds) used in the present study is slightly less than the

breakout force (2 pounds). This was considered to be satisfactory and

would suggest that the gradient-brezizout eriterion is epprozimate,

The present study was run with nominal lineerAgradients of 5 pound per.
inch ()O 1/¢) on the column and 1/6 pound per degree (1.6 pound per inch) on
the wheel. The pedals used a nonlinear gearing as showh in Figure hL.k-1,

These sensitivities, in comblnatlon with the breakout levels of the Section k, 3
dlscusolon, were satisfactory for one-hand oneratlon.

A limited study of -column force gradient and gearing (1nch/v) was con-
ducted. Tbe results are- summarlzed in Table L.b4-1, These data’suacest that
the optimunm 1ongltud1nal force gradlent 1s a functlon of the longitudinal
gearing (Runs A, B & D). The pllot selected a column sensmtlv;ty of 50 pounds
per g &s near-optimum, The accompan&ing lateral>;radient waqzi/6 pound
per degree and.the lateral sensitivity was 0.134 ——5§%é%93-— Other lateral
sen51tiv1ties were not examined, These data also show that the choice of
longitudinal force gradient is 1nfluenced oy control forces developed in flare
(Compare runs B and D). | o

The choice of column gradient must be besed on harmony, inher loop

dyn&mlc response, sensxtlvity (Fs/g), and trim force considerations, The

force gradient critena of th:.s section should, hovever, provide e useful guide

for preliminary control system designs.,

TABLE b, 4-1
) LONG- STICK

FORCE GRADIENT coarmG | Fomcs | |
FUNI ILATEPAL (LCNGITUDIBAL IH/ Z PsRg |- PILCT CCIRENTS
A l/q,/aeg 5#/in 15 infg | 75#/g - |Lateral forces good but lat-

(1.5 ﬁ/lnj . . " |long. harmony poor
B 1/67/deg 5#/in 10 in/g | S50#/g |Harmony good; forces good
¢ 11/G#/deg | Si#/in 5 infg | 25#/g |Forces and damping decreased
‘ : slightly :
D l/éu/deg 10#/in | 5 infg | 50#/g |Forces undesirable in flare.
Pitch sens, O.K.
E |1/6it/aeg | 7.5#/in 10 in/g 151t /& Deterioration
REV SYM ( A 4 T BOEING |~o. D5-L0L09 9_
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4,5 Control Harmony

Criteria: Longitudinal andllatefal breakout forces, force gradients,
t;avcls, and}éensitivities, shall be compatible éb that intentional inputs
to one control axis will not cause inaavertenf inpﬁts tc the other;

Discussion: Control harmony requires careful seleétion of many control
parameters and specific criteria have not beén fofmulated. In general, final
selection of critiéal control system parameters mu;t be based on piloted
simulator stu&ies; The contrél paraﬁeters'used in the présent study are found
in Sections 4,2, 4.3 and L.k, Cdntrol’harmony was judged‘t6 be adequate.

4.6 Control Svstem Free Play

Criteria: Free play in any of the cockpit csntrols shali not result in
objectionavle flight characteristics. Perticular attentisn should be given to
small amplitude contrbl inputs in critical tracking situations, The'analySis
of stapility auémentation and ﬁutcmatig control s&stems Shgll include appro-
priate deadband estimates, | | |

| Discussion: Free élay produces an amplitudé-sensitive phase leg in the
control‘systemvresponse thaf can degrade pilot performance in precision tracking
maneuvers and can result in PIo; ‘Free pley cén also cause limit cycle problems
in auﬁomatic control systen designs.l

4,7 Powered Control Systems

Criteria: The abiléty of the aircraft to satisfy the stability, control,
and handiing qualities criteria shall not be linmited by any powered control
systém component, Powered controls shall be capable of producing the de-
felections required for all operational maneuvers, The surface rateii
cap&bilifies shell be adequate to perform critical combined axis tasks such
as approach_and landing in & hea#f turbulenée environment. The effect of
enginezspeed 6n hydraulic flo# r#tes shall bé'inclﬁded. Actuator hysteresis'

shall be compatible with the requirements of Paragrapn 4.6, |

REVSYM | - - BOEINE |vo. D5-10409 >
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“-Discussion: Certain components in powered control systems typically
require careful design attention, The ability of control surfece actuators.
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to produce tie rfqu;red'deflgction; requi:;s th
blow-down with the annrOpllate combinations of hyaraulic systen *allures.

It is further neceésary to provide overtravel in actuator command paths so that
actuator compliance will not limit the deflection under load.

Simultaneous surface activity that occurs in qritical flight conditions
such &as aéproach and landing with heavy turbulénce and pilot in the loop can
place severe demands oh hydraulic flow capability. Oil temperature effects
and the effect of engine power settingioh pumping canacity nmust be included
in this analysis. The effect of comnand servo rate llmltlng rnust also be.ﬁ
included A piloted simulation in whlch the hydro-mechanical systems and
components are accurately modeled and atmospherlc_turbulence is represented
by éontinuous power spectra ig desirable,

4,8 Contrecl System Dynamic Characteristics

Criteria: Control system dynamic characteristics, in combination with
airfrane dynanics shall provide satisfactory aircraft handliﬁg qualitiés. The
frequency and dampipg of the cockpit controllers shall bé selected so as to
provide good pilot performance in tracking maneuvers, The cockpit control
deflection shall never lead the cbntroi force for pitch, roll, yaw and thrust
controllers,

Con£rol systen oscillations shall not degrade aircraft handling quélities
or sﬁfety.' Sensor and direcf cbmponent coupling thrbugh structuial modes
shall be investigated. Control system reéponse shall be guick enough to

provide the overall vehicle responses required in Sections 5.3, 5.4, 7.1 and

7’020
Discussion: These criteria are based on References T-and 3. The criteria
for feel system lags and overall_control-vchicie frequency response of
REV SYM | N BOEINE |vo.  D6-LOL0Y N
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- other criteria should guaranice acceptable augmentation system design, Ex-

REY SYM

Refercnce 3 have not teen used due to lack of supporting data for STCL con-

figurations,
4,9 Aurmentation Systenms
Criteria: The steoility cugrentation or command augpzentation system

shall be designed so that when functioning normally no adverse air or ground
handling characteristics are produced. Particular attention shall be given o
operation in turbulent air, on-the-ground operation where ccntrol surfaces
misnt be driven hard over, and méneuvers where componént authority limits
or saturatioh could occuf.

Ir aifcraft handling characteristics change significantly with SAS
fajlures, rédundancy levels shall be éompatible with handling qualities
requirements for a givén.level of aircraft flight status.

-Discussion: This paragravh is redundant with that proper compliance with

perignce has shown, howe&er, that some items tend to ote overlooked in the
design process and nust bé given - good visibility'if a tvimely design is to bpe
achicved. These criteria are included for this purpose.

These criteria are'baséd bn References 7 and é. They are intended to
direct proper design attention to caaponent authnorities, saturation limits,
bandwidths, and reliébilities; system control leaws; sensor locations; systen
redundancy levels, etc.

4,10 Trinm Systems

Criteria: For all flight conditions where continuous operation is re-
quired, the ﬁrim devices shall be capable of reducing the control forces to
zero, Operation musp be smooth and free from mechénical cross coupling effects.
The trin controls shall“be convehiently located end must provide the pilot

with an indication of the amount of control remaining.

Powered trim systems shall be drift-free and shell have runaway pro-

tio: nate capabilities shall be snfficlently hizh to preveny excessive

BOEL775 |vo.D5-L0k09 _)_
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force buildup, odut not so repid that overcontrol results, In determinin;
rates and sithorities both low and high speed fligit conditions shall be
considered,

piscussion: These critesia ave based on felereaces | £nd O The require-
mént for position indication is satisfied directly for parallel systems whérc
controller zero-force position is varied, For éeries trin sxgtéhs, or control
systems utilizing an inéegratof-in the forwaerd path, a trim ﬁggifion indica-
tion must be provided, For optimuﬁ operation in appfoach and landing it is
felt that it must be possibie to trim the steady pitch and roll forces to
iéro following & critical enginé failure.

4,11 Auxiliary Controls

Criteria: The desigh-df the auxilianyvcontrols shall be cémpatible with
their specific relationsnip to Veﬁicle handling qualities andlsafety. Cockpit
céntrollers shall be conveniently located and functionally corpativle with
pitch, roll, ahd yéw controllers so that harmonious'operétion shall exist for
all éliéht nodes and operations;

Control functions such as thrust vector, throttle system, flaﬁ system,'
drag and lift devices (other than flaps) shall be drift free and shall have

adequate rate capabilities to insure proper operation for critical flight man-

‘euvers such as approach and landing in heavy turbulence, Combined axis re-

quirements shall be investigated, Special attention shall be given to
mininizing system timg‘iags. |

I autbmatic contfol of these devices is used to artificially produce a
given mode of control (for example, conventional aircraft flight path cohtrol
mode on approach), consideration shall be given to_change in control technique
resulting from failures as discuséed in Section 4,12,

Discussion: These criteria are intended to focus design attentioﬁ én
controller and control function§ that hgve traditionally oveen considerd

secondary. At present the configuration of STOL control systems is largely

REV SYM - BOELr 2 1005220109 >
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e canre o)

unlmovn, It is possible that conventional cockpit controllers will be peo
tained and that compnlexz interconnections vetween auxiliary.controls will Lo
used to produce conventional airplane resmonse, I{ is also possible thas ;v
pilotihg modes will ve developed and thétlnew 000kpii coﬁtroller confiura-

STOL aircraft that have high powered 1ift levels present unique conirol
system.design problens, A critical areé is flight path control on avproach
and landing which is discusséd.ig detail in Section 5,0, The natural
éharacteristics of the powered 1lift SfOL vehicéle require a mode of operation
in whichfflight path is tracked.with throttle and speed is controlled with
colurn, This technique is foreign'tb fikedawing airline pilots vith con-
ventional training. It is possible to change the chaeracteristics of the
powvered 1ift STOL, through automatic control of auxiliary control devices,
so that conventional fixed-wing piloting technigues can be used, but this
results in a moré complex control system design,

Begardleés of the approach that is ultimately chosen, it is apparent
that systehs such as throttles, fiaps, thrust vector control, and so fortih,
will have more stringent response and reliability requirementé_than they have
traditionally had, In the preéent study only conventional cockpit controllerg
(column, wheel, pedal, throttleé) were used, For systenm cohfiguratidns where
auﬁiliary control functions were used, (for example, trailing edge flap
modulation), these motions were commanded by augmentation systen and con-
ventional controller commands. Additional controllers were not introduced
into fhe cockpit., Boeing siﬁulator experience has shorn that a pilot will

degrade his rating of a configuration where his hands nust ranage more than

two primary control taszs simultaneously.
4,12 Failures
Criteria: 1In selecting the normal aircraft flight control mbde, careful
REV SYM R - BIEINVE |vo. DG-10409 >~
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consideration shall be given to the flight control sysiem complexity reguire

‘
~

i
to develop this mode, and to the changes in aircrafi piloting techniqus thae
can result from nrooable flizht control system'failurcs. E&ergency pilatisn s
dbdgs that require special pilot training arcfdangerous'and unacceptaple
unless it can be guaranteed that every pilot will have, and retain, the
special skill level rquired.

In designing the flight contr51 syétem, redundancy levels and vositive
warning devi?eStshall de providg& as required to match the skill levels of
21l possible crey membgrs.

Discuscicn: This document deals with normal handling qualities and
these failure criteria are therefore concerned wiuh those considerations
that inflﬁence the choice of normal control mode and the related'cqnfiggra-
tion of the flight control system,

In the Section h 11 dlscu551on, it was pointed out *rau the natural
charac»erisuics of powered 1lift STOL vehicles lead to a DllOtln’ mode that
is foreign to pilots with conventional fixed-wing uraining. A more conven-
tional piloting mode can be produced.by designing a flizht control s&stem

that introduces couvling between vasic and auxiliary controls, The danger

that exists is that if a flizht control system design is selected that pro-

" vides a conventlonal piloting mode, there are potential system failures tha*

can drastically change the piloting technique reguired for continued flight
The designer has the choice of snec1fy1n* special training for the flight
crew, of prOV1d1ng systen rederanCJ levels that will preclugde dangerous
system failures, or of accepting the operational tenalty of diverting

fron the destination STOLport to a convenﬁiongl length runwey afﬂer a

failure.

REV SYM : R BOEIA/E |no. D5-10L09 _)_
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5.0 LORGITUDINAL CONTROL

" 5.

5.2

5.3

Sk

5,5

Genera1 Discussion

Control Wecnnigues, Reisted Parameters, and Systems
Tested '

5.2.,1 Control Technlques (Ircludes Definition of
Controllers) :

5.2.2 Parameters Influencing Control Techniques

5.2.3 Control Systems Tested .

Pitch Control

5.3.1 Pitch Control Power .
5.3.1.,1 Static Balance Out of Ground Effects
5,3,1.2 Static Balance In Ground Effect
5.3.1.3 Maneuvering

5.3.2 Pitch Control Sensitivity

5.3.3 Pitch Rate Response

Fiight Path Control

5.4,1 Glide Slope Control Pover
'5.4,1,1 Incremental Normal Acceleration
5.4,1.2 Incremental Flight Path Angle

5.4,2 Flare Control Power

5.4,2.,1 Incremental Normal Acceleration,
Frece Air and In Ground. Effect

5.4,2,2 Incremental ¥
5.4,3 Flight Path Control Sensitivity
5.4,4 Flight Path Response '’

S.4.4,1 Load Factor and Vertical Speed Response 118

5.4,4,2 Thrust Response
Speed Control
5.5.1 Speed Control Power
5.5.2 Speed Control Sensitivity 3
5.5.3 Speed Response
5.5.4 Stick Forces During Speed Changes
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_ sufficient for satisfactory handlihg qualities; and the required attitude

5.0 LONGITUDINAL CONTROL

5.1 General Discussion

~

The longitudinel conirol criteria Lave been expressed in terms of the
control power, control sensitivity, and dynamic response requirements, for
control of: .

o] Pitch attitude

(o] Flight path L
o  Speed |

Satisfaptory ﬁitch attitude control is treated as being necessary, bui not

o

responée’depends on whether attitude is uééd primarily for flight path control
or speed codtrol. Two piloting teéhniqueé are defined to distinguish between '
these two eapproaches io attitude control, end the priteria are related to tﬁe
piloting techniques. o

Load factor response islused as thg fundamental §arameter in defining »
satisfactory flight path control, Speed control criterie are not weil defined
but tentative critéria are proposed as a starting point. | |

Flight path and speed control requirements for STOL were found to be
similar to both CTOL and VIOL requirements, which suggests thgt it may
eventually be possible to develop a common é:iter}a in terms of those para-
meters, Differences appear to be related to the sink rate on final approach,
the glide slope angle; and the distance between ihe glide slove transmitter and
the desired touchdown point. |

The current study wﬁs’cqnducted with an 80 knot approach speed, a 6 degree
glide slope, and a.disténce from glide slope transmitter to center of the aim
zone of 150 feet (Reference L),

For this configuration, it was foundAthat the load factor response

time had to be'quicker than for CTOL, and the load factor authority must be

REV SYM | ) BOEsAL |no. DE-H0L09 N
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nore tHan required by VIOL criteriae

It was found that flight path response has.a strong effect on the'
required fileld length, ith o steep glide slore and o rol “V“lj sho
distance between the glide slope uranocluucr and the ein point, it is neceszary
to make an abrupt-flare fairLy close to the ruhway.- If-the fiig nt vpath ”C"*on.c
is eluggish, the flare must be initiated at a higher altltude, which resulis
in 1andihg long. If the pilot delays the flare in an attempt to hit tne ain
point with the sluggish system, the result is likely to be a short hard
landing, or an over-flare and float to a long landlng.

The longitudinal control criteria apply onlf to conflburatlono wnlch
require continuous manipulations of no more than two controllers in order to
control attitude, eirspeed, and flight path anéle.

In the interesf of verval simplicity, these contfollers haveebeen'called
"ecolumn" and "tﬁrottle". The term “column" is used for the pitch controller,
since columns are commonly used in trarnsport aircraft. However, it is not
intended to rule out the use of sticks or push-pull controllers, In conventionel

| transports, the "throttles" are used to control engine thrust, However; within
the context of the STOL control ﬁechnique'definitions, the "throttle" might
actually be the controller for thrust vectoring or direct L/D contfol devices.

VWhatever device the "throttle" actually controls, the pilot should not be
required to remove his hands from it except fornmmentamyand 1nfrequent

actuation of a "trim control™ or to make a discrete configuration change.

Y e
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5.2 Control Technioues, Related Parameters, and Systems Tested

5¢2.1 Control Technigues’

Critefia: The 20 ‘L‘ ':hculd alwggs provide di?ect and_rapid>control'of
pitch attitude, ALt column should produce a nbse-up response, Forward column
should vroduce a nose-down resgonse, .

Short term resgonse of flight path and speed should oe cdmpatible with one

of the following piloting techniques:

Technique #1 - Pitch rate/attitude are used to control load factor/flight

path angle, The throttle is used to control airspeed,

 Technicue #2 ~ Pitch attitude is used to control airspeed. The throttle is

‘used to control load fractor/flight path angle, |

Subsequent 1ongitudina1 éontroi criteria have been relatedvto these two
techniques. |

Discussioﬁ{ Beforé establishing criteria for controlling a thicle, it is
necessary to define: |

e} The variaples to be cpntrolled

o] The cohtroilers to be used

Lo} The cohtrol techniQue (qross-check logic) to be emﬁloyed oy the pilot

These definitions are sometimes‘omitted in tke flying qualities literature
for airplanes, because the nlloolng techniques and the response to contol inputs
are generally well understood, Longitudinal handling qualities criteria for
alrplaneo (e.g., Ref., 3) are written with the oodectlve of nrov1d1ng satisfactory
control of both alrsneed and fllght path (about a glven trim point) u31ng one

'controller only (the pltch controller). An exception is mede in the case of a

landing approach on the "back side of the drag curve", (i.e., jﬂi— > 0),

where the criteria'allow‘t e use of thrust to conir ol the speed d;vergence that
results when pitch attitude is constrained (oy the pilot) to the attitude re-
quired for traciking the glide slope,
: . ' D6-kclo
REV SYM | EBOLEr |vo. 9 N
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A powered lift STQL aircraft, by definition, is not an airplane. The
STOL flighf envelope oridges the gep petween VIOL and CTCL; and the STOL
response to conﬁrol may run the gemut from a VTOT-type‘response to a CTOL-type
Tesnonee, depending on tﬁe magnitude of the rowcred lift effects, As evspec1f1c
example, advancing the throttles in an alrplane produces primarily a forward
acceleration; whereas in some STOL eircraft edvancing throttles produces prima-
rily an upward acceleration. .

If the STQL response to thrust applicafion is primarily a vertical
acceleration, then contro; Technique #1 (conventional jet transport technique)
simply will not work, However, control may be quite satisfectory if Techniocue
#2 is used, In fact, some of the powered lift‘characteristics which make the
use of Technigque #1 difficult or imﬁossible tend to enhance controllability with
Technique #2,

Censequentiy, one of the first and most important decisions for the STOL

- aircraft control system designef is whether to:

1, Add the extra control devices (modulated flaps, vectofed*thrust etc.)
necessary to force the STOL aircraft to fly like an airplane; or
2. Accept a response compatlble with ‘the natural STOL characterlstlcs,
but possibly unfamiliar to airplane pllots. |
.The first approach may require e heavier and more expensive.airframe; and
has the potential disadvantage of forcing the pilot'to switch to an unfamiliar
control technique if ﬁhe stapility and control augmenfation system fails, The
second approach may require a faster engine response, and additional treining »
time for pilot checkout, |
It is expected that vehicles with satisfactory (though quite dlfferent)
handling qualities can be developed using either approach. However, ‘different
piloting techniques will be required; endAthe’critefia will be different in

certain areas, In an attempt to accommodate both design approaches while

REV SYM - ' BOLTINVE |~o D6-40409 _)_
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view; and nakes the important observatlon that fllght on the back side of the

wnile retaining enough specific numerical criteria to be meaningful, two
different olloting techniques have been defined. The longloudlnal centrol
cziuerla hav then ceen ‘ﬁLauud vo t} se TwWo cchnioues.

Both techniques reguire that pitecn attitude be controlled with the column.
This: is consistent with existing VIOL and CTOL practices; and there is no
apparent reason why STOL should be different; With attitude controlled by the
column, attitude and throttles Lecome the two controllers availaple to control
speed and flight path, The dl* erence in. the two tecnnlqaes is whether the
cross~checx logic associates a speed error with a need to make an attitude chanje
or & throttle adjustment, It is recocnlzed that with either technlque the
pilot must coordinate attitude and throttles as the ‘situation warrants,

However, the distinction betﬁeen tﬁe techniques is one of empnpasis,

The two piloting tecnnlques defined by the crlterla are scmetlmes
referred to as the "front side" (of the drag curve) and the "back side" tech-
niques, respectively. However, the need for using Technique ﬁz could arise
from several factors other than being on the back side of the drag curve, These
facfors are discussed in Seetion 5ele 2. |

Reference 9 discusses the two piloting technlques from e pilot's n01nt of

drag curve, while not difficult, requires continuous control applications

with both hands -- one on the column and the othef on the throttle; Since

most unadgmented STOL aireraft will approach-on the back side, the pilot

should not be required to take his haods off the column or throttles during the
appioach._ This requirement may be unduly reetriotive for an experimental air-

craft, but it is considered reasonable for routine airline operations,

g Speed and flight path angle are considered to be the two primary
H _ .
§ controlled varisbles because they determine the touchdown point, landing
2 impact, stopping distances, and (in combination) the stall margin., This is
a .
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not meant to imply that the pilot must fly a reference approach'speed or that
the cockpit must contain 2 § indicator. As pointed-out in Reference 5,
anple-o“—attack is sometimes nore "seful than snped as an aﬂnrOGch refercnce;
and vertical speed indicators are normally used for flirht path control.
Certainly the full complement of instruments will be used in tne cross-check,
Whatever instruments are used, however, the net result must be vprecise

control of the length and direction of the total velocity vector (i.e.,

speed and flight path angle),
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5.2,2 Parameters Influencing
Criteria: - The choice
116:"“ atic

ones are tabulated below,

indicated:

n i3 inflvenced by

Control Techniques

€

TABIE 5.2-1

of control technique and/or the requirement for

2 ¢f the mcre impertant

Parameter velues should be within the range

PARAMETER

LIMITS

TECHNIQUE #1

|

TECHNIQUE #2

¢
L
1

thrust vector angle

0 — 45° Suggested

n,/e& 2 .04 g/degree >0
' ' (See discussion) (See discussion)
3¥/ov at <+ .06 deg/knot* |  Unknown
e | : 2% deg
gonstaxfxt thrust s X% L+ .2 Thol
f suggested
Ao/ bk > 0.75 5 Unknown,
at constant V 1 Negative values
g undesirable, but
i allowable,
Ao/ vV - &0 Desired ; - .6 deg/knot
at copsta.nt | < Ao <0
Y -\
"1 7 ~ effective Unknown ! Unknown

13°—» G0° Suggested

.exceed .05 deg/knot,

nzA& =

Definitions of the parameters are as follows:

the steady state normal acceleratim change per unit change in

angle of attack, due to a column input at consta.nt speed with
throttles ‘fixed,

*Also the difference in BK/ 3 V between Vyrn and Viin=> knots shall not-
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k4

RS
o
<
}

slope of trimmed X’vs V for speed changes resulting from
column inputs with throtiles fixed

slope of trimed Q vs ‘( -wlen } is - changed at constent ¥

%

NS
o<,
"

) \
. slope of trimned G vs V wnen V is changed at constant (

o

} .
<
n

= tan — | - . . where L and D include all thru:
,q T AE0) | &= consT .
effects. The effective thrust vector angle, q T, &ives
the direction of the initial reaction to a thrust change,
as indicated in the sketch below
_—-—-—p @_ _____ - -

effective
thrust vector//

Diééussiéﬁ: vcéﬁsidefaule 1nsignt regarding the controllab 11ity of an
aircraft can be ootalned Arom an examination of "static" trim and force. data.
The crlterla presented hefe are intended to dlrect attention at several "static"
parameters which have a strong effect on controlla0111tJ and which are relatively
easy to use in the prelimlnary des;gn phases, Data for the configurations used
in the_éurrent study are summerized on Figures 5,2-1 aﬁd Table 5.2%2,

The proposed limits are vgry‘tentative and should be the subject of

additional studies. A discussion of each parameter follows:

A, nz/ol - Definition
The definition of ni/p(_for STOL aircraft is modified from the

definition given in Reference 8 in that "throttle fixed" has been

added, While this presents a problem in testing for n:/og at

.-
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. 2 COMPARISON OF LONGITUDIMAL CHAR/NCTERISTICS OF AMES SIMULATION MODELS
: ,
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! M _ 10 | 20
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|71 VARIATION WITH SPEED, c-(ws . w
i 5 .0 A | _
| ¢ X 6 N o _ ¢\—’—\ lo“h
S . 60 /o0 .
- Yo y
< Va
‘ 4 = =
asaa | TRIM PITCH ATTITUDE VARIA- ‘v 12 o7’ Iz
XSS | TION WITH FLIGHT PATH ANGLE. N 7 | . SO i
mad : _ o - N U o e e i -0
:;a V = 80 KTS. X / '-4' "z I X / o ~ i
Bl =38 co VAR 76 & ey
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Wi| %S| EFFECTIVE FORCE VECTOR | f// | /({,,.
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§| °S RAR
55 Y- -6 A \ «
® - V..' 90 B0 79 KMoty V,':‘i}c 210 ‘wnors
SPEED, FLIGHT PATH AND * NO AUX. FLAP ~— EDF EASIER TO CONTROL.
_ | FLARE GOHNTROL ° WITH AUX. FLAP ~ NO DIFFERENCE Betwere) £BF o AW l
2|2 S | | |
nloid NOTE: . AUX-FLAP REQUIRED TO GIVE CONVENTICHAL &/ ¥
O T RELATIONSHIP AND THRUST VECTOR ORIERTATION.
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Tarsw 5.2-C
BAsS1C AlzErAME (NO SAS)
DATA FOR CONFIGURATIONS TESTED

 PARAMETER. i : Auc:.- WING. =~ ERF
A
q PeER OEG.
B 2n{/&\/ o+ 0. S +0.\R
DEG / KNOTS .
5O
c /AK - ©
bEG/ DEG
Jay =) - |
ANV -5 | -5
D o : NON-LINEAR. . LINGAR
be6e /enoT § WITH REVERSALS T
l -4 (-4
e N RO | | 70
VARIES  WITH " CONSTANT WITH
SPEED SPEED
NOTE: | SLOPES MEASURED AT ¥ = —&° V=280 KNOTS 're\M Poxm

2. BOTH CONFIGURATIONS. L\N?L.\(AE;L._ WITH TECNN\GUE
3. ERF MARGINALLY SATISFACTORY WITH TECHNIGUE ‘*2.
4. AUG. WING UNACCEPTABLE. WITH TECHNIQUE*Z

ENGR | Ay (1S on) (PR D2 REVISED | DATE COMPARISON OF PARAMETERS D6-40409
CHECK RELATED TO CONTROUL
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apparent value of n,/\ than if only a column input were made. Since

"constant speed", it is considered necessary due to the effects or
blowing modulation, If thrust is added to maintain constant speeq,

the resultant lozd factor incrament could give & much higher

nz/b( is one of fhe paranmeters used to determine if flight path can

be controlled and the aircraft flared via attitude changes

(Technique #1), the effects of throttle inputs should ve excluded,
Howéver, autometic olowing modulation or other DIC devices that functict
with the throttles fixed may be used to augmeht_ n,/ e , and are not

excluded by the definition.

A possible way to test for nz/oliis to begin a pullup from & shallow
dive with throttles fixed, and measure the A n, and Ao at the
instant speed returns to the trim condition, The throttles-fixed

constraint is, of course, no problem for an analytical calculation of

nz/o( .

ny /o~ Control Technique #1

When -using control Technique #l, the aircraft is pitched by means of
column inputs to develop load factor, 1In the absence of thruét'or
blowing moduletion, or other DLC dévices, 1ift changes nust be
produced by angle of attack chaﬁges. -ﬁz/bl is a very important

handling qualities parameter for landing approach in that it in-

fluences:
o the pitch acceleration (&) capability required to achieve
& given vertical speed crossover time, as shown by
Equation 5.3.1.3.
REV SYM BOEING %No. D5-40L09 _}_
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‘Paragraph 3,2.2.1.1 lower limits for land-based and carrier-based

When using control Technique #2, direct thrust reaction or blowing

o  the control anticipation parameter, (0/&co1) x (& i1/n.)
as discussed in Paragraph 5.3.2 and in Refercnce 3,

.0 the attitude chanpe recuired to rlere,

The n,/& > .04 g/deg limit corresponds to the value suggested in
Reference 8 for determining the conversion speed between "“airplanes”

[oT23a)

and "STOL eircraft”, It is about midway between the MIL-F~G735,

transports., Since control Technique #1 is an "airplene” (CICL)
control technigue, "airplane" criteria should apply. If n,/X of
the unaugnented airframé does not meet the above requirements for
Technique #1, _'t.‘nen: |
o ngz/K should be augrented by means of thrust or biowing
modulation or other DLC devicés; or

o  Technique 2 should be used,

When blowiné nodulation or DLC is; used, the angle of attack qhme
requiredAfor an incremental increase in load factor can become zero
or negative, Hence, nz/O( can becéme infinite or negative,
respectively, In tﬁis case, the regative nZ/OC would be acceptable
even though the criteria prescz;ibes positive values; provided the

Ao/AY¥ requirement is met.

References 3 and 8 indicate the minimunm nz/ X criteria are somewhet

arbitrary, and should be the subjecﬁ of future study.

n,/& - Control Technique #2

\ I

effects on the serodynamics are used to develop load factor. Con-

sequently, angle of attack changes are not required to iritiate a

REY SYM
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B,

‘Technique #2, Since & totéily non-aerodynaiic viCL vehicle sucn as

flight path change,

Maxdrum and minimum n, /et limits have not been determired for

& "flying bedstead" could be controlled with this technique, it is
expected that nz/o{c; 0 is the lower lim;.t. However, positive nz/o&
is desirable to provide vertical da.mpiﬁg (2,), to minimiie the re-
q\iired throttle activity, end to facilitate flaring. If nz/e
becomes too larg;e; excessive t‘nfottle ccupensation would be required
to 'hzainta.in tle flight path when the aircraft is pitched to change
speed, In this case, Technique .#l should be used; or, if this is
impractical ldue ;co unfavorable values of "che> other paranmeters

listed in Table 5.2-1, "negative DLC" should be used to reduce the

effective n, /el .

The ny/e{ 1limits for this control technique should be determined in

futui'e studies,

35/3\/ - Control Technigue #1

The slope of the flight path angle vs speed curve, 3%/3V is

related to the slope of the trimmed drag vs .speed curve, Positive
values of BK/av are essociated with flight on .the ’oaci{ side of the
drag .curve. The significance of,,-QK/BV is thoroughly diécussed in
numerous reports, e.g;, Referénce 3. .Brivefly, vhen on the "ba.cl';
side", drag increasés if the pilot slows dan é.nd changes attitude

&s reciuired to naintain the 'flight path, With the pilot (or aﬁto—
pilot) attempting to -hold a fixed flight path using pitch control, a
speed divergence results ‘from the drag instability, In a conventional

airplane, the speed divergence can be stebilized with throttle

REV SYM
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Technique #1, This limit was based on experience with conventional

' staolllty has not been determined,

: Technique #2 when very far on the back side of the drag curve,

" flight path, Lmts on BK/bV for this technique and the effects of

thrust vector orientation on these limits, are unxnowm, In the

(or autothrottle) inputs, provided the divergence rate is not
excessive, Hence, {;here is & need for a limit on the allowable
ingtability,

The 36/3 V. £ .06 deg/xnot limit was taken from MIL-F-3785, which

t

wes based on "elevator only" control of flight path, i.e. control

airplanes, for wh:.ch the effective thrust vector is oriented forward
along the horizonta.l axis. As discussed oelow, the thrust vector
for STOL aircraft may have a significant vertical conponent., The

effect of thrust vector orientation on the allowable 'bx/ oV in-

¥/ 2V - Control Technique #2

Aircraft can be controlled with 28/ 3V more unstable than the limit
spec:n.fieo. for control Technigue #1. However, as discussed in

Reference g, exnerlenced rilots wn.ll tend to switch to control

With this 't'ech.nique » attitude is varied to eliminate the speed

divergence; but the throttles must be used to retain the des:.red

current study, flight path control was marginally satisfactory for two
unaugnented configurations having d¥/a V= +.2 deg/knot.

Ao/6X - Control Techniaue #1

When a conventional airplane makes a constant airspeed climb or
descent, L remains essentially constant, so AG/AX =1, This need
not be the case for a STOL aircraft, Consider the Augmentor Wing

data on Figures 5.2-2 and 5.2-3 as an example, The Figure 5.2-2 trinm
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curves show that angle of attack must be reduced in order to
maintain n, = 1 g in a climb at constant speed. The angle of attaéx
rédQction is necessary to commensate for the increased piowing that
results when thrust is advanced te climb, fThe chenge in Q can be
calculated from € = 5+ o , and is shown:on Figure 5.2-3., I{ is

seen that the unaugmented aircraft must ve rotatedAhose down as it
elimbs, which is opposite from conventional airplanes. .Control
Techniquel#l would ve virtuelly impossible to use in this situation.
Typical pilot comments on familiarization runs vere "something is
backwards'", "are you sure the- simulation 1s working right", eté.;
even tqough the Dllots had prior STOL experlence. These comnents
were not heard durlno evaluations of the EBF which Flgure 5.2-4

shows could cna.nge ¥ at consta.nt‘ e.

Iri the current study, the AO/LX ratio was controlled by modulq.ting
wing flaps, The Ae/AX > .'?5 limit is based on the results shown

on Figure.5.2-5. At lower values, the pilot complained of having
"insufficient lead information", The column step responses on
Figure 5.2-12 sho& that pitch rate lagged load factor in the

systemns tested (due to the DLC mecnanizatlon) and this was

probably more resnon51ble for the adverse ccmments than was the
steady state A9/A¥. It is likely that AS/AX ratios approaching
zero can be successfully used, Since AO/AK 1 for conventional
aircraf_t, it was decided to specify A G/AK_ 2 .75 until & lower.

limit can be supported by test data,

g This is considered to be an importent area for further study as it
[+ Co .
§ impacts on the control powér requirenents of Section 5,3.1.3.
o
. ok
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Ao/AY - Control Techniaue #2

When using this control technigue, the pilct essociated © more
closely *.s;ith speed'tha.n ﬁith X . Consé:quéntly,- negative values of
Ao/AY appear to be satisfactéry for .control on the glide sloge,
However, for aorunt transient maneuvers, such as the lare; moment -

ary increase in © should not cause a reduction in X .

The change in 6 associated with flié,ht path changes should rnot
cause the nilot to lose signt of the runway, cause passenger

epprehension, or exceed & geometry limit during touchdown,

Ao/AvV - control Tecbnmue #1

Norma.llj, a conventloral airplane rotates nose up (+) as onned is
reduced ( ) at consta.nt 8 , so Ac/Av <O F:Lgure 5,2-2 shows -
this was not the case for the unaugmented Aué;mentor Wing con--
figuration, in that there wa§ & slight reversal in the © vs V

relationship at V== 95 knots., This reversal resulted from non-

linear blowing effects on the aerodynamics.

The SAS designed for us‘e with Control Techinque #1 maintained a
negative A9/AV. Since the pilot is associating © with §-control
more tﬁan xﬁth_ speed-cc;ntrol, zero or positive values of A9/AV

are probably acceptable, However, negétive valheé are vé_ry desirable

during visual approaches as a warning that speed is changing.

a6/ A V - Control Technioue #2 :
With this control technique, the pilot is usinv e cha.nfres to produce

speed changes, A nose-up rotation is used to obtain the longitudinal

foz:ce unbalance necessary to initiate a deceleration, .If the

07A9/AV criteria is not satisfied, the pilot would have to nose up |
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to initiate the speed réductioh, end then nose down in order to
remain in trim when the thrust is adjusted to maintain the glide
path, The aircraft would be on the "bock side of the 6 vs V curye"

50 to speak,

The further constraint A6/AV»=—.5 deg/knot was taken from Para,

3.2.1,1 of MIL-F-83300, The intent is to insure that excessive

ttitude chenges will not be required to make small speed changes,

Effective Thrust Veclor Angle,Nnp

Aerodynamic and thrust reactions are normally treated as sevarate
terms when analyzing airplanes. This approach is virtually im-
possible with some powered-lift STOL configurations, due to the

t

powerful effects of dlowing.

Due to the inseparavle nature of the aerodynanmic and thrust

-effects, an ' extremely useful tocl for analysing a STCL aircraft

is a blot of the total forces normal and parallel to the remote
velocity vector, Figure 5.2-6 is an example of such a plot, where
the "1ift" and "drag" coefficients contain the usual acrodynemic

1ift and drag terms, plus all propulsion effects.

If such a plot were made for a conventional jet airplane, it

would look like a family of drag polars with CDMIN shifted as a

function of thrust setting., Note the following:

0 lines of constant X can be drawn through the'origin.
Hence, the maximum climb end descent angies can be

determined,

+
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o} the approximate trim angle-of-attack and thrust setting
is determired by thé intersection of the constant K line
with the roguired tr;m Cy,. (Exact data would require alce
trimbing the pitching-moment). |

o the initial response to a thrust change can be detexmined

from the slope of & constant O line through the trim point.|

The direction of the initial response to a thrust change has been

referred to as the effective thrust vector angle,*fT. The'effectivé
thrust vector orientation, for a thrust increase, has been indicated
on Fivure 5 2-6. For this configuration (Augmentor-ﬂing) a thrust
increase always produces predominantly an upward acceleration, At
the approach speed (80 knots) & thrust increase also produces a
slight forward acceleration, with the forward component increasing
es speed is decreased, As speed is increaséd above'the approach

speed, the thrust vector begins inclining rearward.

Hence, & thrust application-would cause the Augmentér Wing model to
climb and accelerate slightly at speeds below the approéch speed;
whereas it would climb and decelerate (slightly) at speeds ebove the
approach speed., The pilofs found'the deceleratién in response to a
thrust increase to be quite disconcerting; and speed controi was a
prime factor in down~rad1ng the Augmentor Wing 1n the SAS;if2 and
NO-SAS modes. On several occasions, the pilots were unadble to

recover from & high-fast situation in time to land.

As indicated on Figure 5.2-1, the EBF model also had a pfedominantly

upward thrust vector orientation; but the orientation retained a
constant, slightly forward inclination for smell speed éhanges
around the trim point., The pilots had much less trouble controlling
sveed, - A
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very important parameter, the allowable limits are unknown. TFactors

- effect on ¥. If the pilot chooses to convert the thrust.change into

The differcnces in the Augmentor Wing and EBF characteristics re-~
flect differences in the datae base available for the simulation,
ravher than fundaiiencal differences in Lhe powcred~1ifl coicepts,
see Section 1.0,

The thrust vector orientation can be modified, if desired, by using

vectored thrust, flap modulation, etec. WhileOIT is known to pe a

to be considered are discussed separately for the two control

techniques.

Wt - Control Technique i#1

7lq'¢§ 0 is typical for a conventional jet transport. A thrust in-
crease at constant attitude produces predominantly a forward accelerad
tion with very little vertical acceleration, Consecuently, thrust

can be used to produce an immediate speed change without an immediate
g rather than speed, he must change the aircraft attitude until the

thrust change is balanced by the change in the gravity'vector.

If the thrust vector also has a vertical component, thenAa thrust
changze will produce a éhangé in n, (hen;e,x ) unless the aircraft is
rotated.tp a new angle-of-attack, The maximum upward inclination of
the thrust vectér will then be determined by the acceptable limits
on the n, and 8 excursions asspéiated with throttle inﬁuts ofkfhe
magnitude required for speed-control. Both ride comfprt and pilot

workload should be considered,
The"lT<l&S° suggestion for Technique #1 is completely arbitrary.

The angle certainly must be less than 90° in order to produce a

forward acceleratiom, M 72 13° is known to oe satisfactdry from SST-
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simulaticn experience, For41T>h5° the throttle gives more flight pnath

response than speed response,

When contolling with Technique #2, a throttle input is used to initiate
a flight path change, and the effective %hrust vector is tiltz:3, via
pitch attitude, to control speced. Consequently, a vertical'thrust
vector orientation (7\T =.9b°) is probably satisfactory with this
technique, Larger angies (41T>9O;) would be undesirable because 6f
the deceleration thet would accompany & élimb command, The lower limit
is unknown. However, the technique has béen successfully used in con-
ventional aircraft when on the back side of the drag curve, In this
case,M 7 corresponds to o plus or minus tﬁe inclination of the engines
relative.to the ®{ reference line. The Suggestedﬂ\T7l3° may te &a
little on the high side, but provides for a conversion of 20% of the

thrust change directly into n,; (i.e,, sin 13° = ,2).

5.2.3 Control System Tested
This section does not contain any criteria; but describes fﬁé éontrol
systens used in the current Sﬁudy. Representative response time histories are in-
cluded, |
" Two powered lif@.configufations were flown:
o Augnentor wing |
o  Externally blown flap

Each was flown with no stebility and control augmentation system (SAS) end

with two different conceptis:

o  SAS #1 - for use with Control Technique #l
0 SAS #2 - for use with Control Technique i2
SAS #1 employs automatic flap and thrust modulation to force the STOL
REV SYM ' : BOEIAE |ro. D5-40L09 N
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aircraft to respond more or less like an airplane, whereas SAS #2 improved the

N s ams PR ' 3 . A
natural response oi the STOL so &s to improve controllability with Technigue %2.

5,2-8 and 5.2-9 arc simplified block diazrams of the two SAS corcepts. Note

that both systems have atfitude feedback and integration in the column command

path,

two types of SAS., Note that:

how SAS #1 used these controls to:

Figure 5.2-7 zives & verbal compaxisun of the systea tvested. rigzures

Time responses are presented for the Augmentor Wing aircraft only.

Figure 5.2-10 compares the response to column and throttle inputs for the

1,

2.

The blowing tarust ( AFB) end suxiliary flap (S ayx) time histories show

o]

‘For a throttle input:

maintain Ae/A% = 1. Following the initial flap extension, feedbacks

+

For a column innut:

o  SAS #1 produces a § change while holding speed, and Ae/AY¥ = 1.

o  SAS #2 produces a speed change while holding ¥ .

o SAS #2 produces a {§ chenge while holding speed.
Ao/ A¥R -.5 (non-linear, depends on trim data, see Fig. 5.2-3).

o  SAS #1 produces a speed change while holding ¥.

quicken the n, response, Feed-forward paths from the column were used
to command an immediate thrust increase and flap extension for an aft
column step., These combined DLC effects were greater than the elevatox
downlocad, so there was no initial n, reversal,

were used to retract the flaps as the maneuver progressed; thereoy

compensating for the increased lift which resulted from the increased

S thrust, The steady state thrust increase was, of course, required to
x
§ hold speed as § was increased.
g  Both of the systems were experimental in nature, and neither was optimized,
g | Y, : .
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e e o ey

The systems were quite uséful for making parametric variationé in ccntrol
characteristics, Due to the linmited time availéble, véry few of thcse.va;iag;oﬁs
ould te tested and most were Canentra‘éﬁuCﬁ QAS A1, The most significant nura-

netric variations were:
o 'z:nz, the load factor response time constant, Within this docunent,
I:nz is defined as the time elapsed from'thevinitiation of the conirol
'inbut until n, reaches 63% of the first peak magnitude. Figure 5,2-11
‘cémpares responses for the quickest (YTnZ ﬁf 5 sec) and most
s}uggish (anzt:2.0 seq) values tested, The véfiations,were achieved
primarily by changing the feed forward gains from the coluan to thrust|
and flaps., The sluzgish response was satisfactor} for glide slogpe
coﬁtrol, but was definitely unacceptable for landing on a shért run-
way from a steep glide slope. The'quick response was satisfactory
for abproach and landing. |
o Ao/AY¥, previously defined and discussed in Paraéfaph 5.3.2.
| Figure 5.2-12 compares & response with ‘AQ/AX= 1.4 to the fwo
AO/AX= 1 responses previously shown on Figure 5.2-;11. Valués of
Ao/A¥ = 0.5, 1.0, and 1.k were tested by varying the gains tosthe
auxiliary flapé.‘ The pilot favored the onﬂAX= l.ﬁ value for glide
slope and flare controllability; but remarked tha‘ it produced a
cockpit vision problem when large flight path chanoes (including
flare) were made, The Ao/A¥ = .5 conngura‘c:.on was def:.c:\.enu in

that there was insufficient 0 lead information for control.

Ot 4100 7740 ORIG.3/7}
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5.3 Piteh Control

5.3.1-‘Pitch Control Power

Criterig: The pitch control power available from & mawimun column input

-shall meet the most severe of the requirements stated in Sections 5.3.1.1,
5.3.1.2, or 5.3.1.3. The static balance requirements (5.3.1.1 aund 5.3.1.2) and

maneuvering requiremenis are not additive, However, if the airplane is un-

Q

stable with respect to'éngle of attack changes, it mgst e demonstrated that
sufficient control power is installed to provide a restoring momept at the
maximum angle of attack that could be reasoﬁably expected during avusive tyve
maneuvers, In this case, there would be a stability augmentation control
power requirement in addition to the static balance reguirement,

Discussion: Regardless of the augmentation system or the pilot control
technigue employed, pitch control power ié required to assure a static balance
of the vitchirg momentsxresﬁlting‘from-expected'perturbations from the trim
point, These reqﬁirements.are stated in Seétiénsl5;3.l.l and 5.3.1.2; and -
include the moments resulting frdm gusts, |

In addition to the static balance requiréments, there are pitch confrol

requirements whigh are dependent on thé control teéhnique employed; i.e.,
vwhether © is used to control ¥ or V. These requirements are stated iﬁ
hSection 5.3.1.3.

The static balance and control requirementsvare specified as being non=-
edditive ﬁecause the static balance requirements include the most severe up-
setting moments that could reasonably be expected.in stillvair, combined with
the maximum upsetting menent ekpected in turbulence, Since veak gusts afe of
short durstion, it is considered unreasonzole to apply maneuvering require-
ments in addition to the requirements for static valance in turbuleﬁce.

If the unaugmen%ed airffame does not have.a stable static margin, the

control power requirements will probably have to be increased in order to

Ot 4100 7740 ORIG.3/71
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load factor:disturbances.

D1 4100 7740 ORIG.3/71

Preclude uncontrollable ﬁi cn—up during abusive maneuvers such as COlll ion
avoidance,
5.3.1.1 #tatic Balance Ous Of Ground Erlects

Criterie: With the £rim set for epproach, the pitch control mnust be able
to provide a static balance, out/of ground effects, of the pitching moments
resulting from any allowable thrust change combined with speed changes in the
range from stall warning speed up to Vapp + 15 kts, combined with a step
gust from the most critical direction with & velocity of three times the Ri3
velocity of the design turbulence (3<$>gust), corbined with either of the
following: |

o) any allowaple configuration change, or

o tufﬂs and pull-ups to stall warning,

When mterpretlng this rcqulremcnt s condltlonn such as tnrust reduction
or flap retraction at VM need not be conoldered, as these are not "allOV”Dle
inputs., Allcwable inputs are gear and Ilap retractibn for go-around, etc,

| Discussion: Configuratioh changes are not combined with.the turns or
pull-ups because configuratién changes are normally made in 1 g flight, and the

speed variations required should assure an adequate control margin for small

Maneuvers to stall warning are specified rather than to "stall"
(6{me’ etc,) because it is unlikely that a 3o~ gust would be encountered in
conjunction with & naneuver outside of the normal flight envelope,
5.3.1.2 Static Balance in Ground Effect
Cviteria ®

With trim set for approach, the nltch control nust be able to provide a

static balance, in the most adverse ground effect, of the pitching moments

resulting from the most adverse comolnatlon of:
o angles of attack up to o = o paxe? and down to the lesser of o ppproach
T gGround Roll
REV SYM - - BDIEIFIE |no. Di=10109 N
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“shaker" (®y,p.m) in order to prevent a hard landing, ~The requirerent for a

0 speeds in the rarge of Vi, to 1.1 VApp

+
w

0

o Thrust in the renge fron flight-idle to go-around thru

e A ——pa it rad ¢ Vo

- . . T " - .
Discuzcion: During o late flere, the pilet may contrcl into the

static balance of pitching moments to D(Max assures an excess of control power
at "stick snaker". Control canability to the "geometry limit" was not specified
because the D(x.-.a;{ requirezent is more severe; i.c., o may exceed & N ‘o
v = o . Geomeiry Linit
when the aircraft is descending during the flare.
5.3.1.3 HManeuvering
Criteria: With the aircraft trimmed for aeporoach at approach speed, the

pitch acceleration resulting from a full aft column step shall be.within the

satisfactory region indicated in ‘che sketch helow,

Aelsac. >/ 5 bee

AanWMN * 1/‘ (8 & o= /s

STER
0

SATISFACTARY AD
FOR ROTH CONTRQOL,
TECHNIQUES

CoMN STEP

0 esdd Tow
SATISFACTORY
FOR. CONTREQL

TechrNIQUET2

hczosscvze. <_' 8 sec

UNSATISFACTORY

The An, and 6 terms refer to the initial peak acceleration (at t & O)
resulting from a column step input. The Anz tern includes the change in lifﬁ

resulting from actuation of the elevator and direct 1ift control (DLC) devices,

; For an aircraft intended to be flared by means of column inputs only
% (Control Technique #1), © nust be adequate to provide a positive rate of climbd
g (f.x) increment within 0,8 seconds after an aft column step in;nut of the
g ‘
REV SYM : " BoEsr gz |no. DE-50509 3
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magnitude normally used for flare, The effects of DLC devices should be in-

oo 2
cluded in deterwining the 68 requirement,

ve /

ct

the DLC cepavility, it mus
possiﬁle to achieve a 3 dégree ettitude chénge witiiin one second after a full
aft coluan step. : ‘

The s.requirements apply with the eircraft trimmed for symmetric flight,
but controlled into the most critical steady sideslip required for engire=-out
or crosswind conditions,

The rquirements should be satisfied in the most severe ground erfects
encountered at altitudes down to 1/2 of the nominal flare altitude.

Discussion: Pitch attitude changes will ve required either ﬁo contrel
flight path (Technigue #1) or airspeed (Technique #2). Requiréments for the two
techniqﬁes will oe discgssed éeparaxely.

Techniocue #1 - One fundamental requirement for satisfactory flight

~ path control is the sink rate crossover time (tfl), defined as the time required
to achieve & positive change in rate of climp following an aft column step
input, TFor a conventional airplene with elevator control, the crossover time

is usually approximated from ’ -

1 - Co
£ty = 6 lyy &z‘ﬁ .
h FSCyl €Cmg

e

For the more general cases of an aircraft th powered lift effects and DLC
surfages, the Cpx and tbe Cr, gc/CmSe terms can be modified to include these
effects, With a little manipulation the crossover time equations can be

solved in terms of the 6. required to produce a desired tj as follows:

A .éc = o b a Aq\% Corumn STE EQqNi- 5.3
Seee ) Na /o - -
where all DLC and blowing effects are included in theAri}, and n;/{ terms,
REV SYM - ‘ A?dZﬁUUVZ:'No.DQ_houQQ €>_
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As discussed in 5.4k, ts & .8 sec. is desired, After decreasing t! by

I

the emcunt of anticivated control system lags, the required © can be computed

e e ~vy e e I ] » . -~ ‘. o I
from egquation H.3.2.3. Iote tha iz negative for an elevator,

_ Y2onlimn step
vhich requires a positive E;:, I7 DLC is used, Anzlcolumn step could bocome

zero or positive, In this case, the A@l seec =.3 degree requirement would
apoly.

The AOl sec = 3 deg requirement is based on the following:

o Consistent with Table 2.i of Reference 7 which recormends .G"fjl{ = ,05
- .2 Pad/Sec? for STOL and 'e}m; =,1 =,k Ra.a/Sec2 for hover.

o] Necessary in order for é to lead n, with the recomzended n, response

" time and 6/¥ ratio. (See 5.2.2)..'

(o} I;Ziequate for flare, Somé STOL aircraft may require large attifcude
éhanges during the fiare to arrest the sink rate and to avoid striking
the nqée gear, The reqﬁired .Q._ would depend on‘ the configuration,
but © &= 6 cle-;-;/se_c2 does not appear unreasonadle.

In the preéent study with a system that uses DLC Vto meet the crossover

time requirement, it was noted that a maximun pitch a.cceleratidn of 3 de‘g/sec2
wes used by the pilot to flare in turbulence, However, an additional .é ine

crement to account for speed deviation below a.pproéch speed is desirable,

Technioue #2 - When © is used to control speed, rapid © response is re=-

quired to achieve adequate speed response. | In éddition, it is necessary to
control the thrust/pitca interactions and to rotate in the flare. The ©
requirement_s for STOL operation using this technique are expected to be similar
to the VTOL requirements of References 7 and 8, |
The Reference 8 requirement for A6y sec 2> 3 deg was used since this
format includes the effects of control systgm- lags, Assuming no la.g.;s and a
constant acceleratioh for the first. second, 'é > 06 deg/sec,2 would be required;

which is consistent with the .1 to .3 rz‘:v.d/sec2 requirement of Reference 7.

REVSYM BOEINS |no. D6-40409 N
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o0

During the current study, one configuration was flown (with Technique jip)

for which control power was limited by the column/clevator gearing to
Trhe pilot used full cclumn when evlempting to hold aira

in turbulence, and felt the control vower was inadecuate,

iy
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‘may contain shaping functions, The nZ/SCol' re_ciuirements will establish the

D1 4100 7740 ORIG.8/71

5.3.2 Pitch Control Sensitivit]
’ o
Criteria: Pitch control censitivity in terms of Q/é;ﬂol snould meet the

ped e 3 - 14+ - E4 gy e degnd o 4 o
requirencnts set forth telow, with the edroraft Yrizmed for appreach av tie

1]

aporoach speed,

Control Techniocue #1 -~ Pitch control sensitivity should be set to nmeet

the @ requirements of 5.3.1.3 in combination with the nZ/gkkﬂ_reqpirements of

5.4.3.1.

USRS

Control Technicue #2 - ©/§ o1 2 3 (deg/sec?)/inch is recuired.

Discussion:

Control Technigue :#¥1 - In a conventional unsugmented airplane, pitéh
control sensitivity is determined by the column/elevafor gearing. As discussed
in Reference 3, the rclatj.onsllip between 29./5(:01 a;nd n./§ Coy Tor a second order
representation of a stable airﬁlane is defined bj the short period fregquency
(wnsp) and the ioad fector response to Ok (ny/d ), i.e.,

9 x Scol_ ~ U)v:z‘.:,,,

SC@\. M% - M% /d\

e nd

When augmentafion systems are used, the response to control need not be
second-order; and the initial acceleration can be controlled indeéendently'of

-

the steady state load factor. Both the command paths and the feedback paths

steady state gains., Direct lift control and elevator gearing can then be.

traded to meet the initial 6/& ) requirement,

Control Technique #2 = The 8/&(,; requirements for STOL flight in this

mode are expected to ve similar, but a little less severe than VTOL hover

requirenents, As shown in Reference 8, longitudinal acceleration during hover
can be approximated from the change in inclination of the thrust vector; i.e.
Ak = -q 6 - °
REV SYM | - BOEIN & luo. DG-40L09 _)_
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STOL aircraft operate at speeds well above hover, and a significant
longitudinal force is also ovtained from the change in derodynamic drag:
(CDo(‘ DW).  In eddition, the STCL task pormally ;@quires holdirz the airspeed
as oﬁpozed to the VTOL requirerent for guickly changing airspeed in order to

' [ 2

translate or stop over a desired area, Consecquently, the Q/{Col requirsment
for STOL was chosen to be & little lower than the Reference 7 requirement for
VIOL, and to meet the minimum control power requirement of 5.3.1.3 with abous
& 2-inch column deflection, »

In the current study, 3/{001 sensitivities of 0.8 deg/sec2/inch and
3 deg/secz/inch wzre tested with systems desizned for control technique /2,
With the lower sensitivity, the pilot used full column (6 inches) when etienmpt-
ing to hold airspeed during a flafe in turbulence; and downrated'the systen
due to inadequate controlApower. 'With‘the higher sensitivity, attitude

response was considered satisfactory.

REV SYM - | BOssAE | no. D5-10109 >
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2.3.3 Pitch Rate Response

Criteria: Pitch rate response to a colurn step input should ve generally
cqmp§tiblp wi;h *uc xzdoubuuy &uu ude*Ab ;gqullegwngg of Fne'lOQthQQ%DaL
dynemic ‘stavility criteria ol Scction 6.2, herein, Howevér, it i§ not
necessary for the pitch rate responsé to be second order, orovided it is
smooth and hes no unusual characteristics that would detract from controllability
or p“"ﬂengér confort. The response shape sxetched below is considered to
revresent a desirable resronse, and is presented as a guide,

Control Technioue #1 - For & wings-level pullup conducted at approx-

imately constant airsveed; and with nz/d typical of CIOL transvorts at landing
epproach, the pitch rate response to & column step should have the character-

istics indicated velow:

At lsTPEM( <2 SEC < t.l';T PEAK. Né_
Poren RATE

SpEen-Fived BRESPONSE T‘og
Mm“CQLuMﬁ{STFO” o

1.8 - I
C?/ % OVERSHOOT
QSS S50%
1.0 -+ . : Y
' INITIAL @ PER EQUATION 4.3.1.3 §
i _y . AB
0.5 - Qs = ss* Ay
o | 1
- a A
+ ~ SEC
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v criteria for the response to external disturbances. However, there is nd

_ reason to require the control response of an augmented aircraft to approximate

Control Technique :¥2 - The pitch rate response to a column step inpub

should be similar to the response shown above for Technique #i, except:

.6 thke recquirement apﬁlies with sneed Yaryipg_i_.

o thé initial Q and Qgg requiremenfs do noé spply.

Discussion: Unlike the case of a fighter gunnery task where precise
attitude control is important, per se, attitude control during landing approach
is importént only as it relates to the ability to control speed and flight path,
Consegquently, the response must be quick enough to give good sink fate control
(Techniqﬁe #l)_or airspeed control (Technique j#2). Yet it must be suffiéiently
smooth and predictable so thﬁt the pilot can put the nose approximately where
he vants it and kéep it there whilé waiting to see‘if he gets the'degired
réte/speednfesponsé. |

Pitch response criteria for airplangs'are frequently defined in terms
of the frequency énd dermping of an equivalent second ordér systenm which
represents the pair of rooﬁs (reai‘br éomplex) doniinating the shoft term angle
bf attack respoﬁse. The equivalent second order éystem requiremeﬁts of

Reference 8 have been prescribed in Section 6,2, herein, as dynamic stability

a second order response if a better response can be obtained by épmmand
shaping..‘The design criteria used for tﬁe Supefsonic Transport control system
approached this problem by defining an aliow&ble pitch rate resvonse envelope
and a desifed responsc shape for several flight conditions,

Control Technique #/1 - The desired response shown for Technique i1 is’

similar to the SST low speed requiremeht, which was shown to be near optimum
for that vehicle by extensive fixed-base simulation studies., However, the
optimum shape is a function of several configuration-dependent variebles, in-

cluding n, /A and the effective tail length, These two effects have been
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.
partially eaccounted for by prescribing an initial slope, @, that will sive g
satisfactory sink rute crossover tvine,

Control Technioue #2 - Since attitude changes are not recuired to

h crossover time, and the relationship of Q to K: do not apply. However, g

fairly quick attitude cihange is required for good speed control.

Current Study Results -~ The shape of the vitch rate response waf
similar for both control system concepts tested, It can be seen from Figure

5.2-11 that the pitch rate response criteria recommended herein were not met

o  the ovefshoot was less than 50%

o with SAS 41, the first peak of X-occufred prior to the first peak

of Q (this wes achieved through powerful DLC)

While the pilots felt the pitch response was generally satisfactory,
compliance ﬁith'the criteria would probably have corrected two of the |
reported deficiencies: | | | | |

ov_ nore atfitﬁde "lead" information was desired for flight path

control with GAS #l

o attitude control was considered sluggish with SAS #2.

D1 4100 7740 ORIG.3/71

L - .
initiate £light peth cheanges, the initiel Q requirement to cbtain the desired:
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5.4 Flight Path Control

5.4,1 Glide Siope Control Power

5.4,1,1 TIncremental Hormal Acceleration

Criteria: The load factor available at stall warni@g shall equal or exceed
the greater of the values shown below. The requirément applies at apprcach
speed, in free air, with trim sef for approach, and with a thrust setting not
exceeding the thrust reqﬁired for céﬂstant speed in the maneuver.

nzglide slope >/ nzflftré ~ fsee 5.11-,2

NZo9ide slope = x +.1lg
cOS
, max
where
Buax = 25 Vapp = § required for )lr’-- 3 ©/sec turn rate @ V = 1,15 Vppp
(Deg) (Knotts) : ' ‘

Discussion: The sbove criteria are ‘sinilar to the vertical flight control
requirements of Reference 7, but diLIer in several respects, The n, re%ylre-
nents stated above refer to the capaolllty at stall warning at the trimmed

thrust setting, rather than to the maximum n, available at meximum thrust.

This was done to assure_that stall ﬂarning would not be encountered during

pormal maneuvers at the power settings normally used in those maneuvers,

"Normal" meneuvers for landing approach are shallow turns and the landing
flare., The load factor increment requifed for thrﬁs was snecified in terms
of the turn rate, so as to prov1de a ratlonal varlat1on of the n, requirement
as a function of approach speed., The choice of a standard 3 deg/sec turn rate

at speeds up to 1.15 VAPP is arbitrary; but the resultent bpank angzles appear

E reasonable, Note that the maximum requlred vank angle is 30 degrees at a
% 120 knot approach speed, which is conqlstent with current CTOL operatlng
2 practice, During the current study, the pilots felt uncomfortable when the
E bank angle exceeded 20° at 80 knots, which correlates exactly with the criterie,
5 4
i . 3 ,
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The arbitrary allowance of .1 g was e.dcléd to the steady turn regquirement
to account‘for typical perturiations about the nominal valde.

Unlike Referenca 7, ro distinction is made betwsen the n, resuliing
fro;-'.m thrust and the 'nz due to o( s It is ‘elt-t‘navt:t.le' baé,ic requirement is to

have sufficient ny capability, regardless of the neans of obtaining it; and

that a criteria presented in this manner will be applicable to any configuration

from & pure airplane to & pure vectored-thrust machine,

. 5,4,1,2 Incremental Flizht Peth Angle

Criteria: Considering the design glide slope under no-wind conditions to

be the nominal flight path angle ( ¥ ); the constant-speed glide slope ‘modulatior

capatility shall not be less than the following: |

Steeper: C AY= - 2° @Vpp, + 10 kts
. , _
Shallower: ' DAY = AKstin Air t A3 Design Headwind
where: | A},’ Still. Ajp = the greater of:

o +2°@ VADp - 10 Kts
¥ in degrees

o 20 (3B/2V) @ Vpy, ~ v in xnot
: : in knots
‘ V.
omd OY = ¥ x -vind
Design Headwind. 5 VApp

Discussion: When approaching on the back side of the drag curve, the
abiliﬁy to make glidé slope correcticns becomes‘a strong function of the speed
deviations and tﬁe slope of the ¥ vs V curve, The ANY¥= 12° criteria of
References 5 and 7 have been modified to account for 10 knot speed variations
frgm the ayoroach speed.

This requiremenf was established by limiting flight-idle thrust end
maxinum thrust, and réquiring thé pilot to recapture the glide slope from
high/fast end low/slow conditions. Glide slope déviations of 0.7 degrecs,

combined with 10 knots speed deviations, were chosen arbitrarily., The pilot
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- an altitude of 500 feet.

- to current CTOL transports. This requirement will probably set the positive

D1 4100 7740 OR!G.3/71

felt that deviabtions of this magnitude represented realistic worst cases for

attempting to salvage a bad approach, provided recapture was initiated zbove

The thrust limits tested aré shown in Figure 5;&—1, along vith the pilos-
comments., These comments apveared to substantiate thne A){: ;22‘5 requirenent
if the [&E{capability was measured at the limits of the speed deviations,
Figure 5.4-2 shows the thrust limits corresponding to the recommended criterig.
These limits were then tested in turbulence (RIS = 6.5 ft/sec) and in head-
winds and tailwinds with wind shear,The pilot flew a normal approach with no
intentional oifsets. The linits were’fufther verified by trecking.a 1°
éteeper than normal glide slope.on instruments to an altitude of 100 feet at a
speed 10 knots below approach speed; and thép recovering from this situation
to flare and lénd on tﬁe TUNWEY o | ”

A tailwind allowancé was not edded to the "steeper ¥ requiremént
because the required descent cepability may be a prime factor ih selectihg
the flight-idle thrust setting., _It is desirable to keep flight idle as
high as possible on powered lift configurations in order to minimize the
likelihood of'ihadvertent stalls‘résulting fron thfottle aouse., The A¥= -2°
requirement will handle exﬁected tailwinds on a good approach at typical
STOL speeds, Failure to regain glide slope from a high/fast situation in a
teilwind will result in a go-around; but will not cpmpromise safety,

The case of headwinds is entirely different in that headwindé are the
rule rather than the exceétion, aﬁd the ébility to reédin glide slope from
a iow/slow situation is mandatory for flight safety. |

The requirement for a positive AX capapility of at least_ 20 (aX/a V)
was based on a prior unpiloted response study of recovery from longitudinal

gusts, The criteria are intended to provide a recovery capability comparable
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SRR S

b‘gcapability for very unstable valwes of al’/av whereas the AY = +2° yo_
quirement will precdeminate at wmore stable values, For the configurationz
tested in the current study, syproximately the same AXcapability resulted
from both criterie, )
\
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5.4,2 Flare Control Power
5.4,2,1 Incremental ny

Critariar Tha Joad factor (n ) availeble at. siall wnrning shall not b

-

less than tne values shown below. The requirement applies at approach Speed,
with trim set for avproach, with ground effects corresponding to the altitudes
shown, and with a thrust setting not exceeding the thrust required for constant

KT

speed in flare,

.2 4

VToL Cetelin

PresenT STubY

l.o-

o s to s
“.\ ~ k,‘cc ) Sk RATE

Discussion of Recguirement at Flare Altitude: CTOL transports typically

have & 1,3 g load factor (n,) cepability in free air, at stall warning, at

approach speed; and the n, capability tends to increase in ground effect., This

flare n, capability results from the approach speed margin which is selected to
satisfy several requirements, and exceeds the n, normally required for flare
: \
of & CTOL plane. |

STOL tranéports approaching at sink rates comparable to CfOL will use
higher.flare load factors due to the more ébrupt flare required by the closer
proximity between glide slope transmitter and the aim point, The STOL flare

requirement is less than current CTOL transport capability because it reflects

only the flare control requirement, independent of other aprroach margin
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conéiderations.
The flere requirecment is presented aska’function of approach sinX rate fgo»
three ressons:
o To blend into the VTOL heizht control reéuirement of Refercnces 7 &
o To be consistent with the n; = 1.1 g requirement for glide slope
control at nominally constant sink rate .
o To reflect the increased load factor requiremenﬁ for arresting the sink
rate as Vppp and/or ¥ App are increased. |
As discussed under Section 5.4.4.1, n, control in an airplang or STOL
aircraft is énalogous to vertical path control in a VIOL., In both cases, n,

is used to control sink rate, The n

, required to flare depends on the sink

rate change required, énd the time avéilable to make the change,
- The VIOL data on Figure 5.4-3 indicate that the n, reqﬁiiements increase
as the vertical danping, 2z, decreases, Reférence 8 points out that, for a
VIOL craft,
= e G- ) S

vwhere wo represents the vertical“velééitj, h. Sihce (T/W-1) is the seme
as anz for a VIOL, a line of constant sink rate is & straight line in the»zw
vs n, plane, Slopes corresponding to seve;al sink rates arevshgwn on
Figure 5,4-3 for reference., When these slopes were matched to the pilot
opiﬁion date of Reference 8 as shown on Figure‘B;h-3, the requiremeﬁtélappéééed
to support the pronosed variation of Nz 4y are with sink rate, although the levels
requiréd were a little less conservative than those of this.section.

The flare load factor was recorded during all approaches, it was found
that Anz rarely exceeded .2 g in the flare, The ma.x:.num o‘oservéd was .25' é.
The current study was conducted with an 80 knot approach speed on a 6'degree

glide slope, which gave a sink rate of 14 ft/sec,

As sink rate is reduced, the load factor requirement is also reduced.
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Discussion of Deauirement in Ground Effect: Proximity to the ground can

greatly reduce the maximun lifﬁ cap&bility.of o powered lift STOL eircraft.
It is_concei#aﬁle tﬁat some éonfiguxation could meet the ny reguirement &
"flare initiation altitude, but be unuble to sustain ;'flare to touchdown.

The intent of the n, requifement in.ground effect is to assure the capa-
bpility to cohtrol sink rate throughout the flare, and to assuie that an under-
shot approach can be "dragged" up to the runway. Neitner would be possidble if
the esircraft dees not ﬁave ann, > l g capability. Since this requirement mignt
be critical in sizing the powered lift systém, an experimeﬁt was conducted in the
current study to determine the minimun n, reqﬁirement as follows: |

o the 1iTt capability (inciudiné_éll thrust effectg) was limited to

a 1.05 g capability atlappéoabh speed,

o the simulator was set up over the threéhpld of the long (10,000 ft)
runwey with a 6 ft/sec rate of deséent, vhich was the.nominal sink
rete desired for touchdown. |

o} the pilot overflared from this condition and made a porpoising Ily-
by just above the runway, setting up and-recovering from conditiéné
typical of misjudged flarés. Control Technique #o wes used, Vertical
speeds of +5 ft/sec were typicai; ’

o] the experiment was repeated several times, The strip chart recording
of 1ift coefficient showed that thé 1ift limit was being encountered
during conditions whigh the pilot felt were realistic worst cases,
and for which the 1lift capability felt marginal,

Fiéure 5.4-3 shows that the results of this experiment correlate very

well with the results of a prior moving base simulator test of VIOL height

‘control requirements, As previously discussed, the required n, capability

is a function of Sink rate,
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5.4.2.2 Incrementel ¥

to flasr»e from the approach X

o

ground effect,

Discussion: While

misjudged approach.

chosen so that the criteria can be net,

landings from such apmnroaches,

Criteria: With the aircraft trimmed for approach, it should b2 vosziiin
plis E) & iole

configuration end the approach epeed. The requirement for sustaining level

flight should be net in free eir and at the altitude for the most adverse

STOL aircraft will not normally be flared to zero sink

rate, the capability to do so is desirable to avoid landing short following a

This requirement apolies to all vieble landing confizurations, including

one engine-out appraches waere the selected approach confizuration must be

all-engine epproach, a subsequent engine failure requires only that the landing
be completed and that the go-around requirements of Section 3.3 be met., The

field length requirements of Section 3,6 will cover the possibvility of short

Once the airplane is committed to an
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5.h.3 Flicht Peth Control Sensitivity
Criteria: Column and throttle sensitivity shall not limit the maneuver

capavilily or performence oi the aircraft, and shall not result in undesirable

handling charecteristics, Specific requirements are:

Control Technicue #1 - Pull forces and aft deflection of the column should ve

required to nrainteain increases in normal acceleration, The desired column
sensitivity is oo
nz/gcolz 0.1 g/inch

ased on the steady state ny during an essentially constant speed wings-level
pullup, The nominal column deflection reguired to sustain a standard 3 deg/sec
levlel turn should not exceed half of the e._va.ilable column deflection, and should
not require column forces in excess of 20 1b (inclu nz breakout),

Increasing nose-up vitch rate should be required to maintain increases
in normal acceleration., The desired sensitivity, in terms of AO/ISX .is

specified in Section 5.2.2.

Control Technigue 72 - .'Forward thrdttle deflection should be required
to maintain increases in n, and ¥ . The desired sensitivities are:
nz/8co1 <& .1 g/ inch
n,/ 8oy, = 0.1 g/inch

based on the first peak of the n 'response to a control input,

Z
Pull forces and aft deflection of the colwmn should be reguired to maintain
increases in nose-up pitch rate. Transient vitch rates during ﬁhrottle inputs
with the column centered are allowable, pro‘nded the resultant avtitude change
is in the direction recuired for holding constant alrspeed Column sensitivity

should meet the pitch ecceleration requirexnents for Section 5, 3 2, and the level

turn requirements stated avove for Control Technique F1,

D1 4100 7740 ORIG.3/71
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Discuscion

Control Technicue i*1 - The optimum column sensitivity end feel spring

gradient depends on several fa;turs,kincluding vrie aircraf@ response
characteristics and the séatic mistrims (e.3., gear and flap extension) that
must ve controlled,

The nz/é col™ .1l g/inch recommendation is typical of current CTOL
airpianes (for landing apvroach), and was used during the current STCL simulation
study in convination with & 5 lb/inch feel spring gradient, Since thé Ny
capdbilitj during a STOL approach will normally be less than O.B'g, the
.1 g/inch sensitivity will not limit the flare capability.

The sensitivity is specified for a wings level pullup, and will normally
be less then measured in a steady turn, particularly if the SAS uses a high

gain pitch rete feedoack loop., The column foree and deflection limité for a

~ level turn are intended to assure an allowance for control in turbulence and

to minimize the need for retrimming in a turn,

Control Technioue 772 - .In this mode the column is used to control attitude
primarily for the purpose of controlling airspeed. However, a transienf load
factor résponse may result from a colﬁ&n inpﬁt, end éhould rmeet the sensitivity
requirenments stated to avoid overconfrolling and éxcessive coupling of Speed
control (column) inputs into flight path. The nZ/STHL = .1 g/inch require-
ment was taken from the vertical velocity response requirement of.Paragréph 4,6
of Referénce 7. | ' |

Sensitivity requirements in‘this_mode were not studied during the current
STOL simulation, A confizuration considered marginally'satisfactory had
sensitivity-characteristics as follows: |

ny/&cor = ‘;05 g/inch

nz/gT}{L = ,0h g‘/{mch
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reversals,

5.4,4 Flisht Path Response
5.4,4,1 Load Factor and Vertical Speed Response

' PN - 4y iy S . yann? Al s
Critveria; DRegardless of the control technigue empleyod:

st

o The locad fector responce time constant,1?nz, shall not exceed one

second; where Ty, is defined as the time elapsed from the initiation

Rz
* . ! . ! yaee
of the flizht path control input until n, reacnes 037 of the first

peak magnitude

: 8 .
o) The vertical speed crossover time, tﬂ, shall not exceed 0,0 seconds;
+ is defired as the time required %o achieve a positive (upward)
where th

change in vertical speed follorln" a climbd comuand

Further requirements are:

Cortrol Technicue #1 - For a column step input at approximetely constant
girspced, the shepe of the n, response should be approximately:

o first order, or

o well-danved second order, with the overshoot magnit@de not to

exceed 107 of the steady state magnitude.

Control Technigue 772 -~ . For a throttle step input at approximately constant

airspeed, the shape of the n, response should ve smwooth and with no sign

Discussion: Flying qualit 1es crlterla for alrplanes normally do not specify
flight path response requirements, in addition to the short period‘frequency and
demping reguirements, vecause the flight path of en airplane is éontrolled via
angle-of-attack modulation, Powered-lift STOL aircfaft, however, have the
capability fbr producing large 1lift changes_through blowing modulation without
changing angle-qf-attack. High authority DLC surfaces would also pro&ide this
capability. Consequently, flicht path response critéria ére also reéuired.

Load factor, n,, has been used in definiﬁg the {light path response

criteria because the only way to change flight path angle is to change n,, i.e,
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.
§ =n,x (/)
If speed is more or less constant, a&s in CTOL and STOL approaches, sink
rate iz controlled by chanzing X .
In a VIOL landing,lsink rate 13 controlied throuéh n, directly. Hence,
n, control for & CIOL or STOL is analsgous to vertical path control for & VIOL,
It eppeers that the T:nz requiremepts are not dependent on the control techniqge
used, Wnile similar, the Y:nz requirenents for CTOL, STOL and VTOL ray differ
depending on approach coanditions and theinature of the flare task.
?or 3TOL landings on & short runway, & quicx load factor response in
the flare'is required for accurate control of the touchdown point, Current
study results indicate the np response must bve quicker for STOﬂ than for CTOL,
The requirements on the shape of the n, response are intended to assure
predictebility of the flight path, and a smooth ride,
Vertical speed crossover time was specified rather'fhan n, crossover tine
vecause:
o} ¥ cqntrol is the primaxry requiremént, although n, is used to qontrol
it | ‘
o the control system lag time, which is a part of the crossover tinme,
represents a different percentage of_the ng and ﬁ crossover timeé;
Using an h crossover criteria allows a quicker n, resﬁonse ‘o ve
used>to compensaté for part of the initial system lag time. .
Figure 5.L4<4 compares the recommnended c:iteria againfy the responses
of some of the configurations tested, .More complete time histdries are shown
in Section 5.2.3.
Study results arec discussed separatel& for the two cohtrol techniques:

‘"

Techniaque i1 - Load factor response requirements were studied using SAS 1,

The resul%s are shown on Figure 5.4-5, The study was begun with'W:nz Z< 2 secs,

and tﬁ 2~ 1,0 secs, This is more sluggish than desired for CIOL, but was
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attainable without a direct forward path from the colwan into the flaps ar,
J L 1

J16~047

enzines. The characteristics were satisfactory for glide slope conprol ani
for Jandings in still air on the lo rmummwey, However, rone of ube nilots
(211 werc extrermely compeient experimental test pilots) was able Yo land it

on the $P0Lport from a O degree glide slope. Cn the long runway, the pil&tg
could iritiate 8 more zentle flzre from a hizher altiﬁude. This type of {lare
could not be used on the STOLvort due to the excessive air distance consumed
oy such a Ilare, Uhen the flare was delayed to the eltitude necessary for

‘hitting the aim point, the response was so sluggish that: ,

o] the flare wes not completed, resulting in a hard landing; or
o] in attempting to compensate for the sluggish response, the pilots

used excessive column inputs, which resulted in ballooaing and
floating beyond the touchdown ZOne.- This overcontrolling tendency
can bé attribﬁted to the sluggish'nz resPonse; since'a 1arge‘77nz
givés 8 lerze X overshoot when the columh is released,.

By using a direct column input to the‘flaps and the thrust command, the
response was guickened to givezrhz P23 ;6 séc., and t%>-4= .6‘seb. With this
configuration, all of the pilots could hit the ain point zoné on the STOLport
aﬁ the desired sink rate; and a2ll rated the configuraﬁion as é 2 on the
Cooper Scale, |

Unfortunately, it could not be determined from the test results whether
the improvement in controllebility wes due primarily to the improved créssover
time or the overall improvement in the resvense time., The recommended criteria

were, therefore, arrived at by consideration of:

_ o Current test results, which indicate'Tfnz ='t£ = 0,6 sec is a littlé

S more responsive than necessary |

& _

g (o] Prior Boeing fixed base-simulator work regarding DLC systems which

g indicated t; <1 scc, to be desirable for cror,

o _—
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e e ey

e The Peference 7, Paragraph L,3 vertical flight peth control reauire-
-ments for aircraft reséonae
o The,RcTerencg &, Paragreph 3.2,9.3 (VIOL) recuirement Tor a
100 ft/min rate of climd within one Second following e climd
comnmand :
5.&;&.2 Thrust Response
Critéria: There are‘no specific requirenents .for thrust response,

However, thrust legs may strongly influence the capability to meet the n

7z
<

and tﬂ requirements; particulerly for systems designed for use with Coatrol

‘Technique #2,

Discussicn: Reference 7 specifies a meximum time conshant of 0.5 for
both the thrust response end the vertical aircra’t response (at cohstant
attitude) ddring STOL flare and touchdown. Reference 8vspecifies a mesxinun
thrust response time constant.of 0.3 seconds for thrust changes of [&T/W = 0,5
magnitude ddring CICL hover, but states no such requirement for STOL, The need
for emphasizing the propulsion system as an integral part of the flighﬁlcontrol
system of scome STOL aircraft is recognized. However, it is felt that there is
no more need.to specify the thrust response characteristics for a STOL aircraft
than to specify the elevator or the DIC surfece actuator resppnse character=-
istics, Insteéd, the approach taken heréin is té specify the desired tota;
aircraft response. With this approach, DLC suffaces can ve used, if reqdircd,
to compensate for thrust lags.

The effects of thrust response were investigated oriefly in the'current

study for Control Technique #2, The EBF configuration was used for the study,

z with augmentation limited to the pitch rate and attitude loovs of SAS £24
S i.e.,, no SAS inputs to thrust,
O .
a
REV SYM BEPEFRE | w0, D5=HOLOY >

PAGE 153




J15-047

D1t 4100 7740 ORIG.2/71

The VI'0OL hover data on Figure 5.1-6 were vsed in establishing the

References 7 and 3 reguirements for thrust response, Those data were obtained

b

in the Ames Neight Control simplator LY introducing 2 Tirst order lag between
the heigut controller and the 1ifting system comumand,

In the current study, engine dynanics were represénted es a Tirst order
la; between the throttles and the thrust outbgt. -Since the throttles were
used as the primary flizght path control; the experiment was similar_fo the
Reference 10 experiment; cxcept the task was a STOL approach, flare, and landing
task rather than a VTOL hover task., As seen from Figure 5.4-0, the current 3T0L
study results correleted very well with the prior VIOL study results in that
ginilar response times are required for satisfactory control. However, it
appears that longer response timés will be acceptable (though unsatisfactory)
for STOL, probably because angle-of-attack changes can be used at STOL speeds
to essist in initiating flight path changes. |

The nmajority of the current study was conducted with a thruét time

constant of one second. This thrust response, in conjunction with SAS #2,

gave marginally satisfactory flying cualities,
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5.5 Speed Control

A complete coverage of longitudinal control must include a discussion of

speed control as well as pitcn atvitude and tlignt path control. Specd controi

of the speed response to controller inputs, The present study produced very
little data to substantiate sugsgested criteria or to guide construction of new
requireﬁents. Further work is neseded in this aree to complete the definition
T the comﬁlete criteria sét. The following are offered es suggestions.
5.5.1 Speed Control Power
Criteria: It must be possible to hold the desirqd approach’spéed, and to

change speed as required to transition to CICL flights,

Discussion: While the requirements appear trivial, they are stated to
SRR 2 Py b4

draw attention to potential conflicts in designiﬁg_the SAS. The speed-nold
capability of the augnentation system should not be emphasized-to the exclusion
of the requirements for changin:; speed. | |

5.5.2 Spee& Control Sensitivity

Criteria: The speed controller shall provide direcet and rapid control of

speed,

Control Techniaque #1 - Forward movement of the throttle shculd produce an

increase in speed, while aft movement should produce a decrease, Throttle
position should indicate the amount of speed change capability remesiningz.
Throttle sensitivity in terms of longitudinal g's per inch is unknown.

Control Technigue 72 - A nose-down pitch attitude change should produce

an increase in speed, while & nose-up change should produce a decrease, The

AG/ DV requirements of ‘Section 5.2 should be met.

Discussion: The directions of speed control movement are conventional for

both techniques,

bal

reguirenents would include criteria for control power, sensitivity and the shnose

REV SYM  SB@EFAE o, 15 _Lolog N
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When using Technique :#1, the requirement that throttlé position shoulg
indicéte the speed coptrol remaining is consistent with current unasusmented
airplanes; end is considéred necegsary & & werning that the flight path
engle ig approaching values beyond which the trim speed can no longer 50
maintaired (stall or oversoecd warning).

When using Technigue #2, speed control requirements should protesly be
similar to VIOL criteria. e

5.5.3 Speed Response

Criteria: Unknown

=

iscussion: While>the criteria for & satisfactory speed response have
not been determined, the time histories in Section 5 ney be uSeful. Speed
control was considered:
0 Excellenﬁ with SAS 71
o) Poor with SAS #2 (slugmish, excessive attitude change required)
5.5.4 Stick force During Speed Changes |

Criteria: If speed is changed at constant flight path angle fromva trinred

condition, the slope of the stick force vs speed curve (excluding breakout)

should be in the fange -
o I/ vl 1 1b/knot
If the stick force requifed to maintain straight flight is other than
zero, & push force should be reéﬁired if speed is increased, and a pull forcé
should be required if speed'is decreased..

Discussion: When speed is changed, a pitching moment normally results

which rmust be balenced by the pitch contrecl to maintain straizht flizht,.

'Assuming that the stability criteria of Section 6,0 are met, a zero‘gradieht

of stick force vs speed is preferred and cen pe attained by using an augmenta=-

R

tion system with X feedback., If the aircraft does not use X feedback,

it will probably be impossible to meet the Section 6,0 stabpility critefia
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—— e )

without having a steble stick force vs speed gredient, The upper limit op
the stable gradient is taken from extensive fixed-base simulator studies or ..
Supersonic Yransvort,

While the precise value of the upper limit isvsomewhat arbitrary, the
pilots participating in the S5T studies egreed it was in the vicinity of
1 1v/xnot. The limit is stated to direct attention to the fact that excessively
stable stick force vs speed gradients can be objectionable due to the excessive
retrimming required during speed changes, end due to adverse effects on pitch

i

dynanics,

REV SYM | BOEINEG |no. D5=10409
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6.0 LONGITUDINAL STABILITY
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6.,1.1 Angle of Attack Stability 160
5.1,2 Speed Stability 161
6.1.3 Flight Path Stebility 161
6.2 Longitudinal Dynsmic Stability 162
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REV SYM EEEIL | no D5-50L0D N

PAGE

159



J18-0a7r

D1 4100 7740 ORIG,.3/71

5,0 LOLCITUDINAL STASILITY

6.1 ILon-itudinael Stetic Stavility

Pl a

Criteorias With fha moet nritical landing, for £ll atandy flizht condition

Pt

.,

at wnich the elreraft nizght be operated céntinuously, the aircrait should posscﬁs
the stability characteristics ocutlined below,

Discussion: As stated in Reference 7, "the primary purpose of stability
is to reduce divergences in airsypeed, attitu&e, or apgle-of—attack, which, if
undetected by the pilot, could result in an unsafe condition in the form of
either large attitudes or insufficient control for recovery."

The requirements pertain té continucus operafing conditions because the
pilot will normally be actively controlling the aircraft when outside these
condifions; e.8., Speeds below stall warning,

6.1.1 Angle-Of-Atteck Stebility

Criterie: If the aircraft is perturved from a trimmed condition by a gust
inpat witn colunmn and throttles rfixed, theré shall be.a tendency for 0(»to
return to the trimmed value, However, this tendency should not ve so pro-
nounced as to be objectionable in turbulence, If the aircraft is verturved
Tfrom & trimmed condition by & fiight path or speed control input, there should
be no tendency for & to change farther from the trimmed value after the coc#pit
controls are released;(except for momentary-d&namic overShoots).

Discussion: The inteht'of the requirement is to assure that the aircraft
will rot fly into a stalled céﬁdition if trimmed by the pilot and then left
unattended while his attention is diverted by some other task (e.g., navigation
problem, system malfunction, etc.).

Separate specific;tion of requiremenfs in response to gust and control
inputs is necessary to accommodate sopnisticated control sysﬁems which allow
the pilot to commend a new flight condition and then "hold" that condition

when the controls are releasecd., As an example, consider a control system,

; . ’ < /..l; l )
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desirned for use with Control Technique #2 whicn allows the pilot to increacse
= A

K at constant speed by pushing on the throttle, The angle-of-attack may

ST ke T T3 (RPN . s
I WLS Jgiiei g e Lo [PRER VRS

L
[N

decreeses dus £0 Uhe 1nereassd LITWIng {s¢¢ z
o safe situaticn, althouzh there is no "tendency for A to return to the
trimmed value" as is required for the gust input.: |
6.1.2 Speed Stability

Criterie: If the aircraft is perturved fromva trimmed condition by any
input except a cocmmanded srveed change and the controls are then released
(hands off), there shall be a tendency for speed to return to the trimmed
value, If perturved by o speed change command, speed should not diverge

teyond the commanded value,

ct

Discusasion; Thé-inLent is to assure that the’aircraft will not change
speed significantly from the trim speed if left uhatténded by the pilot.
Stick force vs speed gradients are not speciiied, While such gradients pro-
vide a convenient means for fliéht checking static margin, they do noi
necesSarily assure sveed stebility; e.g; a strong speed vs thrust instability
could offset the stable.static rmargin and produce a sPeed instability.
Further, stick force variation with speed is a nuisance when the pilot is
intentionally changing spéed and the requirement for it would praclude using
a stability augmentation system having a § -nhola capability. |
6.1.3 Flight Path Stability

Criteria: If the aircraft is perturbed from a trimmed flignt condition
by any input other than commanded changes in speed or flight path (), the

agircraft with cockoit controls free should tend to return to the trimmed K .

g If the aircraft is perturbed by a commanded chenge in speed (V), a
% staeble X vs V relationshiv is desirable; i.,e,, stcady state.reduction in
g speed should be associated with steady state increases in climp angle,
:
REV SYM BOESILE |vo. D5-110509
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However, an unstable 3 vs v relationchip is allowable provided the slope
EKVA*V does -not exceed the limits preseribed under Section 5.2.2.

B P e S O P LT T oL
- -

- &Y 2w FARTEERSS |
rmtr  dmid e dba -t wll wnladida o 4 P

I T o
villd ClhdCaetea v b

(steady siate) from the trimmed flight path 1f left unettended by the »ilot,
. AN
A phugoid @bout the trim.ed.‘x is accentable,
The slope of the 'X vs V curve relates to flight on the back side of

the drag curve as previously discussed under Section 5.2,2.

6,2 Lonzitudinal Dynamic Stenility

Criteria: If the aircraft is disturved by a gust input; or, during flighﬁ
tgst, oy & control input representative of a gust disturvance, there shall Dbe
no divergzence (aperiodic or oscillatory) in the aircraft response, In
addition, the frequency and damping of the pair of roots (real or imaginary)
that dominate the short term angle-or-attack response shall reet requirements

Qggggégiggz This reguirement is similar toAthc Reference O ecriterie,
except the resvonse characteristics have teen limited to stability (i.e.
l response to external disturbance) rather than control inputs. Response re=-
quirements of Section 5 should be met for control inputs,

As discussed in Reference 3, the Figure 6,2-1 limits assure a positive

paneuver margin,
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7.0 LATERAL-DIRECTICHAL CONTROL

avipr e e 0 8o e g gt e el S i 2w e N S P S e o~ : .,'.‘-' ey ey} Ny ey a
CEYOUYnluLiC CHGIACleEris Vit e &au 2000l Syscem, Sulliclient counrol LPOWCT wus

provided to pive pood handling cualities and allow adequate control of encine
Tailures, A lateral-directional stevility augmcntﬁtion systen, SAS, w&s pro-
vided to improve the Lasic wvechicle characteristics,

The fully augmented lateral-directional hdndling gualities were rated 1.5
to 2 (Cooper scale) by the piloté. The unaugmented charaéteristicé were roated
unsatisfactory to unacceniadle,

The control power was sufficient to make satisfactory approacheé and
landings in 30 knol crosswinds. DBoth the wing low, steady sideslip nethod,

and the crabved approacn with a decrab maneuver just pricr to touchdown, were

eveluated,

of large rolling and yawing moments due to an engine failure were simulated,
The lateral-directicnal SAS made these failures easy to control. Landings and
go-arounds with a fajiled engine were easily performed, and were rated satis-
factory by the pilots,

The selected criteria presented in this document are compatiole with the
purpose of the study was to investigate longitudinel handling cualities and
periormance requirements, no attempt was made to define minimum levels for
lateral-directional control., Therefore, the following criteria are based on
criteria recomzmended in the literature., Applicable results from the present

study ere used to supplenent these criteria,

— e e e

The present study wes nade vsing a linear nmodsl of the lateral-~directional

Landings and go-arounds witn an cngine failure were performed., The effects

optimun vehicle characteristics that were chosen for this study. Since the main

»

No. DC=40409
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7.1 Dirccticnal Control
7.l.1 General

$ Lo DL el de A0 a1 Aad e ;s R H A .
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rignt yaw, &and
Yaw control power shnall be sufficient to coordinate tdrﬁs, provide trim and
maneuver capability during steady side slips or with the most critical engire
failure(s), and provide sufficient control for decrab maneu?ers.
These criteria shall be satisfied from initially trimmed conditions
at the specified reference approach speeds and wind conditions,.

Discussion: The design of the directional axis is governed bty méneuver,

trim, and upset control considerations, For crosswind operation large rudder
—power is reguired for the decrab maneuver, The decradb maneuver also makes
significant demands on directional dynamic response because iS is done
immediately prior to toughdown.

Many STOL configurations'have large yeawing moments resulting from engine- .
out conditions, Trimming the roll axis often incregse§ these moments. The
yew control power nmust oe édequate to peramit sefe landings to te made ih the
wind envircnment that existed-when the landing commitrent was made,
7.1.2 Steady Sideslips

Criteria: Stéady state sideslips capability shall be the lesser of
25 degrees or sin™t, (30/airspeed in knots) et the reference epproach speed.

Diséussion: Thnese criteria are based on Reference 8. During low srneed
approaches_in cross winds arge sideslip engles may be encountered, Airlines
have reques£ed the capability to operate in 30 xnot crosswinds, Present day
short-haul transports do operate in crosswinds of this magnitude or larger.
Therefore, the criterion stated will give the STOL aircraft the saﬁe capability
as present day eircraft in the speed rangé abhove abodt 70 knots,

Below 7O knots the steady sideslip requirement has been relaxed. This

REV SYM BEEIrE |no. D6-10409 N
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hos been done to reflect practical design problems associaved with these low

]
landing speeds.

* s
HRCA AL RARE

.
1,3 Healdng Regponse:  Crosavind g G

LU ] AALIIS, L

Criteria: With the aircraflt initially in trimned syumetrical flight,

ade; -

he heading resvorse to an abrupt maximum pedal input shall ve within the rance,

e
.

10 deg 4; ZSWA”E.O 5;15 deg,  This shall te accomplished with fﬁe wingzs held
level at the referénce spproach speed,

Discussion: During an approach in a crosswind, airline pilots usually
crab the -aircraft to eliminate sideslip and maintain localizer track, During

flare and touchdown the pilot nust decrao the aircralt so that the aircralt

v]

touches down with low side velocity aﬁd with the aircraft ained down th
centerline cof the runway. For gdbd handling qualities, and for precise touch~
) - ‘
dowms, the pilot rnust be able to decrsd quickly befdre the side velocity
becomes excessive, He must also keep the wings reasonably level-to avoid
striking a naceclie, The prescent study showed tﬁ;t the aircraft could be
successfully decravped from an initial créb angle of 10 - 20 degrees with a
directional res?onse as low as [&q¢’¥ 10°, although Z&ﬁ0‘ = 15° was considered
dsecs Qdsecs
to be about optimuwm. Boeing STOL simuintor studies have snovm that tﬁe de=
crebp maneuver shculd be performed in é to 3 seconds and that Ax’¥t::z 1¢°
is a minimun level of yaw response for acceptaple operation,
An aircraft with a crosswind gear would not need this decrab capability.
7.1.4 Heading Response: Engine-Out
Criteria: The aircraft shall be able to safely décrab for landing in
g 30 knot crosswind with the most critical engine inoperative and th

reraining engines at the higher approach power required for continued landing

with one engine inoperative.

-
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v e ey

Discussien: If an cngine fails during en approach, below the critical

2
height where a go-around can ve performed without touching dowm, the »ilce

3 - -3 ey -1 -~ ey e 3y~ nee A= o - h N
will have to continue the apnroach and make a landinz. The landing neod not

oceur at zero craeh, dut rust ﬁe madé safeiy.
7.1.5 Go-Around

Criteria: It shell be possible to maintain straight flignt with one
critical engine inoperative and the remaining engines at maximwn power, at the

reference approach speed., A heavy turbulence enviromment shall be assuned,

Discussion: The airplane must be controllable with one engine failed,

It must e pﬁssible to apnly pover for go-around or mansuvering without
wandering oveycnd the confines of the landing apprcach corridser, Since the
landing commitment may be made before the engine failure occurs, a heavy
turbulence environment must ve assﬁﬁed.

7.1.6 Minimun Control Sopeed

Cfiter;n: t shall be possiple to maintein straight flight with a oank
angle less than 5 depreess with a criticél engine inoperative at V & 0,9 V app.
in the landing configuration. The power setting on the remaining enginés shell
be maximum power.

Discussion: The above requirements are intended to give a control margin

with respect to the approach sneed so that the pilot can verform a go-zround
following an engine failure. In the present study the following seéuence was
used to make a go-earound following an engine failure, After recognizing an
engine failure, the pilot errested the rate of sink énd apolied power, In
general, while verforning the go-around maneu?er following an engine failure,
the pilot selected full thrust and completed the.go-éround without further
throttie chanzes. As soon as the engines began to spin up he seleéted.go-
around flaps and began to climb, The pilot was able to maintain spéed during

the level-off rmaneuver and while he was transitioning to go eround flans,
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During the climb cut the 103 speed margin was sufficient,
T.1.7 Sensitivity and Linecariiy
:51:f3;¢ with th; aircraflt laitisll y_trimmed'in shraignt £licht at the
" anproach speed, the yaw anguler acceler#tion following an ebrupt 1.0 incn
input of the yaw control should ve: 0,05 to 0,10 ra d/uec

For sidesliv &Aglcc between +15 degree, variestion ol yaw cocipit conirol
deflectionland force with %> s5hall be essentially linecr, AL greater sideslip
angles, an increase in deflection is required for an increase in sideslip and
a gradual lessening of force is accepteble, Mowever, pedal force shall not
drop to 1/2 the maxinmum value.

Discussion: Thecse criteria are taxen from Reference 7. The dirccticnal
control system used in the prese ent study corfc*“ed to these criteria and was
found to be satisfactory. The directional force cnaracteristic° are defined
in Seetion 4.4, The pedal to rudder gearing was linear,
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7.2 Laterel Contyol

7.2.1 General

SCriterie: Righi roll coptrol defliecction and force shall mroduce a right
wing dovm changze in bank ansle, and vice versa

Roll ccntrol powver shall be sufficient to attain a desired bank angle

quickly, to maintain wings level during a decrab meneuver, and to provide trim
and maneuver capsbility with an engine failed., For all conditicns, sufficient
roll conirol to counter the effects of turbulence is required,

Discussion: During the landing approsch the basic maneuvers which lateral

control musf bé désigned for are:

(a) Traqking the localizer bcam, The pilot desireslto make small
leteral and directional corrections using wheel alone, The roll
response to wheel must be free from time lags for small control
inputs,

(v) Large turns. Vnen capturing . the localizer besm or when maiing
& sidestep maneuver to correct & lateral offset, the vpilot will
make large turns. Crisp bank angle capture éharacteristics are
required, For all turns, the roll rate and cross coupling
characteristics are important,

(¢) Decrab - The pilot needs sufficient lateral control power to keep
the wings level during the decrab maneuver, plus some reserve to
counteract gust disturbances.

(d) Enginé Failure Recovery. During aporoach and landing, safe recovery

. from & critical engine failure must e possible, The pilot nust oe
gble to safely control the transient amd arrive at a satisfactory
trim condition, He has the option of continuwing the landing or
naking a go-around, Since there may be no prior warning of the

failure, full turbulence environment must be assumed,
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C

7.2.2 Roll Contrel Power

Criteria: PRoll control power for maneuvering shall be defined by the

Ldpen + 3 ~ 2 £ ot parla .l A S a s
tine to ochieve o gpecificd bon't angle, 2, in o iime

£

a maximum cockpit roll controller input, For purpcses of comparison, it shall
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this coxmand,

At the reference apprcach spsed and in the design turbulence environuent,
the lateral control power shall be adequate to prbvide:

(1) = minimum bank angle response of tgg & 4,0 sec, in addition to any
lateral trim requirements., For example, with a critical engins failed
end a crosswind level as defined in Section 7.1.,2, the roll control
shall be eble to develop a vank angle response equivalent to
t30 = 4,0 see, for a continued landing or go-around,

(2) for maﬁeuvers initiated from symmetrical flight conditicns,
t30 £ 2.5 seconds is required for satisfzcﬁory oreration,

In addition, at the minimum control speed as defined in Section 7.1.0,
theré shall be sufficient laterel control power to balance the aircraft with
the most critical engine failed and the remaining engines at full power,
Turbulence is not required at the minimum control speed.

Discussion: Roll control requirements can be divided into two categéries.

~(1) Roll control reguired for normal maneuver starting from symmetrical
.flight such-as tracking the localizer, turns and sidesteprs, |

(2) Minimum roll coatrol vower for manéuvef end stabilization required
in addition to the roll control required to hold a steady sideslip
and/or to trim an engine failure, .

The normal maneuvering requirenment (t3o = 2;5 5eC,) was taken from
Referance 5. Refercnce'll receomrends a nininmun maﬁéuvering requirement of

£30 = 5,5 sec,, and Reference ¢ recommends a ninimum roll control requircment

; DGOl
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ol t3p = 4 sec, for & maxinum surface rate roll command,

zsults of the preszent study it is difficult to def

defleations the:

tBO req

- came savuraved due

neutral vheel dellection. Wnen

for nominal deflections, to avout l. sec, for large de-

y

ore, tqo for a given roll pow=r, 116.8;1, varied according
. +

to the size of the wheel command and devended on the amount of trinm command

2

A block diagram of the roll control system is shown in Figurs T.2-1, The

tatic gain for the wheel (P R 0) is about 3. That is, maximus rolling

nonent (initial roll rate and yaw rate zero) could be commanded with 20 degree

of wvheel,

Figure 7.2+2 shows the lateral directional time history of an apvproach

cfa

and landing in a 30 inot crosswind, The pilot was able to satisfactorily

e of 20 degree t the

D

o}

p.
UI

control the bpank angle and to make a heading chang align

gircraft with the runway centerllne.

+

The incremental roll control power, LSS /sec?, trin

o).

available beyond trim was in the region, 5.5 > t3oj> 4,0 secs,, for an

available oe"ond

varied from about 0,26 ( e, 17°) to 0.2 ( @ Roll maneuverability

assured roll mode time constant variation of .k sec, to 1.0 sec.

For normal meneuvers, A Lg. S“Ax— 0.5. With a roll pode time constant
of 0.4 sec., t30 then varied from about 1.5 to 2.25 secs, for a naximum surface
rete cormand,

During the present study enzine failures were simulated. The rel°* on

between available and reguired roll control powe

v
=

1S

shown in Figure 7.2-3,

to

Heading changes were nade during a go -around -following an engine feilure

evaluate the roll control,

The roll control pover was judged to ve

satisiactory. This margin corressconds to {ALg. s ’% heyond trin
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= 0.2 red/sec?, 1:I{==l.l see, or tag = 4,0 sec,

J

7.2.3 Sensitivity and Linearity

me. po ERC I I A A R N R SN S T R LP . .
ul.uc,x.ut.. The sensitivity of the ialerael Ccontrodd sylioin shall be:

R

This vequirement shall be met for the smalles

0
[
e
o]

controller motim that is used by the pilof in aﬁproach and lending tra
mANeuvers,

In addition, the variation ¢f aircraft roll response with controller
deflection shall have 1o abrupt discontinuities,

Discussion: These criteria are based on References 5 and 11, Lateral

control sensitivity is important beceause it provides information that allows
the pilot to anticipate the control input magnitude requifed for a given task,

The lateral sensitivity is expressed in térms of a vank angle change in
one second because this retains the dependence on roll time constant, The
dependence of 1 teral °en51t1v1ty on roll mode time constant has been clearly
demonstrated in Fefercrnce 12,

The lateral sensitivity requirement must be met for the smallest controller
wotion that will be used in approach and landing tracki:; maneuvers in brder
to limit cbntrol system lags, Boeing experience has repeatedly shown that tﬁe
pilot is very aware of transport lagé thaﬁ inhibit the development of ihitial
roll (or pitch) rate. A pilot can detect a transvort lag of O.1 sec. in roll
rate and will downgrade the confizuration if it exists.

Speéific linearity reguirements have not been imposed vecause Reference
12 has shownithat pilot opinion is & function of the combined nonlinearities in
the feel system end gearing., This reference shows that the pilot wiil tolerate
a certain amount of nonlinearity, but these systems éan potentially cause
problems with coordination, PIO's, harmony, differential sensitivity; and other
force related provlems, If significant nonlincarities are to be incor?orated

into either the feel system or gearing, attention should Le given to the
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pilot reaction to the specific sysiea in performing his total tasi,
~
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7.3 Lateral Directicnal Cross Coupling

Criterin: From trinmed condltions at the selected referonce approach

3 S 2het -~ . - v [UUTRL I - I oy 2 n = D s
croades dn 8000 oreraticon, the sacnitads of erees counling Follow

roll control inputs (yaw control frec) up to that reéﬁired to mecet the roll
control power criteria of Section 7.2,2 should lie tetween the following
valucs of the ratio of maxinmum sideslip angle to pank angle:-

-.1 \<( AE/A¢>;:Z}X é‘*' -3
Also, from the same trimmed conditions, the value of the parameter fosc/fav

following a yaw-control-free abrupt impulse roll control comnmand shall be
vithin the limits specified in Pigure 7.3-1.

Additionél requirenents on lateral accelerations due to roll and yaw
control inputs may be necessery to insure adequaite pilot perfomance and provide

passenger co oart,

Discuri-ion: The sideslip criterie of Referencs 5 has been justified as

a good indicsior of laferal directicnal cross coubling in a numbef of
simulator evaluations., As modified by the results of Reference 11 to include
proverse yaw conditions, this parzmeter is the most tested of the many
proposals in this field.. The {A% /A C?S:‘S g.qﬁ /BWSC\ paraneter proposed
by Reference 8 has theoretical and analytical justification based on th
author's eficrts at curve fitting existing pilot rating data, Until specific
tests have been conducted to validate this critefion and its variation wit!
the parameter ’y%; the Reference 5 criterion will ve used,

Another approach to measurement of this type of counling is through the
lag in heading response, qu_ » as suggested in Reference 11, This sugsestion
has merit since the indications are that the primary pilotinz vroblem arises
not from the sideslip itself but rather from its effect on precision of
heading control, Again there is insufficient experience with this criterion

to propose it sa a measure of commercial STOL handling qualitics.

-
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AT Lyplcel SUOL La::' speeds the dntere eiationsnins veilween lateral_
directicnal control power and stavili
The cross-coupling vetween controls, and the inertial ond dynamic cress-
coupling, become dominant itens in determiﬁihﬁ airvlane response. Ty
criteria are written for specific reupon ;e parameters in isclatioh, out
important to understand that the successful airplane meets all the criterie
in ceonvination and also does not lie cleose to any individual woundaries, TFor

examnle, it is entirely nossivle to meet the roll mode time constant criteria

by the uce of ausmentation at the expense of reascnable roll control power,
but this must e avoided by designing for voth recuirements together.
8.2 Roll !'oie Time Constant

Criteria: The effective roll-mode time cdnotant,qrﬁ-g 1,0 seconds, as

measured in response to a step input of the pilct's lateral controls, Other

criteria quoted ensure an essentially single degree of freedom roll responnte,

system mechanization (actﬁation legs, rate saturwztion, etec.) as well as air-
plare dyn 4cu. The tctal system damping is the parwieter which will aifect
the pilot's precision of control in turning and maﬁeuvering flight. As
discussed in Reference 7, it is difficult for the pilot to distinguish between
excessive control lag and low aerodynamic roll damping. Iither will produce

a reguirement for large lead equalization from the pilot in order to prevent

bank angle oscillations when attempting to stabilize at a desired bank angle.

mode time constant has a fairly broad band defining the division of acceptable

satisfactory handling qual’ .ics (TTR'==1.O 402.0 seconds,) Very short

LATERAL-DIRECTIONAL STABILITY

Gennral

-

L)

ty are even more important than usual,

[
O

}..J
Q_‘

-

0

Discussion: The real criteria here must include the effects of control

The available experimental data relating pilot opinion variation to roll
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natural itime constants are gencrally avoided because of the possiniliy of
lc--e accelerations peing preduced in gusty cenditions. Tie STOL configzurations

of the present study h&d'nabu;ax roll nude Ldane LQAV ants ol approximalely 1.2
seconds, Roll damping aggmcntation reduced this to about .4 secornds, this
value beins chesen in cenjunction with the roll control sensitivity for optimum
pilot rating, as shown in Refercence 12, lo adverse comuents were senerated due
to accelerations in gusts although these were simulgted oy the large lateral
motion excursions aveilable on the six degree of freedom FSAA motion simulater,
There is, however, still some douot &s to the realism of the turbulence
simulation, esvecially in the roll axis,

The reaquirements for accurate control of bank angle are 1ikely Lo becone
more restrictive for the STOL approach vecause of the rapid'hgading changzes

that can develop for small vank errors at these low speeds. The criterion was

thew**orn chosen st the low end of the uncertainty band.

$4e

tabil

&3]

8.3 Spiral : ty

Criveriz: With the aircraft trlnmed far wings-level, zero-yaw-rate Ilignt,
the_spir&l characteristics should be such that with the lateral control free
end following an intentional small bank angle input (¢ 10°) no increase in
banik angle build-u§ is desired; however, in no case should the bank angle
double in leés than 20 scconds, In addition, thereAshould te no objectionanle
coupling between the conventional roll and spiral moées. .

Discussion: The form of the Reference 7 criteria is used to deliberately

include the effects of flight cont*ol sy stem cnaructerwSulco, lateral~directions
trim changes with speed, and possible lateral trim changes due to fuel slosh,
etc, Too much positive spiral stability &s undesirable because of the large
vheel requircments in steady turns; too little stability will require constent
pilot attention to prevent the rapid buildup of large heading errors. Neutral

stapility is therefore desired, although a reasonable amount of instability
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sfactory., The present study sirplenes had neutral spiral

stability with au mentation, and were slightly stable (tl/22>j33 secs. ) for the

Criteria: S+tatic directional stability is required, and will be d:mon-

strated by the tendency to recover f{rom a yawed condition with directional

“

controls free, Static lateral stability is reéuire4 and will be demonstrated
by the tendency to reduce bank angle from a gsteady yaw awed condition when the
lateral controls are freed, However, the static lateral stability may be
limited by the regquirements of Section 7.2.2. .

Discussicn: Other criteria are specified under lateral/directional

-

dynamic staoility which may be more reqtrict*ve than this simple reguirement

3

for recovery from skids, However, this is an easily demonstrated character=-
istic and cone which i1s clear in it's message to the pilot, T

. . -~

therefore reguired in addition to the quantita=-

1923

check on static stability i

Al

tive requirements for steady 51deslin c&aractpmlst¢cs, Dutch roll frequency
and spiral stapility speciflied elsewhere.

8.5 Lateral~Directicnal Dvnamlc Stability

Criteria: The latcral—direction&l oscillation shall have the following

characteristics with controls fixed or free:

Dutch roll damping ratio, {; D .03

\V

Duteh roll freguency, Wy 2 -0 rads/sec
Discussion: The Dutch roll da@ping requirement is exhaustively dis-
cussed in Peferunce 8, What little eqperlnenual data there is cn the re-
quirements for a minimum Duteh roll frequency for STOL airplancs is open to
several interpretations. However, enough unfavoravle pilot opinien data is
aveilable (Refercnce 5) to cast doudt on the level of T Wyp = .25 rads/sec

set by Reference 8. For the purposes of this criteria document (i.e., geod
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haendling; qualitices Tor commercial orerations)

a conservative estimate

e . . ety . I E erprin e .
nade for this requirement off Wy 2 A0 rads/seec or Tp < 15 sees,., resordless

Lag aen

Lo

REV SYM

BDLILTLLS | no. DO=L0LOY

PAGE

135

..>_,



JIE-C4T

©1 4100 7740 ORIG.3/7)

r

§,0 COMPARISCN OF CuITSXIA PO LITVERATUNED SURVIY
The following vares are the result of a lifterature survey of existing
and pronesad exiteria for norformorae marsins, end handling aualitics, for
comrercial transport airplancs, military sirnlancs, and SICL research air-
planes. The criteria were sumnarized ond presented side-by-side for easy
comparison, The reguliing data were used to influence voth the orzanization
and contenﬁ of’ the criteria provosed in this document,
'
L.

- “
NO. D\J—LPOWOQ
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