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FUNDAMENTAL LIMITATIONS ON V/STOL TERMINAL GUIDANCE
DUE TO AIRCRAFT CHARACTERISTICS

By Julian Wolkovitch, Charles W. LaMont, and D. William Lochtie
Mechanics Research, Inc.

SUMMARY

For V/STOL aircraft, the possible terminal flight paths and
the accuracy with which these flight paths can be followed are limited.
A review 1s given of the limitations on possible .flight paths, and it is
shown that a principal cause of these limitations is the inability to
generate sufficient drag at high 1ift coefficients. The reasons for
this limitation on drag/lift\ratio are explained, and a new method is
presented for calculating the maximum drag/lift ratio of tilt-wing and
deflected-slipstream configurations. The method uses momentum theory
and requires power-off stall characteristics. The predictions of the
method are shown to be in reasonable agreement with measured steep

descent buffet boundaries for the XC-142A tilt-wing aircraft.

" Stability derivatives and transfer functions for the CL-84
tilt-wing aircraft and for the X-22A tilt-duct aircraft are presented
for low-speed level and descending flight. For the tilt-wing aircraft,
a significant effect of descent angle occurs in the transfer function
relating flight path angle to thiust. In steep low speed descents, a right
half-plane zero appears which causes the response to move in the
wrong direction a few seconds after the input is applied. Optimal
control theory is used to calculate the minimum achievable r.m.s.
deviation from the flight péth due to random gusts. It is shown that,
when the above right-half-plane zero approaches the gust break frequency,
the accuracy with which the aircraft can follow the desired flight

path is seriously degraded..
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CHAPTER I
PURPOSE AND SCOPE OF THIS REPORT

The Purpose of This Report

V/STOL aircraft must be able to operate in confined air spaces
if full édvantage is to be taken of their capability for zero or small
ground roll distance. This implies the capability to descend at steep
éngles and low speeds. It has been found that for almost all V/STOL
aircraft, severe limitations exist on the steepness of the flight path
that can be achieved at low speeds. These limitations stem from two

causes

(1) inability to generate the steady aerodynamic forces required
to follow the desired flight path, due to limits such as
stall and buffet, and insufficient drag.

(2) poor accuracy of_following the desired flight path, due to
unsatisfactory response of the aircraft to gusts and to

command control inputs, inadequate‘pilot displays, etc.

The purpose of this report is to investigate the above limitations
for typical V/STOL aircraft, to indicate their importance, and to describe

feasible methods of removing or relaxing the limitations.

The report concentrates on limitations which are ''fundamental®
for a given aircraft., A"'fundamental" limitation is defined as one
that can only be removed by changiné the overall vehicle geometric,
aerodynamic, or control system characteristics. For example, at typical
approach speeds, the steepness of the approach of tilt-ﬁing'aircraft is
restrlcted by inability to generate suff1c1ent steady drag from the wing-
propeller combination. This is regarded as a ”fundamental" limitation of

this type of aircraft, since it can only be relieved by a major modification



such as increased leading edge droop, or a more effective flap system.
Limitations such as poor pilot vision of his touchdown point in VFR
flight, inadequate or badly-arranged displays for IFR flight, etc.,
can be relieved without major ﬁodifications to the vehicle and are.

therefore not regarded as ''fundamental."

The scope of this report embraces all types of V/STOL aircraft
other than helicopters. A study on the characteristics of helicopters
in steep approaches was performed in parallel with the research reported
herey the results are presented in Reference 1. In this report the term

"V /STOL aircraft" specifically excludes helicopters.

The contents of the report are summarized below; however, before
this summary it is necessary to explain some terms used throughout the
report. These are '"'nominal flight profile”, ''nominal flight path™

and '""nonminimum phase system®,

A pominal flight profile is defined here as a time history of a
combination of vehicle state variables such as airspeed, deséent angle,
normal acceleration, etc., which is feasible in that the required aero-
dynamic forces can be generated by the aircraft, regarding it as a point
mass. For example, an approach consisting of a turn, followed by a
level deceierafion transisting to a constant~speed descent would
constitute a nominal flight profile, provided the aircraft could pull
the 'g's required for the turn, and could produce the drag required for
deceleration and steady descent without exceeding stall or buffet

boundaries. A nominal flight path is a nominal flight profile which

involves no change in airspeed.

A nomminimum phase system is one having a relevant transfer

function containing one or more right-half plane zeros. As shown in
standard references in control theory (e.g., Reference 2), such zeros
limit the precision with which the desired flight path can be followed,

in the presencé of disturbances such as gusts.



Contents of the Report

Chapter II presents a review of the nominal flight profile
capabilities of current V/STOL aircraft configurations. The equivalence
of descent capability and deceleration capability is explained. Examples
of the limits on nominal flight profiles for various types of V/STOL
ailrcraft are presented. This chapter contains nothing new, but it
collects together some hitherto scattered data, and sets the stage for the
detailed technical analyses that follow, by explaining their relevance

to practical problems.

Chapter III presents a new method for calculating descent/
deceleration capabilities of tilt-wing and deflectedwslipstream con-
figurations. The method uses momentum theory to predict the power-on
descent/deceleration boundaries in terms of the power=off stall
characteristics of the configuratién. A worked example is given for the
XC-142, showingthat the method gives fair agreéement with experimental data

for descent angle buffet boundaries.

Chapter IV discusses the dynamics of representative tiltewing
and tilteduct aircraft in small=-perturbations from constant-speed
approaches., The flight path angles considered cover the range from
level flight to the steep descent buffet boundary. Stability derivatives
for the Canadair CIL-84 tilt-wing aircraft were calculated using the
MOSTAB modular stabllity derivative program described in Reference 1.
The accuracy of the derivatives is verified by using them to calculate
time histories of the response to pilot control inputs. It is shown
that these time histories agree closely with time histories cbtained
from flight test data. Chapter IV also presents transfer functions
for the Bell X-22A tilt-duct aireraft in low-speed level and

descending flight. These transfer functions were calculated using



derivatives supplied by the manufacturer. The significance of the
above transfer functions in determining limits on the accuracy of

flight path control is described in Chapter V.

In Chapter-V,optimal control theory is applied to determine the
minimum achievable r.m.s deviation from a nominal flight path, for
any given stationary random gust environment. It is shown that, for
the tiltewing aircraft considered, significant :}hcrease in 'the minimum
achievable r.m.s. deviation occurs when the descent angle becomes steep.
This loss in accuracy of flight path control is shown to be caused by the
appearance of a right-half-plane zero in the transfer function relating
flight path angle to collective propeller pitch, (which is the primary
means of flight path control at low speeds). Methods of alleviating this
nominimum phase effect are discussed. It is shown that the right-half
plane zero can be removed through feedbacks of pitch attitude and rate
to the pitch attitude control, In contrast to the tiltewing configura-
tion, the tilt=duct aircraft is free of critical nomminimum phase
effects, and is predicted to be capable of following relatively steep
nominal flight paths with good accuracy.

Chapter VI states the major conclusions. of the report and lists

some recommendations for further research.

Appendix A contains tables of derivatives and transfer functions

for the CI~84. Appendix B contains derivatives ' for the X-22A.

Acknowledgement
Grateful acknowledgment is made to Mr. F. C. Phillips of

Canadair Limited, who provided much valuable data on the CL-8k,



CHAPTER IT

LIMITS ON NOMINAL FLIGHT PROFILES .FOR V/STOL-AIRCRAFT AT LOW SPEEDS

The Requirement for High
Drag/Lift Ratio

Initially, consider straight-line flight in calm air., This
represents the simplest case for analysis. The combinations of airspeed,
descent angle, and deceleration which are feasible for a éiven aircraft
configuration are determined by the balance of aerodynamic, inertial and
gravitational forces as shown in Figure 1. The key aerodynamic parameter
is the drag/lift ratio, which from Figure 1 is related to flight path angle
-and deceleration by

av
%= tan (=7) - ;z%z"(:y (1)

In most instances (D/L) mex is limited, for reasons discussed

below, and the steepest descent angle is given by

=) oy = tan~' (D/L) (2)

At this descent angle the deceleration capability is zero.

It is advantageous to have a high'(D/L)max for the following

reasons

(1) to permit approaches to confined areas, e.g., in city-
centers,

(2) to facilitate downwind approaches and to cope with wind
shears

(3) to minimize the time required to decelerate from cruise

to touchdown
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Figure 1. Forces Acting on an Aircraft Flying a Straight-
Line Accelerating Descent
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Figure 2, Effect of Head and Tail Winds on Descent Angle



A brief explanation of items (2) and (3) is given below.

.

Consider an airplane descending at an angle and speed V

A A
relative to the wind, which is blowing with horizontal velocity V.
positive for headwind. Assuming steady conditions, the descent angle

relative to inertial space is =71 where

-1 tan (-7,)

—71 = 'tan v (5)
1 =

W
Vv, cos T;ZA)*

For V/STOL alrcraft is much larger than for conventioml

\'
aircraft, and N is also increised in most cases, Both these factors
combine to increase the difference between y, and y, ( =.(D/IJmax).
This is beneficial for headwinds but correspondingly adverse for taile
winds, as shown in Figure 2 which graphs Eq. 3. The implications for

wind-shears are obvious, from Figure 2.

The time occupied in decelerating and descending from cruise
speed and altitude to touchdown is less productive than the time
spent in cruise, because of the lower averagé speed, For efficient
operation this unproductive time should be minimized. Cdnsidering
the contribution of the approach to this unproductive time leads to
the conclusion that the highest possible value oi“.”(D/L)max should be
used to minimize the time spent on -the approach. However, it is not
readily apparent how this-(D/L) should be applied, i.e., whether it
should be used for increasing deceleration or to increase descent
angle., The problem is illustrated by the following simple example,
taken from Reference 3.

Figure 5 compares two alternative approach profiles. One is a
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straight-line 10 degree descent with a constant deceleration of

0.088 g's. The other approach consists of two straight-line segments,
the first at 14,8 degrees with no deceleration and the second at O
degrees with 0.264 g's deceleration. Both approaches require the
aircraft to fly at (D/L)max = 0.264 continuously. The two-segment
approach requires only 61 seconds, compared to 91 seconds for the
"straight-in" approach. Undoubtedly, further savings can be achieved
through more complicated approach profiles. Several references have
studied the optimization of approach flight paths within given
constraints as (D/L)max' It is certainly interesting to determine

; however, the time

max’
required for such an approach can always be reduced by increasing

the optimum approach profile for a given (D/L)

(D/L)max' Thus, in studying fundamental limitations on V/STOL
terminal guidance, it is more relevant to consider the aerodynamic
factors limiting (D/L)ma# for various configurations. Only when these
have been satisfactorily determined is it worthwhile to perform

optimization calculations of the type described above,

The above discussions explain the emphasis of this report on
(D/L)max as a fundamental limiting parameter for V/STOL approaches.
Iater sections of this report discuss the factors limiting (D/L)maX

and indicate how the limits may be alleviated.

Drag/Llft Ratlo of
"Passive-Lift" Configurations

MoSt STOL aifcraft in curreht commercial service are of the
category which we shall call "pas31ve 1ift" in which the powerplant
makes no substantial contrlbutlon to the 1ift. The DeHavilland Twin-

Otter is a well-known example of this type.

The drag/llft characterlstlcs of a pas51ve llft aircraft can be

expressed in coeff1c1ent form as

11
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2
(cy)
C, =C +

D D e
o

(&)

where CD is the coefficient of parasite drag (i.e., drag not induced
o}
by 1lift).

For a typical passive-lift configuration of the Twin-Otter
category Cp = 0.045, e = 0.78, A = 10, giving ¢y =-0.045 + 0.041
(CL)E. Theqresulting descent angle and airspeed are graphed on
Figure 4(a). The airspeed was calculated from the standard formula:

1/2
V_z(_z_,_w_‘ seu)/ (5)
min p S CL
. max

As Figure 4(a) demonstrates, a substantially slower and steeper
descent results from increasing CI . The possibilities for

accomplishing this will now be discussed.

Passive-1ift aircraft using leading edge slots end double=-
slotted flaps are usually limited to 1lift coefficients of 2.8 to 2.9..
In part this is due to the necessity to maintain adequate margin of
thrust over drag to permit go=around following a balked landing (see
Reference 4). However, an additional factor is the mechanical
complexity involved in constructing a flap system that will permit
CL > 3,0 when extended without excessive cruise drag in the
re?ﬁggted position. This can be appreciated by considering Figure

4(b) which shows two-dimensional test data taken from Reference 5.

_ Note that much of the advantage of slots and flaps stems from
the increased wing ares they provide through increasing the projected
chord, Cp (a sliding doubled-slotted flap + slat can extend c, by
LO percent). Again mechanical complexity limits the percentage



NOTE: ALt CL's ARE REFERRED TO THE PROJECTED CHORD, CP
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15



145

extension of cy that is possible, but recent tests (Reference 6) of
Spanwise extension of the wing tips indicate that this may be a
practical alternative to the customary chordwise extension. The increase
in wing area obtained by tip extension can reduce the approach speed, but
does not necessarily yield a steeper approach, since the increase in

agpect ratio tends to reduce the induced drag.

It is by no means certain that the ultimate 1lift capabilities
of passive-lift configurations have been approached. The maximum 1ift
coefficient of wings of moderate aspect ratio is substantially less than
that the maximum two-dimensional section 1ift coefficient. This is made
clear in Reference 7, which summarizes the existing theories fof predicting

CL for generel wings, specified only by their planform. All the theories
max .

predict

L
max

where k varies from 0.85 to 1.9 according to the particular theory. None
of the theories predicts the leveling-off of CL that actually occurs
due to wing-stalling for A greater than about 7?axas two-dimensional

conditions are approached.¥*

Hanceck (Reference 8) coneludes‘that k in EQ. 6 should be 0.85,
but admits that his theofy does ﬁot agree with experimental data,
which indicate a value of k of about 1 .9. Hancock shows that the
published theories whlch glve k = 1.9 are based on unsound arguments,

and that any agreement between these theories and experiment is

fortuitous. i

*Note that this dlscus31on does not include STOL aircraft with
active boundary layer control (B.L.C.) using blowing and/or sucking to
delay stall. Such alrcreftvareAdlscqssed later in this chapter.




This gap bétween'theory andAexperiment is disturbing. Unéil
it is resolved, it is prudent to use experimental data on specific
configurations to predict CLm&x,Of passive-lift—aircraft. From
Figure L(a), it is apparent that the attainment of high-1ift coefficients

does not produce sufficient induced drag to achieve a very steep

flight path.

Returning to Eq. %, we see that an alternative method of
increasing -y is to increase the parasite drag coefficient CD or
decrease the induced drag factor e. It is difficult ﬁo'changg the
latter while still retgining high pL max’ S© the most pragticai_
alternative is to»increase CD . There are seye?al ways in'which

this can be accompiished. ©

(1) .direct increase of parasite drag}throﬁgh spoilers or
dive-brakes
(2) reverse-thrusting propellers (sometimes called ''Beta
control) L
(3) reverse thrusting jet engines
Each of these aiternatives.will now be discussed.

Direct -increase of parasite drag. - Parasite drag devices such

as spoilers andidive=brakes are not well suited to low-speed conditions
because their drag varies as (1/2)pV% Thus for the example aircraft

of Figure 3, from Eq. (h} at Cp = 3.0

C, = 0.045 + 0.57 = 0.415 : (7)
parasite induced . total
To double the descent angle by ingreasing parasite drag would demand

raising the parasite drag coefficient to 0.46.

Ch = 0.85 =~ 0.37 - 0.6 - ' (8)
o)

15



16

The ratio of the area of the required dive-brake to the wing area, is

given by

D divé-brake/s) (CD dive-brake/o'0h5)

AC. =0.46 -0.045 =0.415 = (8
o} : )

(9)

Taking CD dive=brake as 0.90, this gives the ratio of dive-brake araa

to wing area as

/S = 0.415 x (—8—:%2—) = 8.3% (10)

Sspoiler

It is difficult to find a location for dive=brakes of such a
size where they will neither cause an appreciable loss of 1lift nor
interfere with controllability by causing buffeting at the tail, For
higher 1ift coefficients (i.e., "active" lift configurations) the
required dive-brake area increases, and these disadvantages become
even more severe. The net conclusion follows that dive~brakes offer

only small benefits for STOL aircraft.

Reverse-thrust propellers. - To appreciate the problems and

potential advantages of reverse thrust propellers (sometimes called
ﬁBeta—control") it.is necessary to understand that a propeller
thrusting in the opposite direction to which it is moving may have
several staﬁes of operation, some steady, others very unsteady. These
states are defined by reference to a quantity v, defined in terms of

propeller radius, R, and air density, p, as:

Thrust of one propeller

b T 2 (1)

2pTR

The parameter Yy héé the dimensions of velocity and is known as the

"thrust velocity" or the '"hover induced velocity at the propeller

disc'". The behavior of any reverse -thrust propeller is determined



by the ratio V/ v, as shown in Table 1.

TABLE 1.

OPERATING STATES OF REVERSE~-THRUST PROPELLERS

V/Vh Operating State

Characteristics

0 to = 0.7 Y Powered Descent™

= 0.7 to = 1.5. "Vortex-Ring"

=1.5 to = 1.8 "Autorotative"

> = 1.8 "Windmill=Brake"

Thrust fairly steady,
propeller takes power
from engine.

Thrust fluctuations
occur, (as high as

+ 30 percent of mean
thrust). Takes power
from engine.

Thrust steady, propeller
windmills with no power
required from engine,

Thrust steady, propelier
requires braking action
from engine to maintain
a given thrust.

The vortex-ring state is analyzed in Reference 1, where it is shown

that the unsteady condition is caused by a breakdown in the protective

sheath of vorticity which surrounds the slipstream. This vorticity

takes up the shear velocity differential between the flow inside the

slipstream and fhe free-stream flow, 1In the region 0.7 < V/\z‘h < 1.5

a steady sheath of vorticity cannot be produced, and the slipstream

forms, collapses, and reforms in a cyclic manner. These characteristics

are only slightly dependent on the geometry of the particular propeller

employed.,

17
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To see how this affects descent angle at a given speed, consider
the example aircraft of Figure 4(a) at Cp = 3, V=70 fps. A propeller
diameter is 0.17 of the spah is assumed, The power=off drag/lift
ratio is 0,138, giving 7=-tan-1(D/L) =-7.9 degrees. The required
drag increment to attain a steeper 7 is AD/L =-tany - 0,138 where

AD is to be supplied by the reverse thrust of two propellers.

Manipulating Eq. 11 yields

"/mo/m (/2% s ¢, -

2(2 p.TR?)

which simplifies to

[

v ol -
vy ‘/(AD/L) bTCp (13)
8 mARZ

Combining Eq. (13) with the data of Reference 1, sumarized
in Table 1, yields a method for assessing the feasibility of obtaining
steep nominal flight paths through the use of reverse-thrust propellers.,
This is illustrated in Figure 5 for the example airplane. The descent
angle can be increased from 7.9 degrees to 22 degrees without bringing
the propeller into the vortex-ring state., This is a worthwhile improve~
ment, especially considefing the relatively minor airframe modifications

required and the negligble weight penalty.

Little has been reported in the literature on this form of flight
path control and it appears worthy of further investigation. This
should include theoretical and wind-tunnel studies of the effects of

the reversed propellers on buffet and tail effectiveness.
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Reverse thrust jet engines. = References U and 9 describe a

method of drag augmentation in which a passive-lift STOL aircraft

is fitted with two small jet engines located at the sides of the
fuselage near the tail. These engines face ''"backwards' and provide
thrust in the decelerating sense., The engines must be positioned
carefully to avoid impingement of the Jets on the wing with consequent
loss of lift. However with proper engine location the wing 1ift
actually increases, and the system was liked by pilots in simulator

tests,

The weight penalty is about 1 1b per 8 lbs of thrust. Thus,
for the example airplane of Figure 3 the descent could be steepened
from 7.9 to 16 degrees at a cost of 1.8 percent of the gross weight.
Typically this implies reducing the payload by about 8 percent.

Reference 4 states that the system was not incorporated in a
production aircraft because of natural customer resistance to "mixed™
powerplants. Welght and noise may also be objectionable. These
factors appear to be the major disadvantages of this concept. There
is no "vh/V" limitation corresponding to the vortex-ring region for
the reverse-thrust propeller because the jet engines need never be
idled since the net thrust balance can be adjusted using both the
jets and the propellers. Further, the system is applicable to
"active-1ift" types which depend on propeller slipstream for 1ift or

control.

Apart from the short description in Reference 4 and 9 little
has been published on this concept. It appears to merit further
investigation. A systematic series of wind=tunnel tests should be
performed to explore the effects of jet engine location. These tests
should include flow vizualization to ald the optimum location of the

reverse-thrust engines,



Tilt=rotor configurations. = The descent/deceleration limitam

tions for tilt=rotor aircraft and 'free-floating tilt-wing" configura~
tions (as described in Reference 10) are similar to those for helicopters
when expressed in terms of Ve This parameter increases because of

the higher dlsc-loadlng of these types,ranging from 5 Ibs/ft for the
XV=3 to 25 lbs/ft for the X-19A. Thus, in general, the boundaries on
descent rate will be less stringent than for competitive helicopters.

The boundaries are set by the vortex-ring state and by autorotation.
Reference 1 presents a discussion of these boundaries for helicopters,
which is also applicable to tilt=rotor aircraft. Hence only one

typical result will be shown here.

-Figure 6 shows boundaries for helicopter or tilt-rotor
aircraft with a disc- loading of 6.2 lb/ftg. The outer boundary of the
vortex=ring étate éorresponds to r.m.s. mean=to=-peak thrust fluctuations
of 15 percent of the gross weight. The inner boundary corresponds to
fluctuations of approximately double this intensity. To extend Figure 6
to other aircraft, the vortex-ring boundary may be scaled
proportionately to the square root of disc loading. The autorotation
boundary depends more critically upon the parasite drag and rotor ‘

profile drag, and should be calculated for each configuration.

~ Autorotation is commonly used in military operations and as a
civil emergency procedure. The objections to autorotation as a standard

procedure for routine I.L.S. approaches are as follows.

(1) To steepen the nominal flight path beyond the autorotation
boundary (e.g., to cope with wind-shears) would require
a braking action to be applied to the rotor. Such braking
could, in principle, be provided by variable turbine inlet
stators as used in some industrial gas turbines. However
current FAA helicoptei regulations preclude engine braking,
as they require an override or free-wheel device to prevent

stoppage of the rotor following engine failure.

21
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{(2) The rate of descent in autorotation may be too high to
permit descent to be arrested following breakout from

low cloud.

(3) At low speeds, recovery from autorotation to level flight

may cause the aircraft to enter the vortex-ring state.

Slipstreamed=Wing Configurations

The term " slipstreamed-wing" is used to denote tilt=wing and

deflected slipstream configurations.

Deflected slipstream and tilt=wing types both suffer severe
limitations on their descent/deceleration capability. A simplified
explanation of the cause of these limitations is given in Reference 11.
This explanation is illustrated in Figure 7. By addingjthe free=
stream and'slipstream velocities vectorially the velocity vector at
the wing can be deduced, If the inclination of this vector to the
wihg is too large the wing stalls, the onset of stall being marked
by considerable buffeting. This stalled condition occurs when

attempting steep descents.

Figure 7 suggests the possibility of predicting the max D/L
of slipstreamed-wing aircraft from a knowiedge of its power=off stall
characteristics.’ This'possibility is explored in Chapter III, where-
a theory is developed for calculating (D/L)max of sliﬁstreamed—wing

configurations.

Flight test results indicate that, although the condition for
(D/L)max determines the maximum descent angle attainable at a given
airspeed, this limit may not in fact be practical, because of require-

ments for maneuvering, go-around, control effectiveness, and control

following engine failure. These considerations may dictate that descents

shall be limited to angles less than those achie?able from (D/L)max

2
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Figure 7. - Explanation of Descent_Boundarigs for Tilt=-Wing and
Deflected Slipstream Configurations (from Ref. 11)



considerations alone, In the following section, descent characteristics
of some typical slipstreamed-wing configurations are reviewed, and the
relationships between boundaries based on (D/L)max and practical

operational boundaries are indicated.

References 12 and 13 describe flight tests on'the Breguet 941.
deflected slipstream aircraft (also known as the McDonnell-Douglas
188), and Reference 1L presents similar data on the XC-142 tilt-wing
aircraft. The measured descent boundaries for the Breguet 941
are shown in Figures 8 and 9, and for the XC-142A tiltewing aircraft
in Figure 10. Both these aircraft are highly developed ''second-
generation' representatives of their classes and considerable efforts
have been made to give these aircraft good descent capabilities. Thus
Figures 8, 9, and 10 illustrate the present state-of-the art in this
area. A detailed discussion of the boundaries for each type now

follows.

The following observations on Figures 8 and 9 apply to any

deflected slipstfeam aircraft:

1. It is not possible to reduce thrust to zero at the lower
velocities because slipstream is required to provide
sufficient flow over control surfaces to maintain effective

control.

2. The stall boundary is optimistic for two reasons: (1) some
AnZ must remain for maneuvering, and (2) minimum control
effectiveness considerations may dictate higher speeds

than stall speed.

5. From considerations of the altitude loss during the process
of arresting a descent rate following ''breakout" at 200 ft.
ceilings, a maximum descent rate of 1000 f.p.m. is recommended

in Reference 13 durine the latter portions of the descent.

25
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As can be seen from Figure 8, this limits the maximum
descent angle to less than 12 degrees at minimum speed,
~.and to less than 8 degrees at the flap limit speed of T5

knots.

k, It is important to note thatin the approach and landing
configuration (98 degree flap) there is no wave-off
capability (positive y) should a single engine failure
occur. This is not a desirable situation for commercial
operation, nor is it permitted by FAA regulations. There~
fore, it is necessary to use a ''less draggy“ configuration
during approach or demonstrate that conversion to this
state, following single engine failure, can be made
sufficiently quickly that positive climb angles can be
attained before the aircraft strikes the ground. The
" pre-approach and wave-off" configuration of the Breguet 9kl
is shown in Figure 8 and corresponds to a reference flap
setting of 72 degrees. This configuration permits single-
engine climbs up to + 8 degrees. Thus, the wave-off require-
ment may dictate flap configurations which limit the descent
angle to values considerably'below the maximum capability
of the wvehicle,

Because of the considerable effort that has already been devoted
to the "dbuble—slotted flap and slat" wing system of the Breguet 941 and
similar aircraft it is hard to discern any opportunity for significant
increases in descent angle capability. However, fitting high power
engines would improve the '"wave-off" éapability, thus permitting full

benefit to be derived from the existing flap system.



The Breguet 941 has a capability called ''transparency" whereby
the inboard and outboard propeller blade angles can be varied
independently, resulting in a warped 1lift distribution along the wing.
This 1ift distribution is accompanied by higher induced drags. Thus,
at a given airspeed, steeper descent angles are possible if transparency
is used, as indicated by Figure 9. The limits of this technique are
not presently known. However it might be possible to predict the effect
of transparency on (D/L)max using the theory presented in Chapter III.

Tilt-wing descent boundaries, = For tilt-=wing aircraft there

exist two boundaries, as shown on Figure 10, corresponding to different
types of buffet. High frequency, small amplitude, buffet occurs at
the upper boundary. This is believed to be due to stalling of the
tilted center=-section of the wing which cannot be immersed in the
slipstream of the four propellers. The buffet becomes more pronounced
and of lower frequency as the lower boundary is approached. Military
pilots state that the lower boundary is the practical limit to human
tolerance for prolonged periods (Reference 14), For commercial
passenger operation it is sensible to assume a more restrictive
boundary. Note that despite a complete hover capability, and control
of thrust vector rotation through 90 degree, descents along a 12
degree glide path at 50 knots are still impractical.

The theory of Chapter III relates the low frequency buffet
boundary to the power-off stall characteristics of the wing, modified
by the induced flow effects of the propellers. However these induced
effects do not influence the portions of the wing not immersed in the
slipstream. For example, Figure 10 shows that for the XC-1424 at
30 knots, an 11 degree glide slope is attainable with 35 degrees of
wing tilt. For a level fuselage conditibn, this means that the
portions of the wing not immersed in the slipstream are experiencing
local angles of attack.of 11 + 35 = h6 degrees, well above the stall,
with accompanying buffet.
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Some of the methods of obtaining steep descent for passive-~lift
aircraft are also applicable to tilt-wing and deflected slipstream
aircraft., Again, dive=brakes are ineffective due to the low airspeed,
and reverse-thrusting propellers do not appear to be compatible with
the slipstreamed-wing concept. However, reverse Jet engines may provide
a feasible method of increasing descent capabilities, at the cost of a

loss in payload to make up for the added engine weight.

Jet Lift and Ducted Fan V/STOL Aircraft

Ducted fan V/STOL aircraft such as the Bell X-22 and Doak VZ~k
experience limits oh descent/deceleration capability due to flow
separation around the lip of the duct. For the X-22 the phenomenon
was noted (Reference 15) as the cause of ''duct buzz", an unpleasant
high-frequency vibration which permeated the entire aircraft. Little
information is available on steep descent flight tests of the X-22 but
from References 15 and 16 it aﬁpears that the descent angle may be
limited to about 10 degrees at low speeds. More complete data is
available on the Doak VZ-4 and Figure 11 (from Reference 17) shows the
descent limits recorded in flight. Note that at 60 knots, the limiting

angle of descent is only 6 degrees, beyond which severe buffet occurs.

Part of the buffet problem with the VZ-4 stems from its large
wing which operates at'an angle of attack, a, equal to the descent
angle, ~vy, when the fuselage altitude is level. Thus a moderate ¥
suffices to stall the wing, if the fuselage is kept approximately

horizontal during descent.

Similar stall limitations to those discussed above apply to
any vehicle in the portion of its flight regime where partially wing-
supported flight is desired. For example, Reference 18 notes that
XV-4B Hummingbird (a dual propulsion pure jet VIOL research aircraft)

had many combinations of speed and descent angle which were unattainable
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due to wing stall and/or buffet effects associated with flow
separation over the wing at high angles of attack: Thus, despite

the Hummingbird's hovering and high speed flight capabilities, it
could not descend in equilibrium flight at 50 knots along a 12-degree
glide slope.

Fan=in=-wing aircraft such as the Ryan XV—5A'also suffer from
wing-stall limitations (Reference 19) and lip stall may also be severe
because of the small duct lip radius imposed by the geometric constraints

of the wing.

The prospects for improving descent boundaries for jet 1ift and
ducted fan aircraft appear fairly good although they have yet to be
demonstrated., Where wing stall is the culprit some increase of descent
angle (assuming a level fuselage attitude) can be cbtained by stall
delaying devices such as slats and flaps. For some ducted fan
configurations it may be possible to increase the duct inlet radius
("'"bell-mouth" effect) to delay lip separation. However, the phenomenon
of flow separation for ducted fans is not well understood, and analytic
prediction of descent capabilities appears to be beyond the current
state-of=the-art. '

Jet Flap and ''Blown Flap" Aircraft

Under this heading we discuss descent limitations of two claéses
of STOL aircraft, both‘of which derive some of their 1ift through down-
ward-directed jet sheets emanating near the wing trailing edge. The
distinction between blown=flap and jet—flab types is one of degree. - In
the former, the jet extends over only a small fraction (e.g., 1/3) of
the wing span, whereas the true jet=flap aircraft uses a full-span jet

sheet, with approximately constant momentum per unit span.

Operationally, the blown flap is suited for "moderate STOL"

where the CL requirements are easily achieved by a partespan Jjet
max
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sheet with thrust/weight ratios about 0.3. The benefits of the

increased CL on descent angle are similar to the "passive=lift"

example of Figure 4(a) with the added bonus that the non-uniform spanwise
1lift distribution decreases the induced drag efficiency factor e. For
small thrust/weight ratios, the practical limits on descent capability

may be set by wave-off requirements as discussed for the Breguet 941,

The jet flap is sulted for '"extreme STOL" where the maximum
possible 1ift coefficient of the wing must be realized, and higher
thrust/weight ratios can be afforded (e.g., T/W of about 0.6).
Unfortunately, the jet flap suffers from a serious disadvantage as
regards induced drag. Firstly, the uniform span-loading gives a
high induced drag efficiency factorAe, thus reducing CDi' More
important, the thin jet sheet tends to bend backwards parallel to the
flight path considerably reducing the drag. This '"thrust recovery"

phenomenon (Reference 20) substantially reduces descent angle capability.

In sumary, part-=span blowing is a good way of extending the
low speed capability of CTOL ailrcraft to yield '"moderate" STOL perfor-
mance, Full span blowing, as in the jet flap, gives loﬁer air speed,
but suffers from fundamental limits on descent capability. Probably
the simplest way of overcoming these is through the use of reverse-jet

engines as discussed previously.

Limitations on Climb-out Performance

The limitations on descent/deceleration capability discussed in
the preceding sections are ''fundamental" in that they cannot be
alleviated merely by adding power. For example, adding poWer does
nothing to improve the descent capabilities of a tilt-wing configuration,
which are intrinsically limited by the stalling characteristics of the
wing and the propeller diameter and location. By contrast, climb-out

capability can always be improved by the addition of power. Climb



restrictions are thus of less importance to the present study and

hence only a brief discussion is given below.

A steep climb angle at low air speeds is essential to V/STOL
operation in urban environments. Helicopters, and other VTOL aircraft
with thrust-to-weight ratios greater than unity plus the capability of
vectoring that thrust vertically while maintaining a level fuselage,
clearly have the greatest versatility in this respéct. STOL aircraft
on the other hand, especially passive-lift configurations,experience
definite limits in maximum achievable angle of climb., TFor steady

climbing flight;

sin y = T/W - D/W (14)

where 1t 1s assumed that the thrust vector is essentially aligned with
the flight path. For small y, this expression differs from the
expression for the glide descent angle (Eq. 1), by the positive term
T/W. Thus, using the Twin-Otter example illustrated in Figure5 , we
can easily construct a similar maximum climb angle chart by simply

adding the T/W increment. For example, for T/W = 0.5, we have:

sin y = 0.5 =y descent (15)
Using Figure 3, for V = 100 fps, Cp, = 2 and 74 .scent = -6 degrees
(-0.105 radians)
. =1 :
y = sin (0.5 - 0.105) = 22,7 degrees (16)

climb

Reference 4, in reviewing the state-of-the-art for large passive -
1ift STOL's, suggests that climb angles in the order of 6 to 12 degrees
are readily attained, while Reference 13 indicates that the Breguet 941

achieves 14 degrees in the take-off configuration. The certification
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requirement for positive climb angles with one engine inoperative
places severe demands on twin engine STOL aircraft. For the reésons
explained above, this aspect of STOL nominal flight path capability
falls beyond the scope of this report., However, it is important as a

practical operational consideration.

Limitations on Constant-Acceleration Flight
Paths in the Vertical Plane

Considering flight in the vertical plane, it can be shown that

the rate of change of the flight path angle is given by

4

% = (o =cosy) & (17)
I

where n is the normal acceleration capability (load factor) of the

aircraft, (nZ = L/W), and Vo

landing and take=off flare maneuvers is determined by %%— , where x

is the horizontal coordinate. Substituting dx/dt = VI cos y in Eq.

(17), gives:

is the inertial speed. The geometry of

E1&

nZ o ' ( 8
\ss v _1) (VI)2 18)

The 1/V12 factor in Eq. (18) indicates that, for a given n_, a STOL
aircraft can obtain much more curvature of the flight path +than its

CTOL counterpart. For a given V_, the maximum curvature of the flight

I)
path is determined by N, ox? which in turn is limited by one or more

of the following considerations.

(1) stalling of lifting surfaces

(2) structural load limits



(3) 1limited normal force generation capability due to factors
other than stall
(4) passenger comfort

Bach of these factors will now be discussed.

Stalling of Lifting Surfaces: For passive-lift aircraft a
typical approach speed is 1.3 Ve, giving n, max‘: 1.69. Thus, from
Eq. (18), at an approach speed of 80 knots the flare curvature is
restricted to 7 degrees per 100 feet. This is quite a mild restriction.
It implies that a flare from a 15 degree approach would require 1.69 g's
to be held at 200 feet from the touchdown point, at a height of

approximately 25 feet.

Structural Load Limits: These are typically + 3g, and -1g for
large commercial aircraft, and are less restrictive than the other

considerations discussed here for determining nominal flight paths.

Normal Force Generation Capability: For VIOL aircraft in very
low speed flight at maximum design gross weight, the n, is typically
limited to 1.2 g, due to installed power limitations. This does not
greatly restrict the curvature of the nominal flight path (determined

fran Eq, 18) because very low values of VI can be obtained,

Passenger Comfort: There is a dearth of reliable data on the
'g! tolerance of the average fare-paying passenger. For some passengers
the threshold of discomfort is approached during the landing roll of
a large commercial Jet. This involves deceleration from 110 knots to
40 knots in approximately 3000 feet, corresponding to a mean decelera-
tion of 0.16 'g' over a period of 22 seconds. It is probable that a
similar deceleration occuring in flight would be objectionable, due to
the added effects of buffeting and gusts. In addition, psychological
factors associated with fear of flying and loss of visual reference

to the ground may further reduce passenger 'g' tolerance. Tentatively,
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based on the author's experience, we suggest that maneuvers should be
such that the acceleration experienced by any passenger are less than
1.0 incremental 'g' in the ''eyeballs down" sense, and 0.5 'g' in all

other directions.

Limitations on Lateral Curvature of the rlight Path

A given load factor capability, n_, cgn be used to produce
curvature of the flight path in the horizontal plane by banking the
aircraft. For a given n_, with y small, so that cos y =1, the hori-
zontal and vertical accelerations can be traded according to the

following equation.
°.2 o2 11/2
En, = [+ @rv)?]V (19)
The required bank angle is given by

cot g = —EL%—MZr—— (20)

These relationships are graphed on Figure 12, which demonstrates
that the extra nZ required to maneuver laterally is quite small.° Thus
V/STOL aircraft can maneuver laterally without sacrificing much ¥
capability. This facilitates sidestep maneuvers required to align the
aircraft with the ' runway folloﬁing breakout from cloud. For a given
sidestep flight path, the excess 'g' required is generally small for
V/STOL aircraft becaﬁse of the lower speed.
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CHAPTER IIT

ANALYTTC PREDICTION OF DESCENT BOUNDARIES FOR
TILT-WING AND DEFLECTED SLIPSTREAM ATRCRAFT

Introduction

Considerable experimental evidence exists to show that the
descent boundary of tilt-wing and deflected slipstream aircraft is
associated with wing stalling. The mechanism whereby stalling sets a
1imit on (D/L)max is indicated in Figure 7, and there have been
numerous qualitative descriptions of this phenomenon. It therefore
seems plausible that the (D/L)max boundary of a general slipstreamed-
wing configuration could be calculated from a knéwledge of the power-
off stall characteristics of the wing. This chapter describes a new
method for caléulating the 1lift and drag of a general wing-propeller
combination, It is shown that the observed descent boundaries can be
predicted with fair accuracy. The method requires data on the power-
off characteristics of the wing, and uses momentum theory to correct
these characteristics for power-induced effects. In this chapter,
the method is used only to calculate the (D/L)max boundary of the
XC-142A. In subsequent chapters, the method is applied to calculate
stability derivatives for the CL-84 tilt-wing aircraft in level and
descending flight. For the XC-lMEA, wind-tunnel model results were
used as the source of power-off data. The predicted boundaries are
of the sdme general form as the experimental boundaries observed in
model and full scale tests, but give a limiting descent angle which
at a given forward speed is about 8 degrees shallower than that
obtained in full-scale flight tests. The discrepancy can be removed
by introducing an arbitrary scale effect correction, increasing the
angle of attack for power-off stall by 10 degrees to correct model
results to full-scale. This scale correction is believed to be valid
and reasonable, but camot be fully justified until full-scale power-off

data become available.



The predicted boundaries are very sensitive to the power-off
stall characteristics, which in turn depend critically upon Reynolds
number and wind-tunnel wall interference. This sensitivity limits the
usefulness of the method fér prediction of descent boundaries; however,
it reflects important physical factors, and emphasizes the value of
stall-delaying devices such as slats and slotted flaps, or boundary-
layer control. Because of the sensitivity to stall effects, the
theory is probably most useful as a basis for comparative (rather than
absolute) predictions. It provides a method for assessing the rela-
tive effectiveness of alternative stall-delaying devices. The fact
that theory predicts the correct general shape of the boundaries
confirms the value of simple momentum concepts in the analysis of the

complex flows around slipstreamed wings.

Description of the Method

The technical approach is generally similar to that emploved

by Kuhn (Reference 21). There are, nowever, numerous differences

between details of Kuhn's method and the method presented here. 4These

differences will be noted as they arise in the discussion. In both
methods, the 1ift and drag of the wing are computed as the sum of two

parts.

(1) The 'outer' flow: a part due to deflection of the free-

stream by the wing. The mass flow that is deflected is assumed to
pE v, [b2 - N(Dg) ], where V_ = free-stream velocity, p = density,

b = wingspan, N = number of propellers, and D = diameter.*

: : 2 2
* Kuhn chooses an 'outer' mass flow equal t0 pEV’[b - N(DS) )

where Dg is the diameter of the fully-developed slipstream. For
most flight conditions of practical interest, the difference in

the total 1ift and drag due to replacing D by Dg is slight. Neither
choice is rigorous, and using D leads to much simpler mathematical
expressions.

1
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(2) The 'inner' flow: a. part due to deflection of the slip-
streams by the wing. This flow is assumed to be deflected parallel

*
to the section zero lift-line.

To compute the 'inmer' flow, the slipstream mean
airspeed at the wing must be known. This is derived using momentum
theory, as explained below. Note that it is not assumed that the slip-
stream is parallel to the propeller axis, except at zero forward speed,
or when the propeller axis is parallel to the direction of flight, as
in cruise.**

Computation of Isolated Propeller Net Thrust,
Gross Thrust, and Normal Force

Inviscid incompressible flow is assumed, with the fully
developed slipstream static pressure equal to the free-stream static
pressure. As shown in Figure 13, the mean induced velocity at the
propeller disc, Vi’ is assumed to be parallel to the shaft axis. The
mean induced velocity in the fully developed slipstream is assumed to
be 2Vi’ in the same direction. The résultant velocities at the disc
and in the fully developed slipstream are obtained by summing the
free-stream and the appropriate induced velocities, as indicated in

Figure 13.

¥ This assumption has been verified by plotting flow deflec-
tion data from several tests on wing-propeller-flap combinations at
zero forward speed. Kuhn assumed that this "static" flow deflection
angle, §, remains unchanged with forward speed; however, he did not
correlate 6 with the angle between the propeller axis and the zero
lift~line, GZLL'

*%¥ This is another point of difference between the present
theory and that of Kuhn, in which it is assumed that the slipstream
is always parallel to the propeller shaft.



Figure 13. - Induced Velocities and Total Velocities
in the Slipstream

Gross Thrust
Wing Present)

Net Thrust
(Isolated Propeller)

Gross Thrust
(Isolated Propeller)

Figure 1l4. - Propeller-Wing-Slipstream Force Vectors
at Forward Speed
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The foregoing assumptions are standard in the romentum theory

of propellers. It is also assumed that the mass flow through the

propeller is proportional to the local resultant velocity'ﬁg = V; +-3;,
and an area equal tO”SP cos ap, where a, is the angle of
Vb to the shaft axis, 1.e.:

Mass Flow = o Vy Sp cos a (1) -

This assumption is different from the standard assumption of momentum

theory which replaces the above "area of capture" Sp cos &, by Sp.

However, it has been found that Eq. (21) gives better agreement with
*

experiment.

From Figure 13 and Eq. (21), the thrust, T, is given by

T = psp cos ap Vy2v. =p sp 2Vi (v:.L + V, cos aTL) (22)

Defining a thrust coefficient T_ = 2T/p Vgoz 5,» and manipulating
Eq. (22), yields the following relationship for induced velocity, as
a function of thrust coefficient, and of the inclination of the

thrust line to the free stream, A,

1/2

+ Tc) - cOoS « ] (23)

Vi oy, 2
= —(T/E%Kcos a -

Veo TL

The inclination of the fully developed slipstream to the free-stream,

Ay is given from Figure 13 as

V sina
tan QSS - o0 TL (2’-[-)

Yxpos aTL + 2Vi

The choice of the area of capture is arbitrary, as long
as momentum-type theory is employed. Kuhn (Reference 21) iused Sp
as the area of capture, but did not correct for the inclination of
the slipstream from the shaft axis.



It is convenient to rewrite Eq. (24) in terms of Tc, using Eq. (23).

sin o
_ TL
- fos (T + cos2 a ')1/2 &)
c TL

Eq. (25) provides the basis for calculating the 1ift and drag developed
by the portions of the wing which are immersed in the slipstream as

described in the next subsection.

In calculating the descent boundaries, the propeller normal
force»(i.e., the force normal to the shaft axis) was assumed negligible.
The validity of this assumption was checked during the subsequent
calculations of stability derivatives, described in Chapter IV. In
general, it appears that propeller normal force will not be a signi~
ficant fraction of the thrust during low speed level flight and

descending conditions.

For purposes of computing the forces on the wing, the isolated
propeller gross thrust‘ié requifed. This is defined as the vector
sum of the net thrust and the reversed ram drag (See Figure 14). The
magnitude of the ram drag is simply nﬂ%o,'where m is the mass flow.
Resolving the ram drag into components normal and parallel to the pro-
peller shaft yields a convenient expression for the magnitude of the

gross thrust, Fg, as indicated below.

1 1/2

'Fg’ = &T T miy, cos @y RNC A SinaTL)eJ- , (26)
. 2 \ | 1/2
/T T
= g [ \ mVoo) te ( mvoo') c0s Ay, ¥ l] (27)
2v, 2 V. \2 1/2
/
-y [ (2) +2 (&) +1] (28)

ve} o0



L6

Combining Eq. (22) and Eq. (28) yields the following simple result:

1/2
v [TC +1 ] / (29)

A
The inclination of the gross thrust to the propeller axis is

given from Eq. (29) and Figure 14 as

sin o
_ TL,
o Xas (T + cos® @ )1/2 (30)
c TL

Computation of Wing Forces

It is assumed that the portion. of the wing immersed in the
slipstream produces lift and drag solely by turning the total 'inner’
slipstream mass flow and does not influence the lift and drag
associated with the 'outer' flow. This assumption implies a flow
model in which'the protective sheath of vorticity surrounding the
slipstream isolates the velocities inside the slipstream from those
outside. This is physically plausible, and corresponds to an assump-
tion usually made in analyses of propeller and helicopter rotor wakes,
where it is shown that the assumed distributiohs of shed vorticity
are such that no velocities are induced outside the wakes. A con-
sequence of this assumption is that the flow model for downwash

behind a slipstreamed-wing is non-uniform.

The gross thrust is assumed to be rotated through an angle

+ . i : V
X o * Bgpp+ The angle X 1S determined from Eq. (24), and eZLL
can be found either from standard airfoil data or power-on tests at

zero forward speed, as explained below.

It is convenient to'express eZI. in terms of quantities

L
illustrated in Figures 14 and 15, as:
.4 : \
= —Q:—L.‘——-\ o) (' }
Oz <36 F- \lpg, * %1/ (31)
F



Figure 15. - Angular Relationships of Wing~Propeller Configuration
and Slipstream Reaction Forces (Static Case)
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‘equations do not equal zero for zero thrust (because Fq #0

The angle (iTI'*-aOL) represents the incidence of the zero-lift line
to the shaft axis, at zero flap deflection. By the usual convention,

iTL and o are negative for the typiéal arrangement shown in

Figure IS?L It has been found empirically that, for typical chord/
diameter ratios, the flow turning angle at zero forward speed, §, can
be closely approximated by the angle eZLL as determined from power-off
tests. The theory presented here assumes that the slipstream is
turned parallel to the zero lift line at all flight conditions, from

hover to cruise.

To obtain the 1ift and drag due to the slipstream-wing
interaction, the initial gross +thrust and the final gross thrust are

resolved with components normal and parallel to the free-stream

- direction and the appropriate components are subtracted. Figure 16

shows the required geometric relationships. The result is:

i =
_ i . - . _ :
Lig = T By sin (g + 8500) - sin lagy -a ) | (32)

-

D =F§-klcos(a +

e - Tg L o T Ogp) teos (@pp - l) | (33)

The factor kl allows for turning losses in F These have been ob-

. G’
served in power-on tests at zero forward speed, where it is found
that for extreme flap deflections the resultant force is approxi-

mately 90% of the isolated propeller thrust.

Egs. (32) and (33) express the portion of the wing lift and
drag due to the flow within the slipstream. The flow outside the
slipstream provides a 1ift and drag which can be estimated by
standard méthods for power-off conditions; however, a correction
factor must be applied to allow for the part of the total power-off
1ift and drag that is included in Egs. (32) and (33), since these

for T = 0).
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The correction factor is:

1 - total disc area

E.x (effective span)2

The effective span is the span of an elliptic wing having the same
1ift and induced drag as the actual wing, i.e., by e , where b is

the actual span and e is the span-efficiency factor.
correction yields

Applying this
[ N /DN L
L =1/2 p vgsLl - = E’) ] c (34)

outer © power-off
flow

~ 2
= N/D
Douter = 1/2 p V28L1 T e ( b >'1 CDi
flow power-off

+1/2 p vzscD

(35)
o power-off
Note that the induced drag is subject to the interference correction
factor, whereas the profile drag is not, since the total wetted area
is relevant for Cp,- In Egs. (34) and (35), the power-off coeffi-

cients may be estimated by standard 'handbook' methods or directly
from power-off wind-tunnel tests.

Computation of Total Lift and Drag

The contribution of the propelier thrust to the total 1ift and

drag is
LT = T sin Q. (36)
Dp = -T cos Q. (37)



The total 1ift and drag can be written by summing Egs. (36), (34),
and (32), and Egs. (37), (35), and (33), thus:

L =F, [kl Sln(aTL + eZLL) - sm(aTL - as.s)J

- 2
H N D 1
+1/2p Ps[1 -2 (2) ] CLpower_off

+Tsinan, (38)

r .
1
.= T, - + _
D = F, |-k, cos (aTL eZLL) + cos (aTL aSS)J

2.
v e (i -2

i power-off

+1/2 p Vs ¢ - T cosQ (39)
D TL
0 power-off

To solve these equations for a given T and a'TL’ use Eq. (22) to

. - - g
determine V., solve Eq. (24) for a, > determine Vy as V + V., solve
Eq. (21) for m, then solve Eq. (28) for F, and substitute a_ , and

Fo in Egs. (38) and (39). The remaining quantities can be estimated

from standard aerodynamic handbooks or other appropriate data sources.

51



52

Correlation with Experiment
within the Unstalled Region

The 1lift and drag equations given above have been checked
against widely different configurations with good correlation.
Examples of'éorrelation with the experimental data of Reference 22
are shown in Figure 17(a) and 17(b). The airfoils used were symmetrical
with dduﬁle plain flaps. Figures 17(a) and 17(b) show results obtained
with the rear flap deflected 30 degrees. Figure 17(a) and 17(b) indicate that

the theory predicts the 1lift and drag with good accuracy in the un-
stalled region. Further verification of the accuracy of the theory
is given in Chapter IV, where calculated stability derivatives for the
CL-8k4 tilt-wing aircraft are shown to give fair agreement with flight

test results.

Estimated buffet boundaries may be compared to buffet indica-
tions in the experimental data. The estimated buffet boundaries in
Figures 17(a) and 17(b) were obtained by using ®ia11 "% (as indicated
by the power-off data for the configuration) as the value of xss

and solving for Tc versus «, To be consistent with the notation

TL"

2
of Reference 22, the data are presented in terms of Tc"(=2T/pVSSSP),

in Figures 17(a) and 17(b).

Calculation of Descent Boundaries
for the XC-142A

This section applies the theory developed in the preceding
sections to calculate the limiting angle of descent of the XC-1Lk2A
tilt-wing aircraft at air speeds from 30 to 80 knots. As explained
in Chapter I, the problem is e@uivalent to predicting (D/L)max. The
general procedure is described below; the aerodynamic and geometric
data used for the XC-1L42A are then summarized, and finally the calcu-
lated descent boundary is compared with boundaries obtained from

wind-tunnel and flight test results.
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General Procedure
for Calculating Descent Boundaries

In calculating the descent boundaries, the flight condition
(V,y , and W) and an initial value of T, were assumed; Eq. (25) was
then solved iteratively to find a TC that satisfied either of the
following limiting conditions, plus the appropriate overall aircraft

1ift-drag weight equilibrium relationship of Figure 1.

(1) tan (ass - iy) equals the stall angle of the wing,
where iw is the incidence of the reference wing chord relative to the

propeller shaft.

‘ (2) T, equals the T, that can be produced by the propeller
operating at maximum power, under the given flight conditions. To
calculate the power, an efficiency of 87% was assumed. This assump-
tion was not critical; since the descent boundaries were, in fact,

set by condition (1).

If the selected flight condition did not produce a Tc satisfying
either of the above conditions, it was assuméd that the flight condi-~
tion did not lie on the nominal flight path boundaries. Thus, by a

trial-and~error process, the descent boundaries were established.

Geometric and Aerodynamic Characteristics
of the XC-142A

The XC-142A airplane is a turbine-engined, tractor propeller,.

flapped, tilt-wing design for vertical and short takeoff and landing.
It has four propellers of diameter and spacing such that the wing is

nearly totally immersed in the slipstream. The wing has slight sweep
and double-slotted Fowler-type flaps, plus_slats. Figure 18 illus-

trates the general appearance of the aircraft.
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General dimensional data required for calculation of the
transition descent boundary were taken from References 23 and 24 and

are shown on Table 2., Required configuration parameters derived from

this data are shown on Tablé 3.

In addition to the dimensional data, four items of basic
aerodynamic data are required for use in calculation of the transition
- descent houndary. These are the power-off angle of attack of the wing
reference chord line at zero lift,tzo; power-off zero 1ift drag
coefficient; flap effectivenessﬁ and variation of section maximum
unstalled angle of attack with flap deflection. The value of a, is
found to be -1,7 degrees, from Figure'7 of Reference 25.

Zero 1ift drag coefficient data versus thrust coefficient for
several model configurations were taken from Figure 12 through 14 of '
Reference 23 and are shown on Table 4. These data are plotted on -
Figure 19. Based upon Figure 19, a power-off Cp, = 0.15 was taken
as representative of the configuration. This value is also in

general agreement with Figure 7 of Reference 25.

Data from Reference 23 showing the total angle of attack-of the

wing, a,, = (@ + %N)’ at maximum lift coefficient as a function of -

T
flap deflection and thrust coefficient are shown in Table 5. Data
are shown for flap deflection of 40° and 60° only. Although data

for zero flap deflection were available, these did not show a clear

c » and indicated values of @ at C from 20° to beyond 40°.
Thax max

*Flap effectiveness is defined here as the variation of the
angle of attack for zero 1lift with flap deflection. The significance
of this parameter is explained later in this chapter.
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TABLE 2
XC-142A BASTC DIMENSIONAL DATA

L e T o o
WiNg Area vi vt rieeneesesoteacentaenceonasosnas
Nﬁmber OFf Propellers cuiviriiiereneeeeoerananns
Propeller Diameter ......ceeveveeeoeecoocnines
Engines ....... cec e et et ettt
Maximum Power (S.L. Std.) per engine ..eceeee.
Gross Welght .........c.oiiiiiiiiiiiiiiiinnnees
EMpty Weight v vrerneieniinnieinenrnneenneanens

Angle of Prop. Shaft to Wing Reference Chord..
Flap: Double Slotted, Fowler Type

Flap to Chord Ratio (at 6= 60") .uevvvvnren.ns
Airfoil ...... feee e et e et e st es e ens

TABLE 3
XC-142A CONFIGURATION ' PARAMETERS

Aspect Rabio +.vi ittt it ittt i inanaanns
Propeller Disc Area ......... e esssreseceenns
WIing Loading .e.veveseenecsooecesoecssesesonsne

Disc LoadIng .. veereeeeinnesoenesecensacanas

(4) GE T64-GE-1
3080./H.P.
37,490 1b
23,016 1b

O degree

~.28
NACA 63-318

8.5

188.7 ftz/prop
70.2 1b/ft2
49.5 1b/ft2



TABIE L
ZERO LIFT DRAG COEFFICIENT DATA, XC-1k2A
Data from 1/11 Scale Model of Reference 23
(NASA-TN-D-3217)

. . C .
Figure No. 54 CTg slat| ‘w | D o Symbol
in Ref. 23| (deg) | (nominal) | (deg)'(L=O) (deg)

12 0 Lo none 0 -.46 | tail 0

0 .26 1 none 0 ~-.21 | off 0]

0 .03 none 0 12 off 0}

0 -.32 none 0 L2 | off o)

13a 4o 59 | s o |-.67] 20 @

4o A 5, 0 -.357 20 o]

4o .18 sl 0 -.08 | 20 O

Tg) -.04 5, 0 .20 | 20 @)

13b Lo .8 S, 20 | -.93] 20 of

Lo .64 S, 20 .| -.62 | 20 o

40 .48 S, 20. | -.31 ] 20 o

1ha 60 .60 8, 0 -.60 { 20 A

60 .39 Sy 0 -.30 | 20 A

60 .20. =N o |-.051] 20 A

1o 60 .80 5, 10 |-.75 1 20 A

60 .60 5, 10 |-.46 ] 20 A

60 b2 5, 10 |-.17] 20 A




P

]lISCALE MODEL
C 6 O =4p=0, no slat, iy, =0
Do '
O -8p=40 slat S;,i,, =0
A o - 6:=40° slat S, iy = 20°
A-Op= 60° slat Sy iw=0
A - 8 =60° slat Sy, iy, = 20°
—2
N
| —~——
-4 -2 W\ 4 .8
N c
\X T,
-2 \
\
-4
-6 —-
\
\ ¥
_.8 -1 \ \
\\;f
10 A
Figure:19. = Zero Lift Drag Data, XC-1k424
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TABIE 5

ANGLE OF ATTACK AT MAXIMUM LIFT - XC-142A

(Data from Reference 23)

C CT . . .
Figure No. 6F TS S W (a+lw)ma.x T

in Ref. 23| (deg) | Slat nominal (deg) | (deg) | (deg)

13a Lo 8, all 0 20 20

13b Lo 8, .82 .83 | 20 35 20

40 8y .64 66 | 20 25 20

Lo. 5, 18 .51. 1 20 25 20

1lha 60 5, .60 .62 o} 18 20

' 60 S, .39 Ao 0 15 20

60 sl .20 .21 10 20

1hb 60 8, 1.00 10 20

60 sl .80 81| 10 25 20

60 sl .60 .62 | 10 16 20

60 S, L2 Ak} 10 15 20

15a, 60 sl~ Lo L2 0 15 20
60 sl A0 b 110 15 20 -

15b 60 8, .60 .61 0 18 .20

60 sl .60 .61 | 10 17 20

60 sl .60 62 | 20 20 20

60 5, .60 .62 | 30 20 20

15¢ 60 S, .80 .80 | 10 26 20

60 sl .80 .82 | 20 26 20

60 5, .80 .81 | 30 27 20

60 S1 .80 .80 | 4o 30 20
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The data of Table 5 are plotted in Figure 20(a). This figure indi-
cates the experimental ranges of possible A at CI , power-off, for
hOO and 600 flap deflections. From this and the trends of other

airfoil data, the curve of ¢, at CLmaX versus flap deflection 6p»

power-off, of Figure 20(b) ig estimated as representative of the
Xc-142A as indicated by the data of Reference 23, Since this angle
is to be used as the a,ntc_z;lexmaX or buffet-limiting local angle of
attack of the fully developed slipstream with respect to the wing
reference ‘line, it is so indicated on the ordinate of Figure 20(b).
Note that data with slat S, were used for this curve, and that only
power-off data are required. for use in the descent boundary calcula-

tion.

A dashed line representing an arbitrary increment of 10 degrees

added to the experimental angles at maximum 1ift will be noted on
Figure 20(b). This was used in a calculation to demonstrate the

effect of leading edge devices, as discussed later.

Data showing wing angle of zero lift, ¢ versus flap

deflection and thrust coefficient, taken from gi?ir;nge 23 are shown
on Table 6. These data. are plotted on Figure 21(a), in order to
determine the flap effectiveness (power-off), defined as the
variation of zero 1lift angle of attack with flap deflection. The
estimated curve of this variation based on the experimental dats is
shown as the solid line in Figure 21(b). The initial slope of this
curve at small 5F'is knoﬁn from various airfoil tests, as in

Figure 96 of Reference 26. However, the experimental data shows

the flap to be less effective than expected at high flap deflections;

th hange in i = -
e chang QT,L -0 is very small from BF_ 4o degrees to 6F = 60

degrees. The ineffectiveness is unexpected, and may perhaps be

ascribed to scale or tunnel wall effects.
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Experimental Data
with slat Sy
2 O 6= 40° -
1A 6F=600
oLl l 1
5 10 15 0 25 30 35
OZT AT MAX CL
Figure 20(a). - XC-142A 1/11 Scale Model Local Angle of Attack
at Maximum Lift
I N T | T
301 7~ —
10° Increment Added -/ \\\\ Representative Curve
~  (Power Off )
~N
© 201 -
w
(&)
4
)
=
0 | I | | | 1 |
0 10 20 30 40 50 60 70

FLAP DEFLECTION, 8.~ DEG.

Figure 20(b) - Flap Effectiveness for XC-1L42A 1/11 Scale
Model
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FIAP EFFECTIVENESS DATA - XC-1424

TABLE 6

l/ll Scale Model of Reference 23

(NASA TN-D-3217)

c . *, ¢ i
Figure No.| O Ts | stat| *w | @up=0)| Mg | T | Comments
of Ref. 23| (deg) | nominal (deg) (deg) (deg)
12 0 .49 none 0 -.50 M9l Tail
0 .26 none 0 -.75 .26] off
0 .03 none 0 -1.30 .03] off
0 -.32 none 0 -1.00 -.32| off
13a 4o all S, 0 -11.5 All | 20
13b 4o .82 sl 20 -11.0 81| 20
Ty} qan 81 20 -9.0 62| 20
Tg) .48 8, 20 -8.5 ) 20
1hg 60 .60 5, -15.3 .62] 20
60 .39 8, -14.0 L2l 20
60 .20 8, 0 -1k4.,2 .26] 20
1hp 60 .80 S, 10 -16.4 .81 20
60 .60 5, 10 -14.8 621 20.
60 it 5, 10 -13.2 A5t 20
15a 60 Lo 8, 0 -15.0 431 20
60 RiTe! 5, 10 -13.5 k51 20
15b 60 .60 =N 0 -16.0 .611 20
60 .60 S, | 10 -15.0 .61} 20
60 .60 S1 20 -14.2. .611 20




TABLE 6

(Continued)
ey )| ©
4 I . +le=O .
Figure No. SF' TS slat| ‘w TS 1 Comments
of Ref. 23| (deg) | nominal (deg) (deg) (deg)
17a 0 prop'sinone| O 0.0 jprop's| tail
off Trim at
0 off none 0 .0 off -5 about
0 off |none 0 .0 off 0 i = 2.0
0 off |none| O -1.5 off 10 deg.
0 off none 0 -5.0 off 20
17b 60 off Sl 0 -12.5 off off Trim at
60 off 5, 0 -10.5 off -5 about
60 off |8, | O -11.0 | off 0 = -1.50
60 off S, 0 -12.5 off 10 deg.
18a, Lo off 5, 0 -10.0 off off
Lo off S 0 -11.0 off 10 No trim
Lo off 0 -11.5 off 20
. e
(a+1w)
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T L=0.

CHANGE IN ANGLE OF ZERO LIFT, Aw

~DEG;

o
N

—
[5)]
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. Shaded Bands

Experimental Data
Of Ref.23
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Correspond To

Flap Deflecti 60" \ 6=0"
indicated % i

/ -
/ /O'
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R < =
ef.26 7~ Based On
2l Ref.25

Ref. 23 Above

Representative Curves
( Power Off )

- PO =S 1 : : ] 1 .

10 20 30 40 50 60 70
FLAP DEFLECTION, 4.~ DEG.

Figure 2i(b). - Flap Effectiveness, XC-142A



It is believed that the flap effectiveness of the full scale
X¢-142A is greater than indicated by the experimental data of
Reference 23. Therefore, the dashed curve on Figure 21(b) was
estimated from section test data of Reference 26, and the flap effec-
tiveness data at low flap deflections of Figure 96, Reference 26.
This curve indicates the degree of flap effectiveness which could be

expected under full scale conditions.

The data of Reference 25 offer flap effectiveness for a single
deflection, 6P1=1609,as shown on Figure 21(b).. The tests of Reference
25 used surface roughness treatment for control of boundary layer
transition. The curve of effectiveness versus deflection shown on
Figure 21(b) as based on Reference 25 used the single point atéF = 6OO,
faired into the curve based on Reference 26 at lower flap deflections.

The curve was used to calculate the descent boundaries.

Calculated and Experimental
Descent Boundaries

Descent boundaries taken from the wind tunnel test data of
References 23 and 25, and the flight test data of Reference 14 are
shown on Figure 22. The wind tunnel boundaries are shown for two
values of flap deflection. These show the flight path angle corres-
ponding to the 1ift to drag ratio measured at the value of wing
incidence (with fuselage level) at which flow breakdown on the wing
was indicated by observation of tufts. These.curves are based on

untrimmed data.

Boundaries based on the flight test data of Reference 14 are
shown as the solid curves on Figure 22. These data were obtained by
flying a configuration having constant wing incidence and flap deflec-
tion, gradually reducing power to increase rate of sink, and control-

ling air speed by fuselage incidence. The boundaries correspond to

o7
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the low fregquency buffet characteristics. These boundaries are the
same as those shown in Figure 10.

Descent boundaries calculated by the analytic method are also
shown on Figure 22. The dotted line represents results using best
estimates: of basic aerodynamic data from Reference 23, 25, and 26.
The dashed curve was calculated using the curve of slightly higher
flap effectiveness derived from Reference 26, but other basic aero-
dynamic data from Reference 23, i.e., a 1lift curve slope of L4.30
instead of 4.91 as from Reference 25, and an angle of zero lift of
-1.0° at zero flap deflection. '

Steeper descent angles are realized in flight testing than are
predictable by the theoretical method. The theoretical method indi-
cates that the boundary should be very sensitive to the angle of
attack at maximum CL’ as this angle, Xuax? is the index to the maximum
deflection of the slipstream by the wing. Leading edge devices are
especially effective in extending the value of this angle. To define
the effect of Xpox OB the descent boundary, the boundary was calcu-

lated for speeds in the viecinity of minimum allowable angle of descent,

using values of ¥, from Reference 23 to which an arbitrary increment

of 10° had been agizd. The curve of (ymax + lOO) is shown on Figure
20(b): The resulting segment of descent bouhdary is shown as the solid
curve of Figure 22. Although the increase of Xmax without accounting
for accompanying losses is to some extent arbitrary, the results

indicate the power of this parameter in affecting the descent boundary.

The angles of descent resulting from the extension of xmax
are in reasonable agreement with those obtained in flight testing.

This result indicates the probable importance of scale effects and
tunnel wall corrections at the limiting flow deflection conditions,

especially regarding the effectiveness of leading edge devices.
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CHAPTER IV

EFFECT OF DESCENT ON TRANSFER FUNCTIONS OF TILT-WING
AND TILT-DUCT V/STOL ATRCRAFT

Introduction

The preceding chapters have discussed the restrictions imposed
on descent capabilities of V/STOL aircraft by (D/L)max. This restric-
tion is an important one for establishing nominal flight paths.

However, it does not necessarily follow that a nominal flight path is
flyable. Factors such as poor handling qualities, unsatisfactory gust
response, improper coupling to ground-based guidance equipment, etc.,
may render a given nominal flight path impractical. These factors are
associated with the small-perturbation dynamics of the aircraft.
Accordingly it is desirable to study the effect of descent on the small-
perturbation dynemics of typical V/STOL aircraft, in order to detect any
trends that may limit the accuracy with which the'aircraft can follow a
given nominal flight path. Particular interest centers on character-
istics which are innocuous in level flight but which become adverse in

descent.

To achieve this objective, transfer functions have been calcu-
lated for the Canadair CL-8k4 tilt-wing aircraft, and for the Bell X-22A
tilt-duct aircraft, for a range of low speed conditions, including level
flight, shallow descents, and descents as steep as the aircraft's (D/L)max
limitations willl permit. This chapter is mainly concerned with the
calculation and verification of the fransfer functions, and the air-
craft response to step control inputs. It is shown that for the tilt-
wing configuration, with stability augmenter system off (S.A.S.-off) a
marked deterioration in the height response to throttle or collective
pitch occurs in steep low=speed descents. This changé is associated
with the appearance of a right-half-plane zero in the appropriate

transfer function.



In Chapter V the consequences of this change in the transfer
function on the accuracy of terminal guidance are calculated. Tt is
shown that, even with optimum control, the ability of the aircraft to
follow a given nominal flight path is severely degraded when the
magnitude of the right-half-plane zero lies within a certain critical

region.

Calculation and Validation of CL-84% Stability Derivatives

The CL-84 is shown in Figure 23, which is based on data
from Reférence<27.v This reference déscribes flight tests on the CL-84,
and contains the basic dimensional data used in the calculation of
stability derivatives. Accordingly, the dimensional data is not
repeated here. Reference 27 does not present inertial data; manufac-

turers' estimates were therefore used.

The CL-84% is equipped with a three-axis stability augmentation
system (S.A.S.). This produces additional rate damping of 1.8, 2.k,
and 3.6 rad/sec2 per rad/sec about the yaw, roll, and pitch axes, plus
an artificial pitch attitude stiffness of 1.8 rad/sec2 per rad. The
term '"S.A.S.-on" is used here to denote conditions where all of the

above augmentation functions are operating.

The stability and control derivatives were calculated by the
MOSTAB modular stability derivative program described in Reference 1,
for the nineteen flight conditions listed in Table Te These flight
conditions cover the.airspeed range.from hover to 100 knots, with rates
of descent varying from level flight to the descent buffet boundary, as
estimated in Reference 28. Because the forward speed tests of Reference
27 were performed at 85 percent of nominal RPM, this was used for
derivative calculations, to facilitate comparisons between flight test
data and the predicted aircraft response characteristics. Some cases
were re-run at 95 percent RPM to detect any significant effects of

propeller speed on the derivatives.
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FLIGHT CONDITIONS STUDIED FOR CL-84

TABLE T.

Rate of Descent

Case Airspeed Ft/3ec RPM % Max
1. Hover 0 95
2. Vertical Descent 10 95
3. 20 Knots 0 &
b, 20 Knots 5 8

. 20 Knots 10 85
6. 42 Knots 0 85
Te 42 Knots 16 95
8. 42 Knots 8 8
9. 42 Knots 16 &

10. 60 Knots 0 8
1. 60 Knots 12 85
12, 60 Knots 2l 85
13. 80 Knots 0 85
14, 80 Knots 15 85
15. 80 Knots 30 &
16. 100 Knots 0 85
17. 100 Knots 30 95

18. 100 Knots 15 85

19. 100 Knots 30 &

>



Th

Derivatives were calculated for all the flight conditions listed
in Table 7, and the derivatives for Cases 1, 6, 9, 15 and 15 are pre-
sented in Appendix A together with appropriate inertias. To check the
accuracy of these derivatives they were used to compute time histories
of responses to specified control inputs. The calculated responses
were then compared with flight test responses given in Reference 27.

A typical comparison of longitudinal responses is shown in Figure 2k.
The calculated response was obtained by direct intégration~of the equa-
tions of motion using the derivatives given in Appendix A, and the same
stick deflection time history as recorded in flight. It will be seen
from Figure 24 that the agreement between the calculated and actual
longitudinal responses is very good, for the flight conditions examined
in Figure 24 ( 42 knots level flight attitude S.A.S. off). Similar compari-
sons of lateral responses were made for the following level flight
conditions; 100 knots, roll S.A.S. on; 42 knots, yaw S.A.S. off; and

42 knots, roll S.A.S. off. All of these comparisons showed satisfactory
agreement between the calculated and actual flight test time histories.
Thus, the derivatives and the calculated transfer functions discussed

below appear to be of good accuracye.

The Effect of Descent Angle on the CL-84
Longitudinal Transfer Functions

Appendix A preseﬁts longitudinal and lateral transfer functions
for each of the cases listed in Table 7, both with S.A.S. on and with
S.A.S. off. In general, the effect of descent angle on the transfer
function is slight; however, there are some important exceptions to
this generalization, as noted below. A brief summary of the major
effects of descent on each transfer function is given below. Appendix'
A presents the transfer functions which form the basis- for this

SUNMMATY .
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Longitudinal transfer function denominators. - With S.A.S. off

the CL-84 displays typical characteristics of tilt-wing V/STOL aircraft
as summarized in Reference 29. At hover there exist two stable
aperiodic roots and one markedly unstable oscillation. As forward
speed is increased to 100 knots these roots merge to form the conven-
tional phugoid and short-period roots, as described in Reference 29.

At a given airspeed, the effect of descent angle on these roots is
generally negligible; In most cases the change in the: roots from level

flight to maximum descent is less than 10 percent..

With S.A.8. on, there is a marked:increase in the stability of
the hovering oscillation (the roots change: from +0.156 ip.526j to
-0.334 +0.214j). This increase in stability is maintaihed throughout
transition, and at 100 knots the S.A.S. almost doubles the phugoid damping
ratio and increases the short-period damping ratio by approximately 25
percent. As in the 'S.A.S. Off' case,; the effect of descent angle on

the roots at a given airspeed is generally negligible.

Pitch attitude/longitudinal stick deflection transfer function. -

At a given flight condition the numerators of these transfer functions
are the same 'S.A.S. on' and 'S.A.S. off.' There is very little change
with descent angle, at a given airspeed. As noted above, the denominator
change is negligible; therefore, pilot opinion of attitude control should

be unaffected by descent.

Speed/longitudinal stick deflection transfer function. - The

control of stability-axis speed perturbations (u) is of importance for

stationkeeping and for establishing the desired approach speed. The

. numerator of this transfer function is virtually unchanged by the

S.A.5. Descent angle does induce some change at speeds below 100 knots.
For example, at 42 knots the relevant transfer functions for the S.A.S.

off, 85 percent RPM condition, are:



u 1.05 (s + .24) ((s-9.94) (s + 9.81)/

5 (5 + .0122 + .217]) (8 + 525 + .9503)
Level Flight

u_ 2,09 (s + .182) (s - 6.23) (s + 6.58)
6E T (s + 0177 + 28hk3) (s + .50% + .9L4k13)
960 fpm
Descent

This change is probably not significant for human or automatic control,
since the D.C. gain of the transfer function remains unchanged and the
right-half-plane zero is too large to be critical, as will be explained

in Chapter V.

Height error/longitudinal stick deflection transfer function. -

First it is necessary to define the term ''height error" as used in this
report. The definition is illustrated in Figure 25. The height error,
he’ is defined as the distance of the airplane c.g. above the
unperturbed flight path, measured normal to the unperturbed flight path.
Thus, if the nominal flight path is ievel, the height error is simply
the altitude of the aircraft above the datum altitude, i.e., he = h.

If the aircraft is descending at an angle % in the unperturbed state,
the height error, he, equals the altitude perturbation multiplied by
cosine 7o° The quantity he is used here, in preference to altitude,
because it is more directly related to the pilot's control task in
attempting to follow a steep flight path. For example, perturbations
in speed, (u).could induce an altitude rate (ﬁ) error with the aircraft
continuing to follow the desired spatial flight path. It is felt fhat
- the problem of controlling speed along the desired flight path should
be treated separately from the problem of controlling the aircraft to
follow the desired flight path. Thus, the r.m.s. deviation of he is a
significant measure of the accuracy of a given guidance system. In

terms of stability axis quantities, he, can be obtained from:

"
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dh
£ =-w+'Uofth (40)

dt

It is well-known that for conventional aircraft below the
minimum drag speed, it becomes difficult to control height (h) by
elevator alone in small perturbations from level flight. In Reference
50 the cause is traced to a right-half-plane zero in the h/6E transfer
function.* The zero is in the left-half-plane at speeds above the
minimum airspeed. This characteristic appears in the CL-84 level
flight h/6E nunerators which are:

At 100 knots;  9.43 (s + .011) (s + 7.47) (s - 7.39)
At 60 kncts; 8.85 (s - .080) (s +L4.15) (s - 3.77)

It is interesting to see how the right-half-plane zero at
s = + .080 is affected by descent. Wé, therefore, compare the above
transfer function numerators with the corresponding he/§E nunmerators
for descent. For the maximum descent rates, at the above airspeeds,

the he/6E numerators are:

At 100 knots; 9.77 (s = +02k) (s + To14) (s - T.05)
1800 f.p.m. descent
At 60 knots; 7.98 (s - .361) (s + 3.3) (s - 2.16)

1440 f.p.m. descent

The above examples show that descent angle produces a signifi-
cant increase in the magnitude of the smaller right-half-plane zero,

and a decrease in the magnitude of the larger right-half-plane zero.

*The h/6 transfer function normally contains one large right-
half-plane zero. This zero causes the initial 'drop' of the c.g. in

response to up-elevator. This drop is, of course, of very short duration
and causes no control problems. The zero discussed here is additional.
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~

As explained in Chapter V, both these effects are adverse, since they
tend to move thezeros into a critical region. Thus, the difficulties
experienced in controlling the flight path by elevator will worsen in

steep descents.

Height error/collective transfer function. - Because of the

above-mentioned difficulties experienced in controlling height with
elevator, it is usual to control height by thrust in low-speed flight.
The he/eo transfer functions tabulated in Appendix A describe the
response of the CL-84 to changes in collective propeller pitch, eo, at

constant r.p.m. These transfer functions show some significant changes

between level flight and descent for the S.A.S. off condition. For

example, at 42 knots and 85 percent rpm the he/eo numerators are:

In level flight: - 107.8 (s + .015) (s + .4h3 + 1.093)
At 960 fpm descent: - 112.0 (s - .092) (s + .UT7 + 1.033)

The appearance of the right-half-plane zero causes a drastic change in
the nature of the response to a colléctive step input. This is
illustrated in Figure 26. 1In level flight the response is always in
the '"'right' direction, i.e., an increase of collective causes the
aircraft to climb. By contrast, in descent he increases only for the

first 9 seconds, and actually reverses sign after 16 seconds.

The sign reversal is a direct consequence of the change in the
small zero from s =+ .015 to s = - .092. It can be shown by the
Laplace Transform Final Value Theorem that a stable transfer function
with one right-half-plane zero has a step response which initially is
of the opposite sign to the final response. This ''wrong-way" character-
istic may explain a control deficiency noted in Reference 27 (p. 16)
which descfibes difficulties experienced in establishing a steady 300
fpm descent rate at 42 knots. In Reference 27 it is suggested that low
plunge ddmping, -ZW, may have been the cause; however, the calculated
derivatives given in Appendix A do not show a significant decrease ianwr

with increase in rate of descent. Further, it is noted in Reference 27
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that 'an indicated rate of descent could be maintained between 500 and
700 fpm if frequent adjustments to the power lever were made.' This
would be expected from the step response characteristics shown in

Figure 26.

The S.A.S. removes the offending zero and thus eliminates the
wrong-way final step response. This is illustrated in Figure 27(a). The

appropriate he/eO transfer function numerators, with S.A.S. on, are:

In level flight: - 107.8 (s + .124) (s + 1.5+ + .79835)
At 960 fpm descent: - 112.0 (s + .050) (s + 1.37 + .8023)

Although the descent case transfer function is free of right-
half-plane zeros, the tendency for the response to be smaller than the
level flight case remains. It is possible that the rather low magni-
tude of the he/eO step response in descending flight (compared to the
level flight response) might be objectionable to the pilot. An
extensive discussion of the effect of right-half-plane zeros on the
mininum possible-r.m.s. tracking error, with special reference to

CL-84 height error control, is given in Chapter V.

The pitch responses associated with the height error responses
of Figures 26 and 27(a) were calculated to check whether the ''wrong-way"
characteristic appears in the pitch attitude response. These responses
are shown in Figure 27(b). This figure shows that there is not much
effect of descent angle on the pitch attitude response to collective,
both with S.A.S. on and with S.A.S. off. The S.A.S. reduces the
magnitude of the pitch response to collective but the peak response

remains relatively large, even with S.A.S. on.
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Figure 27(b). - Effect of Descent and Stability Augmenter System
on Pitch Attitude Response to Unit Step Input in
Collective Pitch for CL-84 at 42 Knots Airspeed
at Sea Level



The Effect of Descent Angle on the CL-84
Lateral Transfer Functions

Appendix A presents transfer functions relating roll control,
(BA) to bank angle and also relating roll and yaw control (SR) to
lateral deviation from the unperturbed flight path. This quantity,
denoted as y, is a measure of the lateral drift of the c.g. from the
desired position, and is significant for terminal guidance since it
equals the offset from the center of the runway. In general, there
are few significant effects of descent on the lateral transfer functions,

and hence only a brief summary is given below.

Lateral transfer function denominators. - With S.A.S. off the

CL-84 displays typical tilt-wing characteristics, changing from an
unstable hover oscillation plus two stable subsidences at hover, to the
usual dutch roll, spiral, roll subsidence combination at 100 knots.

The roll subsidence root is unusually small, being of the same magnitude
as the dutch roll root, because of the high roll inertia/damping of the
CL-84. 1In the speed range O to 100 knots the effect of descent angle

upon the denominator roots is negligible.

With S.A.S. on, the hovering oscillation becomes slightly -stable,
and there is a marked increase in the stability of the hovering roll-
subsidence root. At higher speeds these trends continue: the dutch
roll beéomes well stabilized and the roll-subsidence root increases
from approximately -1.5 S.A.S. off, to approximately -6.6. These
characteristics are only very slightly affected by descent angle for

all the speeds considered,

Bank angle/lateral stick deflection transfer function

numerators. These are the same S.A.S. on and S.A.S. off. The effect of

descent angle is negligible.
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Lateral ground velocity/pedal deflection transfer function

numerators. - With S.A.S. off, in level flight this numerator is
characterized by a moderately large right-half-plane root, a left-half-
plane root of abcut 50 fo 100 percent of the magnitude of the first
root, and a stable complex pair. . Some changes do occur between level
flight and descent, however, the general character of the réots remains

the same. For example, at 80 knots, the y/6R numerator is:
Level flight: - 3.43 (s - 3.17) (s + 1.37) (s + 059 + 3.943)
1800 fpm descent: - 3.44 (s - 4.81) (s + 2.73) (s + .522 + 2.265)

No adverse effects are apparent in this change. The behavior with S.A.S.
on 1s generally similar except that the oscillatory roots become more
stable.

Lateral ground velocity/lateral stick deflection transfer

function numerators. - With S.A.S. off this important transfer function

is characterized by a numerator with four roots. Two of these form an
oscillatory pair which is approximately cancelled by the dutch roll

pair in the denominator. This cancellation occurs in both level flight
and descent; it assures a non-oscillatory step response, which is
desirable for good handling qualities. The rémaining roots comprise

one which is of either sign but very small, and can be regarded as zero,
and one which is exceedingly large ( >100 rad/sec) which has no influence
on handling qualities. The above characteristics are unchanged by
descent. One would expect, therefore, that the lateral positioning of

the aircraft would be no more difficult in descent than in level flight.

With S.A.S. on, the very-small root becomes large (>30 rad/sec)
and stable. -The other characteristics remain as described above, and
no significant effect of descent on handling qualities related to the

y/&A transfer function is indicated.



Calculation and Validation of X-22A
Derivatives and Transfer Functions
The Bell X-22A is a V/STOL research aircraft equipped with four

ducted fans. Figure 28, taken from Reference 15, illustrates the
general arrangement of the vehicle., Manufacturer's estimetes of
stabilitylderivatives for the X-22A are given in Reference 31 for
various level flight conditions, mostly with a deceleration a ‘g's.
These are equivalent to the derivatives for steady descent at an angle
Yo = sin_1 a . Interpreting the derivatives in this fashion yields
derivatives for the flight conditions listed in Table 8. These
descending cases correspond to the buffet boundary of the X-22A as
estimated in Reference 31. The derivatives are tabulated in Appendix
B. For reasons explained below, only lateral data are included in

Appendix B.

TABLE 8.
FLIGHT CONDITIONS STUDIED FOR THE X-22A

Airspeed Flight Path Ahgle

Run No. fps deg SeA.S.
1 10 -12.1 ON and OFF
3 67.5 - 7ol " "
5 101.2 -10.0 r ;
7 168.9 -13.5 3 "
9 219.5 0 " "
12 | 0 0 rte."
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Figure 28, ~ Three-View Drawing of Bell X-22A
Tilt-Duct V/STOL Aircraft



Reference 15 presents data on the pitch roll and yaw rate
damping provided by the S.A.S. As indicated in Appendix B, for the
'S.A.S. on' cases, the derivatives were augmented by factors proportional
to the rate feedbacks so that the calculated transfer functions include
the effects of the S.A.S. Appendix B presents derivatives for

'S.A.S. on' and 'S.A.S. off' conditions.

To validate the derivatives, the measured periods, damping, and
dutch roll ¢/B ratio given in the flight test data of Reference 15 were
compared with the values obtained from the transfer functions. The
results are indicated in Figure 29, which shows reasonable agreement .
between the predicted and measured characteristics. It would have been
preferable to compare the predicted and measured characteristics at
identical flight conditions. This was not possible, because Reference
15 only includes data for perturbatiéns from steady level flight, whereas
the derivatives of Reference 31 are applicable to steady descent, except
at 150 knots and hover. A further difference between References 15 and
31 is that the data of Reference 31 are calculated for sea level, A
whereas the flight tests of Reference 15 were made at altitudes between
3,800 and 5,000 feet. Longitudinal periods and damping ratios computed
using the data of Reference 31 did not agree with the flight test data
of Reference 15. It is possible ﬁhat'this discrepancy is merely the
result of the difference in flight conditions; however, it was decided
not to include the longitudinal data in Appendix B because of the possi-

bility that these data may be inaccurate..

Reference 31 does not present derivatives for level flight at
the same airspeeds used in descent, and such data were not available
from other sources. Hence, no systematic comparison of the effect of
descent on the transfer functions was made. The implications of the
X-22A transfei functions for terminal guidance are described in the

next chapter.
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CHAPTER V

TREDICTION OF THE BEST ACCURACY ACHIEVABLE
FOR V/STOL TERMINAL GUIDANCE

Introduction and Summary

The problem of controlling an aircraft to fly as closely as
possible to some desired flight path, in the presence of gusts, is
analogous to the problem of designing a filter network which reproduces
a signal as closely as possible in the presence of noise. The latter
problem was solved by N. Wiener (Reference 32) for the case of station-
any random signal and néise, with subsequent extensions by J. F. Newton
and R. E. Kalman for deterministic inputs, and time~varying signal and
noise (References 33, 34). In this section, we apply Wiener's results
to the V/STOL terminal'guidance problem. We show that a key factor
governing the accuracy with which a given nominal flight profile can
be followed is the presence of right-half-plane zeros in the numerator
of the appropriate transfer function. Such '"nomminimum phase" zeros

can seriously degrade the accuracy of the vehicle-plus-guidance systemn.

With a pilot in the loop, additional nonminimum phase effects
are introduced by the pilot's effective time delay Te? which can be
approximated by a nonminimum phase Pade’ expression, (;s + 2/Te)/

(s + 2/¢e), in the Laplace transform domain.

In this Chapter we first present some results derived from

optimal control theory. These are:

(1) a formula for the optimum controller transfer function, for

a given airplane and given gust’characteristics

(2) a simple expression for the mean square gust response of

the airplane=-plus-optimum controller combinaticn. This
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is the minimum possible gust response achievable with the

given airplane in the specified gust environment.

Next a simple example is given to illustrate the use of thesé
formulas. The applicability of optimal control theory to a typical
V/STOL aircraft terminal guidance situation is then discussed. Some
examples of the optimum gust response obtainable with the CI-84 and
X-22A are then presented to illustrate the effects of nonminimum phase
and time delay characteristics on the accuracy obtainable in various gust
environments. It is shown that, unless special precautions are taken in
S.A.S. design, the accuracy cbtainable in V/STOL terminal guidance
systems may be unsatisfactory.

Transfer Function and Mean Sguare Error
of an Optimal Regulator

Figure 30 illustrates the regulator* configuration considered
here, In Figure 30, a "plant" ofA"vehicle" having a transfer function
PQ is controlled by a single control, 8. The plant transfer function
is assumed to be stable, and P includes the gain, all the numerator
factors with left=half-plane roots, and all the denominator factors.

Q is the product of all the numerator factors with right=half-plane
roots. For a minimum phase plant, @ = 1. For example, for a plant

with a transfer function PQ = 5(s - 1)(s+ 3)/(s+ 2) (s+ k&) (s+7),
the factors P and Qare: @ = s= 1, P =5 (s+3)/(s+ 2) (s+ 4)(s+7).

*"Regulator“ is standard control system terminology for a
system in which the only inputs are 'unwanted' inputs, such as gusts.
If a command input were added, as in tracking a maneuvering target,
the system would be called a 'tracking' or ‘'following' system.
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Figure 31, -~ Effect of Nomminimum Phase
Transfer Function on Mean Square Error
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In Figure 30 the system is forced by a noisen, and responds by
producing an output c, which sums with n to give a total system "error"
m. This quantity is called the '"error" because it represents the
deviation of the system from the desired unperturbed state. The problem
is to find the transfer function of the feedback controller Fc which
will produce a & yielding the minimum value of some specified performance
index, which is a function of m. Here we shall assume that n is a
stationary random noise,*‘ and the approp;igzg quantity to be minimized

is the mean square value of m, denoted by m2.

It is important to note that the performance criterion chosen
here places no penalty on the magnitude of the controller deflection, .
This is in contrast to previous studies of the application of optimal
regulator theory to aircraft, e.g., References 31, 36 and 37. These
references employ a performance criterion of the form: minimum
(m2 + k62), where k is a positive weighting constant. It is frequently
asserted that k must be included to obtain a meaningful optimum system,
i.e., if k is allowed to go to zero the optimum regulator will be an
ultra~-fast-responding system with infinite feedback gain, requiring
infinitely large control deflections, and producing zero error. This
assertion is true only if the plant contains no nonminimum phase or time
delay elements. For V/STOL aircraft such élements are always present,
either in the aircraft transfer function or in the dynamics of the
control system. As will be shown, the simpler performance criterion,
minimum m2, gives meaningful results and, by definition, yields a system

which has a smaller mean square error then any other system.

*The solution for a deterministic n can be obtained simply from
the solution presented here, through the use of the '"transient analog"
(Reference 35). For the deterministic case the performance index is

<, A :
“/P m dt.

(o]



For the system of Figure 30; from Reference 2, the transfer
function giving minimum mean square response m2 to a stationary random

noise, n, is:

M(Jd)) _ Q 1 Q & +
NGe) - tRrgw |z (1)
nn

+

where M(jw)/N(jw) denotes the transfer function written as a function of
jw rather than the more general Laplace transform complex varisble s = o

s = 0 + jw.

®nn is the noise power spectrum

®nn+ is the factor of @nn containing all thé left=half

plane complex poles and zeros

[-] denotes the expansion in partial fractions of the quantity
+

within the braces omitting partial fractions with right-half
plane poles ' '

Q is the complex conjugate of Q, the product of the nonminimum
phase factors of the plant transfer function.

Example of calculation of optimum regulator transfer function.

For the system of Figure 30? let the noise power spectrum be

1 ) 1

= o= - — (42)
nn 1+ 0 (1 + Jw) (1 = jow)
Iet the nonminimum phase factor be
Q=a- jo (43)
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where, for the purpose of this example, a is variable. From Eq. (42)

" the left-half plane factor of o, is;

o t oo (i)

nn 1T+ jw

Combining Eqs. (43) and (4b)

+ .
a + jw a
a

Q ® _ _ 1 1 2a 1
g M T T (- Jw)” 1

— . — + . -
+ 1+ jo 1 + a a - jo

(45)

Expanding into partial fractions and retaining only the left-half-plane

factors

Q + 3 a =1 . 1
[%5’ an,}+ - a + 1 1+ jw (46)

Substituting from Egs. (45) and (46) in Eq. (41) the optimum transfer

function reduces to

M(Jw) a -
N(jw a +

1, a - jo
! (1)

It is of interest to interpret Eq. (47), the overall system transfer
function, in terms of FC the optimum controller. From Figure 30, the

system output, ¢, is related to the error, m by:



cle) . M)
eI ) (48)

In practice, P must have more poles than zeros. To make Fc

satisfy this practical requirement it is necessary to introduce
arbitrary high frequency poles. Provided,fhese are located beyond the
noise bandwidth, the increase in mean square error is negligible.
Thus Eq. (47) can be used to find a lower bound on system mean square

error which can be very closely approached by practical systems.

Example of calculation of mean square error. - It is instructive

to calculate the performance of the optimum system, varying the non-
minimum phase characteristics of the plant. The mean square error is

given by the integrai of the error power spectrum as:

— go o .
R f 490 = g [ R RER) 6,0 s G0

_jw - oo

For the above example, from Eq. (47)

M(jw) M(=Jw)

- - a a - jw a + jo (1 - a)
N{(jw) N(-jw) L {a+ja) a-jw}+. 2
. (1 + a)

Y a2 4y a5%°

(1 +a)% (a° + o) (51)
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Hence,

o~ 2
me - L f 4 a . L 5 djo (52)

2
..joo (1 + 8.)2 a + o

Integrals of the above kind can be readily evaluated from the tables
given in Appendix E of Reference 55, or by summing the left=half-plane

residues of Qmm' The result is:

§

2
R (53)

(1 + a)2

Eg. (53) is graphed in Figure 31. - Note the remarkable degradation in’
performance that occurs as the magnitude of the nonminimum phase zero
approaches the input break frequency. By contrast, when the zero is

either very 'close=in' or very 'far-out' the performdnce loss is less

significant.

The mechanism of the performance loss can be understood by
considering Figure 32, This illustrates the step response of a simple
system with a nonminimum phase zero compared with the same system
with the sign of the zero switched, (i.e., made minimum phase). The

transfer function of the system is

g(:; = .1_+._§2& where )\_ = + 1, or - 1 (5)"')

1+ s

For the nomminimum phase condition \ = « 1, and the transient response
moves in the '"'wrong" direction for the first 1.5 seconds. One can
see intuitively that a random signal made up of a series of steps of
equal magnitude? but switching sign with an average frequency of
about 1.5 séconds, would be difficult to follow because of the non=

minimum phase zero causing the initial response to be "wrong-way".
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The above reasoning explains the ''worst case" situation in
Figure 31, where, with a = 1, the mean square error is equal to the
mean Square noise. This implies that the optimum feedback is zero!
This astonishing result can be explained as follows. For low frequency
noise, the optimum Fc has positive DC géin. For high frequency noise,
the optimum Fé has negative DC gain because of the initial "wrong-way"
response (e.g., Figure 32). For some intermediate noise, the optimum

Fc gain is zero,

A Simple Formula for the Mean Square
Error of an Optimal Regulator

The calculation of the mean square error of optimal regulator
systems becomes very simple through the use of the formula derived
below. As will be shown later, the formula indicates how the minimum
achievable mean square error is affected by aircraft characteristics
such as short=period and phugoid frequency and damping, dutch roll

root locations, ete.

From Eqs. (41) and (50), the ratio of error and noise power

spectra is:

EEE = {1 - Q 1 [
) Q @

oo

Wt [e 1

(55)

where [ ] denotes the expansion in partial fractions of the term
within the braces omitting partial fractions with left-half-plane
poles. Note that in Eq. (55), the second term in { } is merely the

complex conjugate of the first.

100



Rearranging Eq. (54),

+ o+ — - - — -
Q@ Qe * g e Qo ]
b ) m - [§% [ () § - [3% ]
® - + = -
m % (Dnn % (Dnn
+ — -
Q ¢ 7 Q o .]
[tz - ]- [‘q i
= n — (56)
Q ¢ Qe '
T ™ Q ™
Writing ¢__ = @n; ® - 8, and integrating Eq. (56) yields the
, QQ
desired formula
J® J'oo.
2 1 o g0 "
m E/d)mdgw——ggr—jf[%- nn ]_ [% nn ]+ djw
- Jjoo —j°°

(57)

In most applications Q consists of only a single nomminimum
Q

phase factor, hence the evaluation of [a <I>nn+] requires only the

calculation of a single residue.

Example of the use of Eq. (67).- To swiftly calculate the

mean square error of the simple example given above, note that in

Eq. (L45),

(8% | - 25 C:
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Hence the error power spectrum is immediately found as:

b &t 1 |
%om = zT—:—;;E T Ta - jo)(a + jo) (59)

The mean square error can be found.as before from the integral tables

of Reference 335 or by summing leftehalf-plane residues of ®mm

Applicability of Wiener Regulator
Theory to V/STOL Control

From the above discussion, it appears plausible that nonminimum
phase may cause significant inaccuracy in V/STOL aircraft control.
To explore this in more detail, it is necessary to check that'the
underlying assumptions of Wiener optimization afe valid for the V/STOL
control problem. Let us therefore review the points of difference

between the regulator and an actual aircraft.

It is immediately apparent that a number of features distinguish
the V/STOL airplane in a gust environment from the Wiener optimum

regulator outlined above. These include

(1) The aircraft transfer function and the gust input
spectra may be time-varying as the aircraft-decelerates

through transition..
(2) The aircraft may be unstable.
(3) The aircraft dynamics may contain nonlinearities.

(4) More than one noise may be applied (e.g., horizontal

and vertical gust components).

(5) The aircraft has several degrees of freedom and two or

more lateral and longitudinal controls.
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As will be shown below, none of these features invalidates the

use of Wiener theory, though some mathematical complications may arise.

Nonstationary inputs and aircraft dynamics. - Nonstationary

inputs can be handled by an extension of Wiener's theory due to Kalman
(Reference 3L4). For the stationary case; with constant airplane
dynamics, the'Kalman optimal system'is equivalent to the Wiener system.
Here, we shall consider s’catiohary conditions only, assuming that the
gust spectra are not functions 6f time. Furthermore, the ' frozen-point"
representations of aircraft dynamics will be employed. To justify

these assumptions, note that

(1) The forms of gust spectrum commonly used have frequency
characteristics which dépend on the ratio of.hg/V. Thus,
as height and speed are lost during an approach, the
frequency characteristics of the spectrum remain approxi-

mately constant.

(2) The frozen-point (constant coefficient) approximation to
time-varying'airplane dynamics is valid provided the
deceleration is small, For V/STOL aircraft, the combined
descent plus deceleration capability is liﬁited to small

values by limits on drag, since, from Eq. (1)

g—z = g sin(-y) - (i—) g cos(-7) (60)

Typically, for V/STOL approach conditions, (D/L)max = 0.25

Thus, particularly for descending flight, the available deceleration

is small, and it is legitimate to use the frozen-point approximation.
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Instability of the aircraft. - At low speeds most V/STOL

aircraft are unstable without stability augmentation. To apply Wiener
theory to either a human or an automatic controller, one must‘assume

that the controller is capable of stabilizing the aircraft. Note however,
that although the controller stabilizes the aircraft, it may also

degrade the. performance of the overall.system through the introduction

of nonminimum phase effects or transportation lags inthe controller.

Nonlinearities. - For stationary Gaussian inputs, the Wiener

system gives a closer approximation to: the desired response than any
other system, linear or nonlinear X Therefore, no advantage is_gained
by deliberately introducing nonlinearities. ILinear representation of
the basic airframe dynamics is standard practice for V/STOL aircraft,
though it can only be strictly juStified by appeéling to test data on
the specific cénfiguration under consideration. An examination of the
validity of linear representation for the Vertdl VZ-2 tilt-wing
aircraft and the Doak VZ-4 tilt-duct aircraft is given in Reference 7.
For the CI~84 and X-22A considered here, the flight test correlations
presented in Chapter IV indicate that the linear representations are of

adeduate accuracy for small perturbations.

Different points of application of signal and noise. = The

system block diagram used in Figure 32 was intentionally simple, in
brder to present the Wiener formulas clearly. ''Real-life" flight
control.systems require more complicated block diagrams, but the Wiener
formulas can still be applied, after performing suitable block diagram
algebra. In many instances, this has already been done in the literature
(e.g., Reference 2). With such manipulations one could consider
internal system noise, such as human pilot remnant, in addition to

u-gusts and w-gusts.

* For a proof of this, see Reference 35.



Multiloop control. -~ Historically, ‘Wiener optimization has been

used for single-loop control, with Kalman optimization reserved for
multi=loop situations. The two approaches are compared in Reference 58,
where it is shown that the Kalman and Wiener systems .are identical for
stationary input;.' Whitbeck (Reference 37) has shown that the Wiener
formulation can readily be extended to the multiloop case. This

approach is attractive for our purposes, since it uses aircraft transfer
functions rather than the state-variable equations required by the Kalman

formulation hence, nomminimum phase effects can be more readily detected.

Optimal Control of the CI~84

This section presents calculations of the minimum achievable
mean square height error of the CL-84 performing a steep approach under

gusty conditions. The purpose of these calculations is:

(1) to demonstrate the application of the Wiener optimal

regulator theory to a practical situation

(2) to determine the best performance obtainable with single-

axis control

(3) to explore possible improvements through multiloop control

The assumed gust spectrum consists of u and w components, un-
correlated with each other, each having a power spectrum of the form
suggested in Reference 39, slightly modified to remove steady-state gust

‘components.

2
Sy w - (Wg ) 24 (Jw) (=jw) (61)
“g's T G0+ q )(-je + 4 ) | (3o + .001) e +.001) |

et

where wg2 is the mean square gust intensity

is the gust break frequency in rad/sec.
%
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The choice of ng is arbitrary hgre, S%ESS_the mean square height error,
heg, will be normalized by division by Wg2. Thg gust break f{g%?enqy
a% will be varied parametrically to show the effect of w, on he . Note,
however, that Reference 39 suggests that W) = (3/2) (VA/hg) where,hg is
the altitude. . This relationship is graphed in Figure 33 to illustrate
the tendency for Wy to remain relatively constant during the approach,

as speed and height are both lost.

Initially, choose a r.m.s. gust intensity of 3.0 fps, VA = 42
knots, and a gust break frequency of 0,204 rad/sec, which corresponds
to an altitude of approximately 500 feet. The CI~84 gust response
transfer function at 42 knots and 960 fpirrate of ‘descent, with S:A:S.

off, is

"e _ -.202 (s + .0965 + .70143) (s + .6751) (62)
Wy s(s + 0177 + .24L3) (s + .50k + .9L07j)

The transfer function relating height error to collective pitch

is tabulated in Appendix A as

e . =112.0 (s = .0916) (s + 477 + 1.033) (63)
5 (s + 20177 + .24h3) (s + .50h + .oko73) 2




1
0 100 200 300
MEAN AIRSPEED fps.

Figure 33, - Gust Spectrum Break Frequency as a Function
of Airspeed and Altitude.
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Substituting in Eq. (57),
Qo _ (io+.0916) (3V .h08 " 1
Q “ \jw - .0916 o + .20k 3O + 001

(=.202) (o + .0965 £ .701%j) (o + .6751) (64)

* o + 0177 + .28k3) (Jw + 504 + .9%07J)
Q o t| - o238 (u+ .0916) (Jo+ 0965 3 .7014)) (ju + .6751)
Q@ mn (Jo + .204) (jw + 0177 + .24L3) (Jw + .50k + (9L0T73){jw +.001)

evaluated at jo = +.0916

1
x Jo - .0916

(65)

It is instructive to evaluate Eq. (65) graphically by drawing vectors
from each pole and zero to the aAzero, as shown in Figure 2L, This ;

indicates the relative contribution of each pole and zero to the total

response.

[_@_ o +] _ (.385) (.724)° (.768) (.183) _ __u.s8

Q ]l (-0926)_(0,27)2_(1.11)2‘(.2956)(3‘03...0916) (Jo - .0916)
(66)

The mean square height error is evaluated either from the integral
tables of Reference 33, or by calculating the sum of the left~half-plane

residues of the height error spectrum.

0 _ (11.8° _ (11.8%/(2) (.0916)
h_h (o = .0916) (~jw - .0Q16) ~ Jo + .0916

(187 /(2) (.016)
-jw + 0910

(67)



B = (11.8)2/(2) (.0916) = 768 £t° | (68)

The above optimum response calculation has been reworked for a
range of gust break frequencies, keeping the same r.m.s. gust amplitude,
3.0 fps, and the results are shown in Figure 35. This figure shows that
for the expected range of gust break frequencies, the r.m.s. height error
cannot be réduced much below 25 feet. Thus, even the optimal control is

relatively ineffective, because of the nonminimum phase aircraft transfer

function.

It is instructive to compare the optimum gust response with
that of the uncontrolled aircraft. The latter can be calculated from
Equations 61 and 62, and is also graphed in Figure 35. Because of the
large low fregquency component of the gust spectrum, the height error
response is very large. It would be infinite, if the spectrum did not

include the terms enclosed in

} in Equation (61). Thus, comparison of
the height error responses of the optimum and uncontrolled systems is not
too meaningful. It is better to compare the corresponding r.m.s. values
of dhe/dt,'the height error rate. This is QOne in the lower half of
Figure 35. Note that (dhe/dt)r.m for the optimum system is typically

about 40 percent of the control-fixed (dhe/dt) This percentage

, rem.s.
shows that only limited improvement in-the gust response is possible

through the use of collective pitch alone.

It is of interest to compare the effects of u-gusts with the
w-gust effects calculated above. The transfer function relating height-
error to u-gusts for the CL-84% at 42 knots and 960 f.p.m. descent is:

o

. z2439 (s + .2027 & 57T
g (s +.0177 + .2k3) (s + .50k + .9ka73)

(69)
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Figure 35. Effect of Gust Break Frequency on Minimum
Achievable Gust Response with Optimum
Single-Loop Control



With zero feedback, and a u-gust spectrum identical to the w-gust
spectrum, the Tem.S. height error is 13.2 feet, as compared with 211.0
feet due to w-gusts of the same 3.0 fps r.m.s. intensity. With optimal
feedback the r.m.s. height error reduces to 5.4 feet. These numbers

. apply for a gust break‘frequency of 0.204 rad/sec. With this break

frequency the aircraft, therefore, responds less to u-gusts than w-gusts.

Alternative control techniques., = The height error levels
indicated above may be unacceptable for approaches in a gusty
environment, i.e., large r.m.s. values of u-gust and we-gusts. Hence,

consideration must be given to alternative methods of control. Two

possible alternatives are

(1) control of height error through feedbacks to pitch
attitude control ‘

(2) multiloop feedbacks involving pitch attitude and collective
propeller pitch control.

The first alternative appears unattractive because of the
Presence of some badly placed righte~half=plane zeros in the h/6e
transfer function. These zeros are present even in level flight,
because the aircraft is flying below its minimum drag speed.

For example, at 42 knots in level flight, from Appendix‘A

e _ 7.28 (s =0.219) (s = 2.23) (s + 3.12) (70)
3 s(s + .0122 + .2173) (s + .525 + .9363)

The zero at 0.219 rad/sec is virtually coincident with the assumed gust
break frequency at 0.204 rad/sec. As shown in Figures 31 and 35 this
represents the worst possible situation.

Turning%to multiloop contfol, one. would expect that, since the

excessive height error stems from the right-half-plane zero in the




he/eO transfer function, it would be advantageous to use a S.A.S.
feedback to pitch attitude control that would remove this zero. This
can be done with the CL-84 S.A.S. system, which incorporates both
‘attitude and rate feedback to the pitch attitude control (which is
comprised of elevafor and horizontal tail propeller collective pitch).
At 42 knots and 960 fom descent, the height error/collective transfer
function with S.A.S. on is:

e =112.0 (s + .05) (s + 1.37 £+ .8023) (71)
N s(s + .095 + .2003) (s + 1.35 + .7343)

Since this is minimum phase it might appear that the height
error of the optimum system would be zero. In practice, this is not
éo, since some allowance must be made for sensor and actuator lags,
plus the time delay of the human pilot, if he is in the loop. For
example, adding a 'system' delay of 0.3 seconds, would require the
above transfer function to be multiplied by the Pade approximation
(6,67 - 5)(6.67 + s). This would induce appreciable height error for
high frequency gust inputs (e.g., self=-induced turbulence due to
buffeting). However the system performance will be improved over the

single=lo0p case.

Gust Models. - In this chapter, atmospheric turbulence has been
“assumed to be stationary and random. The theory developed here shows
that the minimum achievable error in following the desired flight path
depends as much upon the turbulence specﬂrum as upon the dynamic
characteristics of the aircraft. This indicates the importance of
obtaining an accurate model of low altitude turbulence. Data are

also needed on self-induced turbulence, due fo buffeting;vwﬁich may

be significant in steep descents, and on vortices trailing from nearky
aircraft.



The situvation regarding available low altitude turbulence data and
analytic models is far from satisfactory. The power spectrum in this
report is takep from Reference 34, and dates back to the early 1960's. Tt
was hoped to use a more up-to-date representation of atmospheric
turbulence including nonstationary effects. However, the review of
recent low altitude turbulence data given in Reference 1 indicates a
dearth of reliable experimental data to substantiate more sophisticated
models. Until more data are gathered it seems advisable to use one of
the older analytic representations of turbulence, such as that of Reference
3L, varying the break fréquency parametrically to cover a reasonable range
of atmospheric conditions. Random wind-shears can be approximated by

allowing the break frequency to‘become small.

Optimal Control of the X-228 Tilt-Duct Aircraft

As has been demonstrated for the CL-84, optimel control theory
can be used to pinpoint flight conditions whiéh will pose difficulties
for human or autamatic control. A right-half-plane zeroc of similar
magnitude to the gust input break frequencj, or close to the frequency
or inverse time constant of one of the aircraft's characteristic modes,
causes an increase in the mean square deviation from the desired flight
path. The corollary follows that nonminimum phase zeros that are
distant from these critical regions are innocuous. This is well
exemplified by the Bell X-22A. The calculated longitudinal and lateral

transfer functions are remarkably free of critically located right-

halfeplane zeros.

For example, at an airspeed of 67.5 fps and a descent angle
of 7.1 degrees, the transfer function relating lateral stick deflection

to lateral deviation from the unperturbed flight path is:

N _ -2.6% (s + .153) (s + 1.915) (s = 25.05)
By - s (s + .167 + .6593) (s + 1.916) (s + 4.318)

(12)
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Although this contains a right-half-plane zero, it is located well
beyond the break frequency of any plausible atmospheric turbulence.
From this consideration one would predict that the X-22A would be
capable of accurate lateral tracking, despite the high gust sensitivity
due to its large Y&, This is confirmed by the pilot comments reported

in Reference 15.

The reason for the general absence of rightehalf-plane zeros
appears to be connected with the "pure moment" controls used on the
X=-22A, Because it is supported by four ducts symmetrically located
about the c.g., moments can be generated without associated net forces.
For example the X-22A. can be pitched=-up without requiring a net down-
load acting on the tail of the aircraft. Thus there is no 'wrong-way'

response in controlling height error with longitudinal stick deflection.

Implications of Optimal Control Theory
for Other V/STOL Configurations

It has been shown in Reference 40, that aircraft with aft-
mounted elevators; flying below the minimum drag speed must have a
height/elevator transfer function 1ith two right-half-plane zeros.

One zero is of relatively high frequency and does not cause difficulties
of control. The other is of low frequency and may be in a critical

region, as discussed previously. For V/STOL aircraft it is usual,

“therefore,to control height by thrust. If the thrust line acts.

above the c.g., a nose~=down pitching moment will occur which may cause
a response which ultimately goes in the wrong direction. The CIL~8L4
demonstrates this, as described.. This also occurs on the Breguet 9&1
when the "fransparency" method of flight path control is used,

whereby the pitch of the outer propellers is decreased to steepen the
flight path. The flight tests described in Reference 13 show that, for
a rew seconds after application of transparency, the flight path angle

of the Breguet 941 becomes less steep.



Other nominimum phase effects have been noted in Reference 1 on
single~rotor helicopters, and certain of these effects may also be
applicable to tilt-wing configurations. Where these effects exist,
~application of the optimal controi theory described here will be
useful in determining the maximum accuracy obtainable in following s

given nominal £light path.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1. The possible terminal flight paths of most types of V/STOL
aircraft are limited by the aircraft's inability to generate the steady
aerodynamic forces required for low-speed decelerationand steep descent.
Increased drag/lift ratio, without sacrifice of low-speed lifting

capability, is required to overcome this limitation.

2. Stability derivatives, and maximum drag/lift ratios for tilt-
wing and deflected slipstream aircraft can be predicted if the full-
scale power-off characteristics are known. A new method for predicting
the maximum drag/lift ratio of general slipstreamed-wing alrcraft con-
figurations is presented in this report. The method uses momentum
theory, plus power-off data. The method has been applied to the XC-142A
tilt-wing aircraft, and gives results which are in reasonable agreement

with measured descent boundaries.

3 Descent angle has only a small effect on most of the transfer
functions of typical tilt-wing and tilt-duct aircraft, as exemplified
by the CL-84 and X-22A. However, there is an important exception to
this generalization for the tilt-wing aircraft, felating to control of
flight path angle by thrust, at low speeds. For steep descents, a
right-half-plane zero appears in this transfer function. This causes
the response to move in the wrong direction, after a few seconds. This
phenomenon i1s believed to be a major cause of the difficulty encountered
in controlling tilt-wing aircraft to fly steep approaches. The zero can
be moved back into the left-half-plane by feeding back pitch rate and
pitch angle to the pitch control. '



L,  The accuracy with which an aircraft can follow a given steep
approach path is seriously degraded when the above right-half-plane zero

is located near the break frequency of the input gust spectrum. This

is demonstrated in this report by calculating the gust response
characteristics of the CL-84 in & steep epproach at 42 knots airspeed, using
thrust control only. For this condition the ajircraft is stable, even

with the stability augmenter system switched off. It is shown that even
with the optimal feedback, the r.m.s. velécity;normal to the desired flight
path can be reduced only to approximately 40 percent of its value |
with controls fixed. The effect can be partially rembved by stability

augmentation using pitch attitude as well as pitch rate feedbacks.

5 A simple formula has been derived for calculating the minimum
achievable gust response of a given configuration. This formula gives
the r.m.s.. deviation from the desired flight path in terms of gust

descriptors and parameters relating to lags in the control system and

right-half-plane zeros in the aircraft transfer function.

6. The limitations -described in this report may seriously restrict
the usefulness of certain V/STOL configurations in operating in wind-
shears and gusts. Therefore, such limitations should be considered in

.assessing the performance of V/STOL terminal guidance systems.

Recommendations

1. The results derived in this report have been obtained by con-
sidering a limited number of specific aifcraft. It is believed

that the results are generally applicable to the appropriate configura-
tions, but further work is required to'determineﬁwhether the results are

typical.
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O 2« The method for calculating the descent boundaries of slipstreamed-
wing configurations should be extended to provide a parametric study of
the effect of configuration geometric parameters on descent/deceleration
capability. The possible improvement in maximum drag/lift ratio obtain-
able through the use of stall-delaying devices such as drooped leading

edges, blownvflaps, etc., should be assessed.

S The path-following accuracy obtainable with various practical
feedback systems should be studied, using transfer functions specifically
calculated for steep déscents, plus a representative variety of gust
spectra. Investigations should be made of the feasibility of approaching
the optimum path-following accuracy, and handlinglqualities should be
predicted, using analytic models of the human pilot.

4, The objectionable right-half-plane zero which occurs in the
example tilt-wing aircraft in steep descents should be traced to the
geometric and aerodynamiec parameters from which it originates. The
feasibility of removing this zero through configuration modifications
should be explored.

5e Analytic methods of predicting descent boundaries of ducted-fan
configurations in terms of power-off characteristics should be developed.
This would facilitate rational design to obtain the best possible

descent characteristics.
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APPENDIX A
CL-84 TRANSFER FUNCTIONS AND DERIVATIVES

Introduction

This Appendix presents calculated stability derivatives and
transfer functions for the CL-84. The flight conditions considered
are listed in Table 7 of the main text. Transfer functions are pre-
sented for all these flight conditions. For brevity, derivatives are
given only for flight conditions 1, 6, 9, 13, and 15. The main text
also presents dimensional data on.fhe CL-84 and explains the pro-
cedure used to calculate the derivatives. For further details of
the procedure, see the description of the MOSTAB program in Reference

1. The MOSTAB program was used to calculate the derivatives.

Note that the derivatives presented here are referred to
stability axes. The hover condition is approximated by level flight
at 1.0 fps. The effect of the stability augmenter system is repre-
sented by appropriate changes in the derivatives. The printout of
derivatives contains some superfluous information (e.g., Mach number)
which is arbitrarily set to zero, without affecting the accurac; of
the calculated derivatives. The "primed" derivatives, listed in the
printout of lateral derivatives are derivatives whichlhave been com=-
bined so as to remove the product of inertia from explicit appearance
in the equations of motion (see Reference 40). Thus, the general

primed rolling derivative is

Li' = Li * (Ixz/Ix) Ni)/ [l - (Ixz)2 /Isz.]

and the general primed yawing derivative is

Ni' =Ny ¢ (Ixz /Iz) Li// [l - (Ixz')2 /IXIz]
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The blending of the control surfaces on the CL-84 has been
taken into account in calculating the control derivatives. These
are referred to the stick and rudder pedals, not to the individual

control surfaces.

120



g1z + €o'e-  [HE2" ¥ 9%0°- flz'z ¥ Myt~ PTG2t T €f0'-| <g *008T 00T 6T
f1°c + #0°e-  [622° + g%0°~ fée'e + 61°T- foe® + E€E0°- S8 ‘006 | 00T 8T
f1°z2 + Te'e- fe€e + 90°- CEe e + G T- fege” + €Lo°= G6 *008T 00T LT
Loz + 90°c- Chez* + 6%60°- LEze + G 1- fgte" + 2fo°- é8 0 00T oT
C€ET°2 + TO's-  [gse’ + L60°- L6€*2 + ' 91°T-  CIge” + =2go*-| ¢g *009T 08 qT
f11°2 + 2o0‘c- Cihig* + 880°- ClE2 + QT'T- (992 + 690°- a8 006 08 HT
fes*T + Go’e- Cole® + Lgo°*~- fog*1 + 1Ie2°'T- CEOE* + 6H0°- e 0 08 €T
L60°T =+ L6°T-  [fene" x 6ET°- LOS*T T L9G°- 62t + HIT'-| ‘<8 OhT 09 21
Con'T + 96°T- C162° + 601"~ £g8°T + HE6°= f6le* + '2go°~ e ‘02l 09 1T
Con'T + 96°T- £cEe* + gbo°"~ Che'T + 616"~ £T92° + 490°= ég 0 09 oT
CrELs  + g€'1-  Coog” x ¢60°- | Cmét ¥ Hogo- Cnes + LLTO*=| <8 0% 2N 6
Chol®  + on'T- f26T" + TOT"- fog6* + HIG'- fece® + 9LTO°- 4] *0gth 2n 8
Cesh®  + g&°'T- Le6T" + 201°- C196° + 916"~ CEte® + T6TO"- 66 *096 eh L
Ceho®  + o1~ C2eT* + HOT°'- fog6° + Geg*- - CLT2* + g210°~ e 0 2h 9
LEe- TLL'- CEOT* * TOT"- RIS m "= L6ET" + ﬁo. é8 *009 oe “
w*e= 1IgL°- fogT" + 60T°- fo06* + 6TH"~ (1ee* + geHo° a8 *00¢ 0c 1
G'e-  ®9L°- COET" + T2T°- CLgh®  + oof°- £)92* + 9T0° Gg 0 02 €
o9E €~  LET°- L62z + gnE*- L6L°- eHT - LTgS” + 9TET” 4 *009 | 2
J3usoseq TBOT3IOA

GEg~  62T°- CHTZ® + HEE*~ €6L -  €e2ET°- L9eg* + €96T° 66 0 | T
“_nomm\ufm. 1) 22A0H

o8g/pey ‘s3004 ‘U0 SVS o9g/pey ‘s3o0d ‘30 SVS Xel % | UTH/3d SV 958D

. WY quaosa(g |'sqouwy ‘A
Jo 93y

SHOLVNIWONHC NOIIONNL ¥HASNVEL TVNIATNLIDNOT #Q~1D -

*l°V HIdVL

121



L1L*- 6l0°- LTL*- 6L0°- 1% oo *008T 00T 6T
LEL - 060°- otL®-  060°- 70 'H ] *006 00T 8T
oTL*- gLo°- 9TL*~- Qlo°- 664 6 *008T 00T LT
9¢L°- Q60" - 9L - 860"~ %€ a8 0 00T 9T
- LIT°- TLf=  LTT - I ol *008T 08 ¢t
ToG*-  GOT°- ToG*-  GOT°- TG h cQ *006 08 71
09¢°-  TGT°- 096°~-  TGT°- 6E ég 0 08 €T
Chso® * 6he°- ChGo* * 6he’- - 96°€ 8 *OWNT 09 2T
£LLO® + g92°- £LLO® + g92°~- 28 ¢ a8 ‘02l 09 1T
gee-  Lie'- Ggee*-  Lie'- G6°¢ ] 0 09 0t
C060* + 602°- CO60* + 602°- T0°€ 4o *09%6 2h 6
f€go* + gTe’- f€go* + QTe’- ¢1°¢ e *0BY 2h 8
C060° + goe*- f60° + goe’- 09°¢ G6 ‘096 en L
£€90°* + 922°- f€90° + 9zge°= e ¢ $8 0 eh 9
ogg -  1g0°- 9¢2°-  1lgo°- 69°¢ ég *009 02 G
9ge’~ 101"~ 9gg’- 10T~ €Le éQ *00% 02 H
gee'- EIT°- gee -  EIT°- LL*E é8 0 02 ¢
96T~ LIT°- 961°- 9IT’- 8°H G6 *009 c
qUS0s9(J TBOTIISA
~LLT - 9TT°- LLT - 9TT°- 18° 1Y G6 0 T
(098/9d T) *x°ACH
oag/peyd ¢sjo0d ‘up SYS oog/pey €sq00d ‘JJO SVS uten Xe % UTH/3d SYL 258D
C sSNooT Ty 1u99s9( sqouy ‘A
. j00y4 Jo 83ey

YOLVITNAN NOIIONNA YAASNVYI NOIIJETIAA MOILS/HOIId +8-T0

‘2°Y HIIVL

122



Gl°g-

mi.m- gl o6 - 16° 1 gHb "= a1 é8 *00QT 00T 6T
98°6- 16" 29%6° - 606~ 92°g €96° - Ge'1 s *006 00T Q1
2°0T1- £9°) ™H6* - 616~ 64°Q EHb - SH'T G6 *008T 00T LT
£ 0T~ gL 9l6°- G 6~ 16°Q gl6°~ e 1 g 0 00T 9T
6°GT- G E1 LE°- 9°GT- 8°€T  got°- 6L*0 é8 ‘0081 08 61
6°gT~ T°9T LE°= f1°QT~ 29°9T ° ElE°- 2lG o ¢g *006 08 HT
€01~ ¢o°g 6L = 8T 6~ €1°6 6L - Ge°T ég 0 08 €T
H1°g- g°g Ge*- 60°g- 18°g A 6T o] oM T 09 A
6°21~ 89°6 GeL "= AR 66°6 Gee - T6°0 68 ‘02l 09 TI
L LT~ £6°21 Ge*- 8°91-~ L9°E1 Ge* - G660 é8 0 09 0T
L6°9- €2°'9  2gT°- 859~ €2'9  2gT’- 60°2 e 0% ah 6
06°L- Sy} v A ¢gQ°L- 9°.L ¢1e - LG°T e *0gh 2N 8
QG 9- 629 2T’ - 66°9- Ge*9 g1’ - gh e 66 ‘096 et L
%66~ pp.m. Ut Ak TQ°6- 66 e = £0°T e 0 ch 9
96°9- 2h'9  HIT'- 66°9- ge*9  HIT'- 29°2 a8 ‘009 oe g
L6~ 89°8 621°- 8h 6~ 89°Q 621"~ | T a8 *00¢ 02 1
2 e~ 2°6T InNi°- €0 Te- €61 LyT°- 90t ” é8 0 oe €
2eg° - f269° + gle- 228 - 0269 + gre” 1T G6 *009 Z
quUS089(  TBOTIASA
ge- 8°LT 2e21°- 0°€te- 8°LT 2gei'- 6LE* 66 0 . T
Aomm\pm 1) JI2A0H
oag/peY €sj00d ‘IO SVS oag/pey ‘sq00¥ ‘JJO SVS utren el % UT/ %1 SYL ose)
snoo7 Iy qQuadsa( sqouy ‘A
Jo e3ey

700y

JOLVIEANN NOTLONAL HEASNWEL NOTLOHTIHA MOI LS/ 0 Hg-TT0

"€y HIGVL

123



12° L~ 96°'9  #20° HT° L €0°L  tzo° LL"6 g *00gT 00T 6T
gt L~ 1%L Goo* TE° L= ce L Go0°* 19°6 a8 *006 00T 8T
T AR 00°L 620* LT L g0° L 920° 18°0T ¢6 *008T 00T LT
hG* L= AR g1o°- L= 6¢° L TT0°~ €6 a8 0 00T ot
Lo h- onh ceT” 0g9°#- 6n°h  CET” 0°0T 4] *00QT 08 a1
QT" G- AR T60° 0T" G~ €9°h T60° #°0T s *006 08 H1
0T 9~ 2ls 910° 20°9- Q°¢ L10° 2°0T ag 0 08 €T
o9g ¢~ g0°2 TLE" g-¢- 91°2 ToE” Q6°L ag *OfKT 09 . 2T
2g ¢t~ €€ 6ET” gL ¢t~ - oe ¢ 6T on'Q a8 ‘02l 09 1T
AR TL°E 080" CGT - LL°€ 0g0° [Sodel aQ 0 09 0T
€e e- Crle ¥ gal’ 612~ CTTL®  F TOL® €59 g8 *09% 2h 6
tl*e- 08°T _ Ely° Loe- Let o Law” g6°9 é8 *08Hh eh 8
e e~ CEL  + 62L° 2 e- CHol®  + €9L° €Ll 6 ‘0% | AT L
91"t~ 81’2 cee” 2T e~ XA 61c’ ge*lL Aol 0 ch 9
AVAR £69°T + glo* TTL - £69°T + L60° L0°g 4e! *009 02 g
AR fo0°T + €gt* A foo T + ¢6€E° e a8 *00¢€ 02 17
86°1- fgee*  + TIL® 61 flge*  + QIL” 459°8 &g 0 02 €
921"~ 612 + #2°€ | 921~ 612 + 2°€ | 9be” <6 *009 2.
QU089 TBOTIJIOA
c0°1-  f2LET ¥ HE” co*T-  feger + HE" €T°TT <6 0 T
Aomm\pm T) I8A0H
09g/pey ¢sqo00d ‘U0 SVS o9g/Pey €s3008 ‘II0 SVS uren Xel % UTI/ %4 SVL .| '°s®d
SNO0T Wy qua089( sqouy A
q00Y4 Jo °3ey

YOLVIAANN NOILONNA YHASNVMIL NMOILOFTFILAEA MOIIS/¥0¥dE IHDIHH #8~TD

NV TIAVI

124



C¢t*e  * ¢o'z-  goo°~ | P1€'z ¥ 64°T-  gHO" '8°90T 68 *008T 00T 6T
CeT 2 + 90°2- €00°- C62'z + TG'T- GGo* 9°60T a8 *006 00T 8T
ChT'e + 222 LTO® - CLE*2  + 26°T- Lo* T°LET G6 *008T 00T LT
C1T°2 + L0°2= TOO" foz'z + 28'T- 290°* AN 8 0 00T 9T
Cyt'gz  * erte- ST Loz * of'T- €22 8" 9L <8 *008T 08 ST
Cet'e  + 2172~ ger fot'z +oe'1-  €Te° q'e8 a8 *006 08 7T
£gs T + 60°2- ¢ho* Ceg* T + LT~ QGT” €46 a8 0 08 €T
£66g° + 9L°T- € Cre*t _m.mmm.- 26L° T°0f é8 *OtHT 09 et
Co" T + 9T 2~ THE® feg*T + 9or'TI- Geg: 016G e *0zL 09 T
Cen T + go*e~ €9e” Co96g* + 61H - gee” 6°19 a3 0 09 0T
HE €~ gn6 " - 96°2 €T'2- _ 90°¢ LTt 69" a8 *096 Al 6
ehe- 60°T- 6L6° £299° + 2T°T- 8G°T g°ce <8 *0gh Al 8
G e~ TL6"- e 86T~ _ #0°€ 28 1~ 1,6 G6 *096 Al L
2t e- ot T~ 696° C6zL*  + T96°- GeT'T G ot del 0 2h 9
Crl*T  * Ly"T-  Ll9e- | f¢rrz ¥ T0°- 60€* - 1" 12~ 8 *009 0z g
CeC H + 9E° T~ 6¢ - C29°q + TE° gon"- LG 4= 4] *00¢ oz f
€G H- L= 26T TO°¢- H9'e 691 ° - oL TT e 0 0 €
9°¢- fgre”  + gge'= | G6L-  CELGT ¥ zeTt T'eht-| $6 *009 2
qQua0saJ TBOTIISA
9°9e- G HT ote- 2 Le~ 0°¢T G16%e"- gee" G6 0 T
Aomm\p_m. T) , 19A0H
oag/ped ‘s3008 ‘U0 SVS umm\@@m ‘sqo0d ‘JJO SVS uted | XeW % UT/ ]l SV 858D
SNooT nIa qus0sa(d sqouy ‘A
_ 3008 | Jo a3y

MOLVIAAAN NOTIONAA ¥YZASNVYI NOILOZTIIEd ¥DIIS/ T #g~I0

*GTV FIEVL

125



126~ Cfog*t + LG~ 906°= [¢L*z * 966°- ¢ 96~ ég *00g1 001 61
666°= LLLL + ¢Gri- 1L6°= [90°2 + G96°- L*GG- ég *006 00l gl
966 - LgL*L + ¢Loi- g¢6°- Cli*e + GO°L- ¢ecl= 6 *00gL 001 Lt
tret= Clo*L + gt L= co*L- fg6*L + G26°- 9° ¢S~ o) 0 001 gL
o= figrg + 9g°i- oon = P26z T LL6*- G 06~ ég *00gl 0g Gl
¢in= Clie + &g°L- L= Cgh'e + ¢96°- G og- o) *006 0g fl
Lels=  C1g* L + 2L°L- gel - C(96°L + g¢g°- 6° 69= ég 0 0g ¢l
b= CLL*L + ¢Gti- gz = fgn'L + 26n°- 0°60L= ag *ofmrl 09 gl
goe~ [GG*L + 6g°i- ¢gg*= [L66°L + 903"~ 0*¢oL~- o] ‘0zl 09 L
ogz - [¢G L + &g°L- glz = [o6°L + 26L°- 6° L6~ a8 0 09 oJ}
050°= [z0g* * L¢tu- 260*  [Co*L + Lly*- 0'zLl= < *096 Al 6
L60°=  C2i1g® + 1f°i= 60 CLo"L + @Q&y°- O°tLL= Gg *0gt A 8
990° = fec* + 9°1- ¢go*  fLCo*L + lgnt- AR A é6 *096 A L
fgl=  [geLs + +#i°L-= GLo*- Ceo°L + ¢int- g°LoL- ag 0 A 9
gé*2= ¢lo*- ¢9L* - ocns  LLEG* * H1Gt- ¢* 901 = < *009 02 g
#G e~ 90° - oLg* - ¢oge*  [Cgo9* + #en'- 8°goL=- ég *00¢ 0z i
1Gee=  LiL*= Lhg* = 79L0°*  Cx99° + Lx¢°- 9°Q0L- o] 0 o2 ¢
2C6°L  H¢9- 962° - oh*¢ Gzt~ 90¢t- ¢9*g- <6 *009 2
, qUs0S9([ TBOTFIBA
LG ¢ bz + Hxeo- gL' - Lo + ¢L* Leeni- G6 0 l
AMmomMWm% 09§/94 L) XoAOH
uten UTI/ %L
oog/ped ‘sq00d ‘u0 gYS oag/ped ‘sq00d ‘IJO SVS SNO0T Xel % Juedss(Q SVL 288D
3004 AR Jo s83ey sjouy °*A

HOLVEEANN NOILONNA SEASNVMIL HATLOTTION/90MME IHOIEH Hg~I0

*Q°V HIdVL

126



20°9= ¢Go*- CEL*L F g96'-|Chti=  ¢hO*=  [LIGTL *glete ég *00g1 001 61
L¢* 9= 6¢0°= Coi*L * Gé6°-igh°l= eho'= [CC*L + 6Ge2°- s *006 001 gl
20°9= GGgo*= [90°L + GLi-|Gnl=  hO*=  [gStL + g2°- G6 *00g1 00l Ll
9°9- 9920°= [gL°L + 20°L-{1G*1= 2fo*- fe6'L +gwe - g 0 001 9l
¢¢ez- Léz"- L9gg® + ow6rO-|fhg = 2LO°- ChoL + G6L*- G *00g1L 08 9
19°z= Llog*- 0g99* + 00°L-|Hlg"= Lio°= [CCL +gbL°- ag *006 08 fl
LG = #GLe= 0Lt + 10°L-|ietl= 2¢0-  fetL +2glt- e 0 038 L
16°1- L19'- Cenl” + LL9"—[#99°= LgO*= [#2°L + <GL°- ég *offlL 09 =
6°l= GL*L= [gggs + wGpe~|Gel°- #0°= CGL*L + g¢l°= ég ‘02l 09 Ll
og' L= 69°L= Cqon® + wggc-|19lt= 1G0°= [QO°L + lel'- ag 0 09 oL
90°2- 1G*= fazg* * &R¢ -|Q¢9t= 2L0°= [E0°L + ¢OL°= aQ *096 zh 6
90z~ 6¢L°= Chzlt ¥ 6¢¢t-{¢loT=  9g0°= [CO'L + LLO°- ag *0gh Al g
19°2= 1L¢°= CLgg® + lg¢*-| G9°= 690°- fL*1 + 4OL°= G6 *096 2h L
60°2- 1¢6°= Cgho* + ¢lz°-|etlc= LOL*= C[LLE® + GO°- a8 0 2N 9
g9z~ 2°1= [e62t + oLe-| Lot=  wEL = £¢C9 + <0 ég *009 0z <
9'z= l2°i= [Rog* + Ge0°-l2go = Lyi*= [gL9* + LnO° e *00¢ oe 7
6G'z2= 6L°L= [log® + Cgo*-|2oL°= 6GL°- Co* + LO° g 0 oz ¢
Zl'¢= ¢G'L= Cinlt T oglot-|ge9t-  geet- oyt ¥ o2LLe 6 *009 2
qU3088( TBOTFISN
¢Grg= Gyel=  Cl9L® ¥ 600°-|9L9°= 29~ flggt + g2L° 6 0 1
Aoom\u:m L) aSAOH]
Xe %. UTIH/3d SVL
owm\@.mm fgnooy ‘up gVg omm\d,mm ‘gq004 ‘II0 SVS JARKI Jusosaq sjouy A CELH)
Jo e3ry

SHOLVNIWONIQ NOILONNA YHASNVYL TVHILYI #8~1D

*L°V TIEVL

127



fzzt * 90°L~- Xad Cén°L  + gla°= Letl &s! *00g1 0oL 61
CLL*L + OL°L= 6L°L Con L+ L162°= 6L°L ¢Q 006 001 gl
Cii°L + g2t~ G°L fee*L  +  Jge'- G*L G6 *00gL " o0l L
CeL*L +  HL°L= GL°g Con*L + ¢CO¢*= éi°Q ofe! 0 0oL 9l
Ccz6* + €O°L= H70°¢ P2l + gl - H0*¢ @e *00g1 og Gl
Cig® + CL°L- qadd fog*L + ¢ge°= Get¢ ag *006 0g #l
Ciygs +  °i- ¢2°S gL+ wle'- LA ég 0 0g ¢l
Grls T 66gt- 1L°2 oL T 6Gec- WA ¢ *onnL 09 2l
€LG9°. + 9oG6°= 6Lz fco*L  + Hq%E°- 6Lz o] 02l 09 L
Céehs +  #O° L= "6°2 CcosL  +  Jog*=- 162 oo 0 09 oL
Cizl® *+ 9¢9°= 10°¢ Clegs +  Gae'- L0°¢ g *096 A 6
fc6g* + L9*- ¢0"¢ 0GEg*  +  Lge'= ¢o*¢ ég *0gh A 8
- Mgl o+ 269t~ 1R°¢ CLi6* + gee°- oY ¢6 *096 2 L
269" + 2oL°- 90°¢ fege® + G&*- 90°¢ ag 0 ch 9
gL* L= A 60°H Loty + glit- 60°H ag *009 o2 g
GLoL= 9¢e = Go*H Clews +  Gli°- G0°H g *00¢ o2 1
fLoL- heg " - ¢o° 4 Cane + GLL°- ¢o°q ég 0 o2 ¢
¢ L= gre0° = 6g°G lzg - g0 - )< ¢6 *009 Z
. _ QU809 TBOTIIDN
9L~ 7920° = 12°¢ 7192 ° =~ G620° = 12°G ¢6 o l
Aomm\pm ) x®A0H]
uTed uTed X8l % UTIH/%d SVL
09g/pey ‘sqo0y ‘up gyg| SOOI 09g/pBY ‘sg00y ¢ 4d0 syg| SMOOT Wy JuLose( sqouwy ‘A 9878)
3004 200y Jo a3®rYy
YOIVHAANN NOILONNA ¥YaISNVYL NOIIOHTAHA MOILS TVHEIYI/MNVE +8-10

*Q°V TIdVI

128



129

20°€ ST Crg'h + 6L°€-|  6£-¢-|en‘e #T°T-  -PET"f + 980°-| 6E°¢-~| &g *008T 00T 6T
g€ ogE *~ C66° + 20°f-| 6E£°G-|gh"C oT" T~ CET"® + LOT°-| 6E°G-| 48 ‘006 00T 8T
LE°€ 76°- 19t + TO'H- 6€°G-16T°¢ o1 £€g°c + Lee'- 6¢°6-| 66 *0081 00T LT
LE°¢ 90t * - fe1°¢ + He'q- 6L G- h6"e 90° 1~ Cei°h + 2€1°- 6e°6-{ 49 o] 00T 9T
€6°¢ 2°6- g1+ 6n Tl wne-{18°H €Lz-  fog'z + g22&'=| 1w e-| ¢<g *00gT 08 qT
70" 26°1- C6°T + Le'e- on E-198° N 66°2- fog*z + G6G°=| on"t~ &8 *006 08 HT
le ¢ 7L9°~ o't + 6672~ Ene-| LTt LE°T- b€ + 660°- ehe-| 48 0 08 €T
16°6 €€e9- PTG T + €26 6°1-1€9°9 764~ £9°T ¥ 66€°~ 6°1-| <8 ‘oM T 09 2T
LA 21°9- - Cly*T + Le9°- H6°T-|65°9 €L h- C66°T+ Eex°-f H6°T-| 48 ‘o2l 09 1T
s 8" G- Ch°T + 6QL°- G6°1-{19°9 TG H- Co*T + TGH"- 6°1-| <8 0 09 0T
£€°9 296~ PST'T + gee’- 8g°- 1gc°6 ghg-  CgT'T+ ge-| 98- ] &8 *096 2h 6
A g6'6- LGT°T + €EHxE'- €6°= |61°6 91°g~- CQT°T + Gge°=| ¢€6°- ¢g olel eh 8
719°6 6°11- CTT1°T + Lé2'- 88~ |26°0T gor- CfeET"T+ T92°-f @8~ | 66 *09%6 e L
10°8 f°6=  CET°T + LoE°- 6 = [LT°6 T0°g- Clt°T + 62°-| G6°- aQ 0 eh 9
€L°G- LL6LT * H6°- 2= |€s g 20°h=  06T'T + $89°- 2~ | ¢<g *009 0C S
71°9- f29g° =+ @g6L°- gre*~ |19°8 T H~ CST°T + 9Q6¢°~| ¢cIe’- aQ *00¢ 0e :
6€°9- feg + GL*- GTe*- {99°8 VAR CeT'T + Tes'-| GIe°- é8 0 02 €
7°859-  #°8LT  99°T o |62000° 8°199- T°LLT ~002°- 0 |62000° g6 *009 4
QU909 HGOﬁphm>
2°gTh- Q°TET LLO°- €980° {9K000° €egeh~  L°OET TIS2'-  4920° |9r000° G6 0 T
Aowm\ph T) J9A0H
oag/pey ‘s3004 ‘up SYS|  UTED oog/ped ‘sq00d ‘II0 SYS. utep |xe 4| umi/ad svi | es®0
Sl snooT | WIY quaosag| saouwy A
3004 300y | Jo ogey
| |

 YOLVEEANN NOTIONNA NAASNVHL NOIIOWIAAQ TYQHd/ALIO0THA QNAO¥D TYNATYT +g~T0

*6'V dTdVL




‘0L€22-  T°CE  CE€lO°T 10°1-] €o00°=} -ogezz-  ¢ree 01T * £€2°=| €000~ S8 *00gT 00T 61
"ghgs-  6°e2E  [666°  + 2T T~| €T00°-| 9HQs- gece CoH°T + ofe’-| €T00°~| 48 *0c6 00T o
‘6299~ €9t [yl + 62°T-| TOO°~| °2299- 8°s¢ £G6°T + G2°-| T00°- S6 *008T 00T LT
‘06LE- 92t Q16 + 9r°T-| Teoo°-| “°lglE- 0°2t Cln*T + gG2°=| 200 - S8 o 00T o1
'0£09~  6°06  £998° *  £0°T-| €000°=| *6209- 2'0¢  [LEE'T x 622" =| €000°=| <@ *00QT 08 o1
*€got-  e2'on  [0g69*  + T°1~| Teo0°=| °2goT1~ 6°GH f62°T + KwE2"-| T200°-| S8 *006 08 #T
*9LeS Lo EB1€e + g2°T-| 8000° *gL.26 ol CHe T + GE2°~| g0o0"° | S8 0 08 €1
*TOg- 8°gs [l + L¢g'~ | Gnoo°-| ‘TOE- 8°gS  CTT°T x 9Te’-| 4woo*-| <8 ‘oMl T 09 2T
*0991 9°9L [€09" + TT6°- | LOOO® ‘0991 9°9), £L0°T + 2e2°-| Loo0* | S8 ‘02l 09 TT
*268 G'oL LLxE® + ¢€66°- | KT0O® *248 £ 9L CEO°T + 222°=| HTI00" | S8 0 09 0T
‘2TL “€TT Cgal® ¥ +09°- | TT0O® 2Tl "€TT [He6* + €6T°-| TTO0® | 48 ‘096 oh 6
G eot- 69 289" + +HE9'- HOO =1 9°€0Et- 9°9L £16° + 961°={ H00°"-| 48 *08h ch 8
*hloE=  T'60T [QEL® + 6T9°~ [6E000°-| °HLOE- ‘60T fenb* + L6T°-| €000°-| S6 *096 2n L
"z "THT f29° + €99°- | 9T100° *geh *THT £48gg* + @6T°-| 9100 | S8 0 en 9
"Lhge 1766 LT°T- l9T°~- | €000° ‘ghgt 66 L6TH® + gHT*-|HE000* | 4@ *009 0e g
9°19 + °6LT LT°T- eLT = | 9t00° {f6°09 + °6LT Ceeh® + TST - 9£00° | 48 *00€ 02 f
2°e0T  + 6°g6 GT° 1~ 891~ | €900° feoT + 6°g6  CQTH® + 6HT"=~| €900° | S8 - 0 oe €
*LTh- 9 HiT €1~ 0 €00°-| “LIf- o*hT  Lee- 0 £00°-| 6 009 e
qQU3083(J TBOTIISA
" G0 L°20T 9°T- 9000°~ | 800°-| @°HO2- L°20T #92°- €00°-| Qoo°-| ¢6 0 T
. (°98/94 T) a°ACH
osg/pey ‘sqood ‘uo gy | UTED o995 /pey ‘s3008 ‘IJO SVS uted [XeW ¢ UTW/3E| SVl | °se)
, snooT SnooT | WgY |ausossq) sjouy ‘A
100y 1004 Jo o3y

YOIVHNON NOTIDONAE HLASNYHEL NOTLDELTAEQ ADILS H&mmg\ KLIDOTEA GNAOHD TVHLIVT #3-1d

*Ol°V HIIVL

150




Table A.11

REAE
.‘\‘x\‘.’
“‘)(~ X
Dyl
Cwrywd
D¥Nan

\,.

/'.-

3 A

X X
o
1 st

hat
E

“pCH
FAC
HT
L.
;,i_

IX

i

[TENTENT

"

Stability Derivatives

URITS AR< .1 PFR ReDIan
MEIQmaL NE=IVaATIVES
(STARILITY AXESR

- ‘75)(}74 = - = L1671+ 03

- 33454 = -, = -,7974+52

..“”1ﬁ+ = -, z -, A529+25

-, {0200 = - = -_i:_sgfj"’s_ﬁ'

0000 = = -.3000

-, 0000 : = \ = .oo0n
.1317+M D7oE = . = L106R+TE
y 1156403 2707 = -, = L0330 4408
L 1000+01 z " = L1613+00
W BOS3-02 = ' = L2333¥03
AR INAE Jak! = - = L2 2N+0S

-, 0000 X} = ~. 0ol = S Halsly

- LG Ly = -, 0 = - 0nnn
gy o= VO = L1704 0E
L enE9+5 17 = . = J3z2ntce

—
-3
-
i~
.
-
—
<7
™
-t
—
e
.
=
~

FED FPali/iN,

O

7€72-07
(L\QJ -{‘(
Ledpdl
Lnnn
aenn

r,.-h ;'\_3 3

reon

T STABILITY aXES
s

131



o
-
e

Table A.12
SAMNADALIR G -4 HOVER TAS NFF

[houT NATS Stability Derivatives

sTIVER TIMES INERTIA

DRIy I - 594 L0410 DMDL = L1e81+03
YW= - 5% CA549R02 Oy = =,76744052
X379 =2 L 14 LO2A%+4T avDn = =.7002+01
R I - i L nng - OMouL = -.0000

[ B

D KON e

Nal) o ow - RATCE TS aMOWD = -.0000
DD = - . ann omMDoD = .anon

co= . nwui = L1p6B*0e

= , nT o= .9394405

o= LIRDD+D Y 47 = ,aa0n GAMA = L1913+01

TACH = OO0 R, = ,;5un_.2 3 = S LZ2333+03

= ' ~ Iy = -, 2220+0%
= TOT = -, G600
= L7 = -.a600

2 W= .1120+05

= o= 3220402
LERIVETIVES, PES RATTAN,

= Cptio= L787p2=02

T AR - . 3894-02

= = -.015a4=-00
Wil = = ,'"ﬂﬂﬁ
S Makafaly
= = LOnGn

= = L4810

= = L2224 01

. (LO00+AL LMD W = DO
LErRlens AND Z1NZ = -+ 54104

152



Table A.13

CLMLDALR

CYDV
CyDe
DYDR
oyYovo
DYDPD
DYDRD
pYDA
DYDR

$on g itonouon

L
MACH
MAC
HT
LX
CL
1X
SPAN

" on "

YV
YP
YR
Yvp
YPO
YRD)
YA
YDR

_l! " u#H n N

YV
YP
YR
YV
yep
YRD
Y A
YGR=.

"nouou _" 1" "N

) TN
P [ XX=

b
~
i
L
{

PMPUT

~-34

CL~-
DaTs
¥ L'C'Q“IL

MITS ARE L
STABILITY

LE971+G4 [

-.5210+02 D

-. 20300 CLe

9&E-00 [

L0000 [
000D

-, 2773+031

JABIE-CE D

L1U00+01
LE953-03
LTO0G+D1

-.Ganc

Iy
L

-, 0000
LCONe
L2NRG405
JA330+02

IMENS TUNAL
ETARTL

—.2579 -01

14g$r"UL,
.37jq°”5
LO00G

.QOGC

SO00

= 7372=02

. 459403

TIMENSTOMAL

2579-01

-, 1496-00

PO RT

W B3722-03
L2000
t‘.i;]r‘\:‘
Q0T
W 7972-22
la304-23

05

HOVER

DERIVATT

PER
AXES

ey
L4V
LDF
LOR
AV

.ﬁLM_;

t.Ca
(MRS

U7z
FRG
1XZ

X1

LY

co

1z

ST
ITY

LV
LR
LR
Voo
LPR
LRD
LA
LDK

DEF

LV
(P
LE
LV
L PO
LRD
LA
LI

STABILITY AXE*; U
127=- .

€18 ON

Pl £

Stability Derivatives

IVES TIM

EA IAI

)

"

L) U I T B B | I 1

"

EL O LI L A 1]

2 O TR LR B L B 3}

IVATIVES,

0w o1 tnon

51+

o p g
-, S48 THR{ET

.634r+C5

.éc@é

l_,,,‘.

K _;.J..DZ“'CQ

LODOC
, AXEL-07

-, $041404

JODOr
-{CL(\‘
, 00
,3351+(5

-.2804-02

7943401

-, 3315-01

, 0000
Rddly
LO000
JATRTH0L

-.7434-01

L3227-02

-, 3246+(i1

~

LEZ9R-00
4 :'()l’)p
INCE
20T
v2Z2546+01

LABE3=50

£s

INERT T4

DDV =
DNRFE =
MNRR =
DNDVD =
DNDFD =
NNDRD =
DNCE =
UNDR =
GAMA =
S =

1Y =
DT =
LZ =

W =

G =

SBILTTY CERIVATIVES,PER
AXES

NV
pP
NR
NVD
NFD
NRD
N A
NOF

n

LU | NS [N N § I 1}

ORMED

NV
NP
NR

NVD

NFD

NRD
KA
NDR

uoon oo g

L9041 404

»1903+02
’!59l5*04
-.6564+(05
-.0poo

5000

» 1122405

»5294+05

2 1912+01
,2333+03
\2220+05
= Jrﬂu
’OJUPL
«112G+05
»3220+072

RADL LN

Wy DA79=-03
“’1765'00
-, 1362+01

y O000

2 COCO

0000

+3348~-00

y 1.98C+01

. 1629-02
«7916-00
-+1734+01
0000
0000
UG
-:,1226+01
2051+01

133



Table A.1lL KU NG, 1

Casanhix Clo~i4

(PP

T 4T MY Lo
Poartaay 10 :ru

L S LUNMAL DEWT
SNTTS ARE 1 PREE

s)

(STABILITY aXis

DYV = SRR NS |
pynR s -~ B A84407D
pyng = LZ441-00
pDYQVR =

= - 54404072 DhNDV = £ 1903+02
= - 37 A+ 04 DNDP = L 3425+03
= =, 1A03+04 ONNR = -, 7786404
f ONDYD = -, 0000

BYopo = = BND D= -, 0000
DYDRD = @ DNDRD = Aaehly
= = DNYA = «1122+05
= D_uﬂ 2 ONOR = , 5294405

o= = GAMA = v 1513+01

MaC- = T g = L 2333403

MAC = = 1Y = L, 2220+05
KT = S THT = -,.0000
LX = Y = LZ = -.0GCog

o
1"t

H
e
T
<
)
.

,1120+05
G o= ,3220+02

cL =
IX =
SP AN =

DTAN,

cr g
PLar t

YV o= -
yp = -
YR =

yvir =

YR =

YRR = , o=
Ya = -./)7¢-a2 L =

2
<
"

=

270

Hon
!

Z

<
)
n

z iz
w)
1

,

=
1"

.

34800

‘L L4D94=03  Lpis NOPE V1580401
’ :3{»‘11 -’f\al()'\lt [,k‘\!\' (‘“I\\r(j’ ‘.‘“":Ixh‘."Fl'
NY o= v 1629-02

1109+00
7681-00
000
D000
JOC0D0
-,1226+01
NDOK= fZ2051+01

e
3
'

-

"

[
-

>
»
ht
1

Vil
™~ 7
)

9041+C4
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Table A.15 - DUN 6

>

-

—
Pas

N

EL

[ W)
oA S e T

e N X

K
PA
-
H

— s
-t e

[ R

= )

[

5

X 4T oA

i

!

RN S

3 R

PUSN .

aat

o8 .t

o

Cl=d4 a2

S
-
.

FLISHT  SA5 ON

TRRUT Lt Stability Derivatives

5 INERTIA

e = -, 1pE1+03
' = =L26734405
= = -, 555545
- = -.5003
e = 7 -, 2000
o = .0nn
' = LG54+ 00

1214405

GAmAa = - 3a97-23%
= L 23R ReN

L2120+05

3
L1242
LEEZORON

n10t0

Linim ,
L3pTeran

Lielia+ns

ETEE

-1

L

o~ -y

b= (e id

4450404
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: Table A.16 EIE
CATATATE CL~he 42,KNOTS  LEVEL FL1SHT  SAS (FF
‘ | 1 .PuT DATA Stability Derivatives -

I P S
'.i...."I[n‘ i

sTIVES TIpES INERTIA

i -.1r531+03
F bl ?f"54+{}_§
- - 1p%7+05
-.009D
i -, 0000
. : .000D 4
: i 6865+ 0E
® L4p14+05
. -.3p97-03 )
: -ﬂ"‘?"}*dm
| : 2120405
j -.0000
; ) -, 0000 )
| = 1120405
E F .32@9*&2

1

M= =, 2RB0-00 70
W 1A% -01
XL yELRB-0ON

XUD = L0000

i
t
£
.L:
X
1
s 3
n

ke
t
-

1]
.

1
»
’TD T3 AN R

n
i
it
L

2D

DD ON D

0
XD = L0000 - 000
X320 = L0000 2RI = 000 :
| Pos p1926+01 g0 F JTET7*01 = . 3238+01
¥TE (564502 2T = m. 107600 = L1988+01

*é Ind STABRILITY 4xFs, U = L7L00+02 AMD W o= 0.0 .
21y = y212040% M0 21v7 = -, 4450+04

i
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Table A.17

CANADAIR CL-84 42.KNOTS

INPUT DATA

DIMENSTIONAL DERIVATIVES TIMES INERTIA

UNITS ARE 1 PE

KUN NO,

Stability Derivatives

R RADT4M

LEVEL FLIGHT

SAS ON

(STABILITY aXgs$S)
DYDY = -.3142+402 DLDY = ~,2138+03 DNDV = L 34R0+03
pynp = = 7167+02 pLODP = -, 404440% DNDP = -, 5500+04
DYDR = «4145+03 DLDR = - 2744405 DNGP = -,4473+05
pYDVD = ~. 0000 DLove = -.nenn DNDVYD = -, 0000
pypep = -. 0000 CLEPD = = 0000 ONDPD = -, 0000
DYDRD = -~ 0000 GLODREL = LC000 DHDRD = L0000
DYDA = ' 2666-00 DLDA = fBHQE+05 DNDA = y2600+04
DYDR = =-3293+03 DLDR = LADBELNR DNDR = ' 5544+05
U o= «7071+02 Uz = LEXBEFXQL O GAMA = ~,3097~03
MACH = W 635601 RHO = CEZRO-02 S = 1 2333+03
MAC = J000+01 IXZ = ~,4450+04 1Y = 2120405
HT = -. 0000 X1 = -, 0000 DT = -, 0000
LX = -, 0000 LY = -, 0000 1.2 = =, 0000
CL = D000 Ch = L0600 W = 11120405
IX = »1837+05 12 = ¢ 3383+05 G = ' 3220+02
SPAN = +3330+02
DIMENSIONAL STABILITY DERIVATIVES,PFER RADIAN:
STABILITY 4XES
Yy 2 =,9033-01 LV = -,1164-01 NV = 11029-01
Yp = ~.2061~00 Le = ~,2201+01 NP = ~,1626-00
YR = .1192+01 LR = -.1222+01 NR = =,1322+01
YVD = , 0000 Lo = L0000 NVDR = y 5000
YPD = Q000 LPD = L GOGH0 NPD = 0000
YRD = 0000 LRD = L0000 NRD = 20000
YA = 2162902 [.A = 2998401 NA = 2 1655-00
YDR= ~.9467=00 LDR= 2198401 NDR= 1639401
DIMENSIONAL DERIVATIVES, PRIMED
Yy = -.9033-01 VA -,1460~01 NV = 1261-01
YR = ~.2061-00 Lp = »y2233+01 NP = v 1355-00
YR < »1192+01 LR = ~,9309-00 NR = =,1236+01
Yvh = 0000 LvD = IR0 NyD = » 2000
YPD = Q000 LPD = » 0000 NPD- = 0000
YRD = 0000 LRD = O000 NRD = s 0000
YA = . 1629=02 LA = »3056+01 NA = ~,2442-00
YDR= -,9467~-00 LDOR= JABANH0Y NDR= 1440401
IN STABILITY AXES, Us 7100402
IXX= .1837+(05 12Z= J35063%+05 IXZ=-,4450+04
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Table A.18

CANADALIR CL=-84 4Z.KNGTS

TNPUT

nIMENS

UNTITS

CATA -

STONAL DEK

ARE 1 FPREK

RUR NO, é

LEVEL FLIGHT  SaS OFF
Stability Derivatives

Iy AlIVES TIMES IV&RT[A
RAD Lo

(STABTLITY AXES)

DYDYV = ~.3142+02 DOV = ~.2138+03 DNpV = ' 3480+03
DyYnP = -=.7132+02 pLOP.=E =, 737%+04 DNPDP = ‘5811403
DYDR .= .4149+03 DLDR = ,3766+C4 DNDR =. =,1189+05
DYDVD = -, 3000 - GLbve = -, 0p0d DNDVD = -, 00600, .
DYDRD = -, 232G DLDPL = -, 3000 »‘DNDPD<= -, 0000 -
DYDRD = -. 0000, DLORD = L3080 "DNDRD =, y 0000
DYDA = 5666-00 DgDA =, L,53086%C5 DNDA = 5600+04
DYDR = -, 3293+03 DLOR = L403F+05 "DNPR = ,5544+05
CLouE L7071+02 U2 s JA358+¥01 GAMA =.  =,3097-03
MACH = W6356=01  RHQ = 238002 ~.8 = ,2333+03
MAC L F L7000+01 1XZ F . -.,4450+04 | 1Y = 12120+05
HT = ~. 0000 X1 =,0000 THT.=  =,0000
LX = -.000G LY = =,2000 Lz = -,0000
L CL o= L0000 ch = 0000 W= 1120+05
L IXF «1837+05 1z = V3383405 .G = , 3220402
SPAN = . 3330402 '
DIMENSTONaL STABILITY: JEHIVA1IVES.PFP RADTAN,
SYABILITY AXES
Yvo= ~.9033-01 LV = =,1164-01 " - NV = y1029-01
YR, = ~.20%0~00 Lp = -,4017-00 = NP .= v 1718-01
YR .= «1193+01 - LR .= .?35”-00 S NRL= -,3515-00
YVD = SGO00 LvE = L0000 NYD = NG00
YpPn = L0000 . LPD = ﬂuou NRD - = 000
YRD = L2000 LRO = LON0C NRIY. = , 0000 -
YA S 1629-02 LA = “99(+01 Ui NA = 1 1655-00
YOR= ~.9467-00 . LDOR= L21986+01 . NDR= ,1639+01
DIMENSIONAL DeRIVATIVES, RPRIMED
Yy o= LG033-01 LV -.1460-01 NV = v 1261-=01
CYP = -.2050-000 LP = -,4192700 NP = ,7470~-01
. YR F .1193+01 c LR o= ©e2997-00 NR = -, 4038-00
YVD = aoco LV o= L0000 NyD = 0000
YPD = L0ONG LFD = 000 NFDY = , 0000
YRD‘= L0000 LRD = 006 NRD = 0000
-~ Ya = v 3629-02 LA = . ,3056+01 . NA-=. . +,2442-00
YDR- ~.9467-00 LDK= +1880%01 NOR= +1440+01
IN STARILITY AXES, Us ,7100+02 _
P IXX= ,1837+(C5 122=‘.3585+05 IX/ -,4450+04



Table A.19 2UN M, 9
CAMADAIR CL=8n  42,KNNTS  DESCENT 14,FT/SEC  SAS ON
[HPUT AT Stability Derivatives
””ITQ'ARE 1 PER Q;DIAW

DIMEMSIONAL DERIVATIVES TIMES INESTIA
(3T ILITY AXES)

DXOU = “ 886628+402 DIDY = - 483402 - oMpy = ~.1857+03
nXDW = yL11B2+02 DIDH = LTL25+02  pDMDw = -.2730+03
a0 = BI75403 DIDG = -,1293+04 DpDYEoD = -.5192+05%
LXOUD = -.Douo nIDUD = -, 00600 DMOUn = -.0000
DXOWD = -, 0000 GZDWD T =000 AMDWG = -,0000
ONDBD = -, 2060 TZQY = LO0N0 DMoOn = .oonn
NyOE = JTR269+03 L20DE F 2272%04  OMOE = L6391+05
NXDT = ».26:33-*{]4' 20T o= -, 3001+05% oDMET = L A534+(5
U = ,&754402 U7 = L2390%02  GAMA = - 1302+02
MACH = B8386-01 RHO = PARO-02 § = L2333+03
MAC = JTN00+0y IXZ = -, 7359+04 1y = (2120405
HT = -, 020D x] = -.2000 LT = -.0p00°
LY = -~ Q0T Ly = -, 0600 LZ = -.ag00
CL. = y 000 £n o= L0000 W= L112D+0%
X = y2104+09 1z = L 3114405 G = .3220%072
DIMENSTONAL STARTLUITY DERIVATIVES, PER RaDIAN,
STABTILITY AXES
X1 o= ~.24%53-00 i = 2439=00 M= -.3759-072
¥ o= B272=01 Zw = 7.',/g an My o= =,1288=01
XG = ~,1945+01 rar . 45N5+01 Mo ® -, 2449+01
XD = L onnn 7un = ,{"C;EIID ”ur“: = Laenn
x40 = LO0) 740 = L0000 My = anao
XD = L o0nn Z&in = , o000, !u5'=' .naog
XD = LU REEEY 0= L6532+ 0 Moo= L3p15+01
LT = L7750 2T = a.x1(g+03 MT = L21A2+01

In STABILITY 4XES, o = L7100402 AND w = 0.0
1y o= V2120405 AND 71x7 = -, 73594+114
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Table A.20

SANATA

ﬁXWU
\/f‘) V
)“WQ
YOG
AR LRI
Dxhak
HDE

nyoT.

L

MACH
MAC
HT
LX
oL
Ix

PG 4

— T O3 D AT

W w L

D M R

KX

H B TR

)

PR I T I { U L I ¢

(TR T IY)

o

IR Cl-84

-, B662+07

113802

= 8872+02
-.00an
-, 0000
-, 09200

V7269+03
L263%+04

BT754+02
535601
L000+010

bl QGOU

0000
0000
2106405

DIMENSTON

145

32 KRNOTS

UZ;‘
1 ‘o |“)‘1
DZDED
"‘"ﬂ"j'\

']
/__x;-~
D70

"
R
I Ve '7

J-(»«

L
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e

'\\L \J."‘
wivy

y

u

0wy 1N uu

BLiITY CERIVATIVES,

" H_ "o

LXFE

I ouw o nun

m

YR

i -

DN

o, 2

DESCENT 18,FT/SEC  SAS

™

Stability Derivatives

2 LoPER - RADLA
JI"’?:NQ}O WL DERIVATIVIIG TIMES
(STABILITY A¥E3)

T4A53+072
7025402
7253+(02

. 1009

NG

l\f (')
?‘/3+a4
RIS

2100+02
2380-02

73
, 7380404

r
ngeg
’ e
nany
Y eTa)
apen

LI W

»5114+05

PR

e 2G=00

Drrn=nn

- PEES=00
Ralda
laud

ror

LAV

SBIE

+01
t1zz+C3

= o 7100
- 'Ixz =

THERTTA

BHoy

My =
DMDa =
DHDUWv=
DrbyWh =
NN =
Grpk =
GMDT =
(AMA =
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1y =
TOT =
LZ =

(, =

i
I ‘,v'.'
MG
MU
Mwh
et

M
e

wT

w u nn

uon o ou

-6
-, 2730+03
-.1257+05
=-.0000

DFF

57+03

.0000
.nnnn
LER91L 05
LABHG+DD

1302402

.7333*05
.2120+05

=, 0006
Loeng

L1120%65

3za2nte?d

PER RADTANM,

LA759=02

J1288-01

,5629-00

.5&15*81
216241



Table A.21

DYDV
DYDP
DYDR
DYLVD
LYDPR
DYDRD
DY A
DYOR

W

U
MaCH
mal
HT
X
cL
X
SP AN

LU TR L T SN L I { I T

YV
Yp
YR
yvn
YD
YRD
YA
YPR

Yy
Yp
Y%
YVD
Yen
YRN
YA
YDR=

o Nn NN

IN
P 1XK=

H\"\A[

L T TR | B T I T /]

UNTTE ARE

{3TARILITY

07921*“(
£775+02
L0954 03
-, oo
- f HE!D
e UOC:'J
. }943-0|J
-~ 3044+073

‘.J4 Z‘vl
J79¢7=01
L1177+01
L2000
L0000
NS IRy
e 1134-02

-.8763-00

”y

»

-.£432-01
798701
W 1177+01
LOUCD
LCR0C
.C00C
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- 0&763"00
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1 PEH
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nKES)

DLy
OLOF
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STARTLITY AXES:
P 21405

177= o

TeaJuLITY DEx

L

i How ouo oo My ou

1mn 1 u

"w o

JONOTS

R

LESCENT 1¢

NG

FT/S8EC  SAS

On

Stability Derivatives

H/ﬂd

BN

LLI R E PRI

wun g n un

-
=
4
-

IRENSTONLAL DIRIVA

-, i543=01
-.2372+01
-, 7262=00

» 3000

[ i"’é’\j"’ﬁal
, 2243401

710%*32
05

TIVES TINES
N

INE®T

N
onGr
IREMATS
ANDVE
DNDPD
nyNhRe
PAJ'D,
)LDF

IVATIVFﬁ:J

Y
I
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ARV AR
NHH
MR
ik

HOR

Y
NP
MR
NV
P
NRD
NA

1A

"

o ogonounn

i

Iwon o

ER

LI T T T T TR | B T ]

[.3’/-".7.5 q"}4

VIS0
—,39Q1+04
'v3254*05
=-. 0000
'»QDUO

JODDC
'!72?9+54

:3711*05

» 1302402
»2333+03
1 2120+05
=.2000
-, 2000
+1120+03
32z0~02

RAGIarh,

126301
-, 1253-00
‘01045*01

#3000

o 11300

L3000
-, 232100

»1392+01

1 1672-0%
' 4744-~00
n9520“00
<3000
« 2000
3009
"19911~OG
0 7212-00
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Table A.22 AN

CANMDALR CL-H4 47 0HNOTS NRSCENT L6
Stability Derivatives

INERT] 4

2433 +072

nyny o= -

n
t

DNDY =

nyne = CRRE+G2 Oy = - ONDF = -
pYpR = L4097+03 DLDR = swéﬁ x -
DYDVD F -.00 BLOVG s - 3 =
DYpen = =00 = - ﬁvDJ’ s
DYDRN = -.0000 = ANDRY =
Dyna = EESE TMNOA =
nynk = =, 3340 = ONMR =

o= LATHAR2 7= . GA«A = -
MACH = CHBRE=01 15 = . g o=
MaC = 7 11Xz = - 1Y =
HYOF RN X1 s " THT = -
LX = =)l LY = - il o= -
L = SEATAEN o= . W=
Ix = -7 17+ , 5 =

SP AN

11}

L EEE LS TOMAL sraa;;zrv g
. STABTLiTY /X35

L1
i

Y
Y=
YR 1

Y “,‘; “) . '..‘5 : " H
YED = REVRS LS
YED

14

Y

Ya = . -2 -
YIR= ~ . ~017 ‘

Yy = - 345701 iy =

Yp = W373=01 L2 =

YR = LAl 7E5+01 Leo= -
Yvn = s hE LyD

YRy = N
YR = ARV ALK LH

Ya o= L L134-02 LA S -
YRRz -, 8786300 LOR= '

TAOSTARTLITY 8XES, U=
P 2104+ 1272 3314+

P IXX= 7359+04

FT/3EC

Y
2
]

SAS

L3533403
1HM4+O4
1l>7+G

-

-

-

-

-

1302+072
2333+03
41(0*05

ZQ*O

AT A

1263-01
3431-01
3715%-0G0

2080

» 2000

-

GUNG
2321-00
1192+01

1672-01
L214-01
“5f7 OD
RQDD

2600

2911-00
7212-00



Table A.23 Mo, 13

e

CrMedal= CL-b¢

DOLEVEL FLIGRT  §A% 0N

IMERTIA

] - =
- -
- =
- =
- had -
- -

H =
= - =
= - =
-

= =
- -
= =

P =

-
1"

,.._
i
]
~
i

.
fon
H

FRTTVES

e AR

LINNE P O 1 ) 1

(3}

11

"

ALTAE:

ATR ‘Stability Derivatives

A

0 "D
AN

+ o+ o+
O
FERVRIS

£

P )
o S

£

.0n0n
.onnn
L3993+ h
109 +(1%

!
SN AN B

[ B

3

-.2436=02

LRR3BwGS
2050+05
-, 000n

L3220+072
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Table A.2k

LEVEL FLICHT  SAf QFF

ToRLY Dave Stability Derivatives

THERYI A

z = -
- = NEdi
- - f 34.(:.5
- = L1001+ 0S
Lo . 7R - = -2
= . de0E = z
B .
= , 1x? = = Z0
sk
- v1o= - = -, 0000
LN = - Py o= - = - 0000
"L s (o= = L1120405
I = Iz = = L3I2RnH0Z
3
o= -
y = = . 20400
- -~ b A 4 K
= L4327+
s = 532200
1 BILTTY 4 A5 woT 0.3
o R ot
71y = REVAS S A L N

Spen



Table A. 25 RUN NG,

CANADAIR CL-54 LG.ENCTS  (EVEL FLIGRT

INPUT DaTh

SIMENSIONAL DERIVATIVES TIMES, [NERTY
UNITS ARE 1 PER RADIgwm

(STABILITY &Xen)

cyny = -,5435+52 nioy = -, £512+03 DNV =

cyop = - eSaE+ 3 = './54L*CS DMDP =

rynr o= I Y- VRIS = £ oMo =

DYDYD = -, 0000 = LNEVD =

2yhen o= -, IGo = nNDED =

SYDRO = -.0ONGao z R =

z 274700 z =

= -,1192+C4 = =

U= <1345+03 w2 = Gamp =

MACH = C1209+00 Swi = g =

MAC ¥ L7000+01 1x7 = 1Y =

HT *-QWHE ' x] = ™T =

Lx = L_Y = L.? =

cL -+ coo= S0 W=

IX = 12 = J2abh1+0h 5=
SPaN =

CIMERSIOMEL STARILITY DERIVATIVES,PE

‘ STABILITY aXid

YV = -.1563-00 LY = 9,f7”" AV

YP = = 7320=-00 Lp = 145*C1 AP =

YR P2197401 L% S L 2519401 Rz

YV = L0000 LV R SO0 Ny =

YED = L0050 LED = als NOD

Yir = » 0000 LR = Faleke NizD =z

Ya = L7898=03 Lr = ,F244+01 NA =

YOR= -.3427+01 LiR= -, 2A00+01 NPR =

PIMEMSIONAL DERIVATIVES, RPRIMED

4
Yy = -.1562-0D Ly = -, 2655-01 My o=
YP = = 7320-00 0 LR = -,4131401 NPo=
YR = CZ2157+0L LR = W 2732+C1 MR =

Yy ® 0000 RV L0000 MyD =

YEn ow L0000 LPCo= 000 NED =

YR = o000 LR = VDO N =
Ya = LABRGESDR Li = 5237+ MA =
YRE -.3427+01 ke ~,3Z264+01 MR =

-

L= 50

345

W13

1407%

IN
P IXXE -, 1817+05

STanliLlTY sXES,

122= WE271+(C3

3

SAS

st Al
&/ H

Stability Derivatives

A

f1677+05
‘93411+U5
¢ 2000
-, 2000
L2000
-,%232+04
12944026

*02436‘62
v 2333403
' 2050+(05

')GGGQ

~, 0000
V1120405
1 3220+02

o
)

RADT AN,

»1308~-01
4859-00
-,2437+01
2000
V206G
2000
=~,2675~-00
«3750+01

01258~01
04075'00
"2387+Dl
2000
0000
y2Q00
=,1679-00
y 2684+01
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Table A.
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Yyn
yen
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I
bo¥
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2427401

LITY LXES,
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U=
5451405

Fline  NC,

Stability Derivatives
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= i ;. : . Q 1 \;P
s 7273-00 WR
= SEnN WD

9

v ohbh=01

"

=
= NV
= MNED

N
: bef

"wonon on o on

no# o1 o N

n

DERTIVATIVERFER

[A)

"o

it

i

1

oo

1!

SaS

THERT L

-

GFF

V4514403
E415404
(1476505
L0000
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W DG0D
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2436-02
$ 2333403
2050+00
2300

OO0

L120+05
P 3220%02

-

RAGTAM,

2 1303-01
v 156%=00
4277~00
oCna
fQoo
G000
2675-00
3750+01

- = * =

-

12%4~01
1374-00
4144-00
acog

Ggoe

1€79-00
y 2604+(01



DBAnSN
ANTE
IKDT
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s
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A
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DESCENT 30.FT.S0C

-,
t
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5A5 0N

Stability Derivatives
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Table A. 28 SR D I
SAIATE D=4

OEgrEnT 2,FT/SF2  3AS CFF

TARUT DATA Stability Derivatives.
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VATIvES TiMTS INERTIA
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Table A. 29

34 EQ.RNOTE NEICENT 30.FT/58C 3A%
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LHPUT AT Stability Derivatives
DERTVAT IV
PER &aDla
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N

YDV 8 -.D2ECI2 DLDY = - gunv = 1 1692+73
)YOP = mL 124505 Lne = - ONRP = «3540+03
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DIMENGTIONAL STARILITY DETIVATIVES,FER RaDTAN,
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APPENDIX B
X-22A STABILITY DERIVATIVES

Introduction

The stability derivatives presented here are taken from
Reference 31. TFor the reasons explained in the main text, only lateral
derivatives are presented. The flight conditions are listed in
Table 8 of the main text.

The printout contains some  redundant information, such as
Mach Number, which is arbitrarily set to zero, without affecting the
accuracy of the derivatives. The yaw and roll derivatives are
referred to the'stick'and pedals, and include the effects of control
blending. These derivatives are denoted as NA, NR, YA, YR, LA, LR,
and care should be taken to avoid confusion with the yaw rate
derivatives, which are also denoted as NR, YR, LR. The yaw rate
derivatives can be distinguished from the rudder pedal derivatives by:
noting that the latter are always printed adjacent to the YA, LA;
NA derivati?es. The inertias referred to stability axes are denoted
21X,21Z,ZIXZ.
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TABLE B-1 Rupr: NO, 1
BELL X=224 W=16770LE H=OFT UC= 10,0FPS GAMMA=-12,1DEG =AX= 0.06
INPUT DATA

DIMENSIONAL STABILITY DERIVATIVES

UNITS ARE 1 PER RaDlaM

(BODY AXES DIFFER BY .4972+01 VDEGREES, FOSITIVE
FUOR NOSE UP, FROM STARILITY AXES)

YV = ‘147HD700 LV = ~.112U+OU NV E .1930501
YP 2 =,7700=00 LP 2 =, 2ED0-00 NPOE L0000
A b LR 2 =, 1/7G=L0  NR O =,14b0=00
YV = -, 33490 Lyn = -, 0U0¢ Nyn = ".UOQQ
YR = ‘;QUGQ LPn = -, NuUou NPD = -. 0000
YRR = -, 0uUnn LRI = -, 0ube NRD = -.00U0
YA = » 00N LA = LLY70+01 NA = ,00U0
YR = » 1000 LR = , 0400 NR = 700000
lj =z L1000+072 7 e LA0G=00 GAMA = 1210402
MACH = s unn Ry = .GHUU g = ,UDUQ
MAC = U000 OIX7 ¢ LEDRUH0S 1y = ' 5160405
ATe U000 xI =000 TOT = L0000
LX 3 .;QOQfOZ LY = ,QUDQ Lz = B0UD
oL o= ' oD cn = L 0ULC W = 1677405
IX = 2175405 17 = LADBGHDS o= '5220+U2
SPAN = Jhnon

DIMENSTONAL STAEILITY VERIVATIVES,PER RALIAN,
STARILITY 4Xto

YV o= -.4700-00 LY = =, 1160400 NV = . 23Y0=01

YR o= -,7671-00  LP = =, 2081-0Y NP om 1 2350=01
YR = W6674-01 LR F 0 o~ 126100 HIRO= =, 13Y8=-00
YVh =  LU00 Lyl = » OU0Y NVD® L D0UY
YR = U000 LD = U0 MP[) E L U0UG
YobE 0000 LRD # o QLT NRD) F CONUG

YA = y OO0 LA = LA No = =,8003.09

YR = y oo LR o= -, 5. £95=00 MR E ,6935-00

GIMENSIONAL DERIVATIVES, PRISED

YV = -, 4700~00 Lv = =, 1L7{i+058 MYz L 249601

Yi = -, 7671-00 P = -, 2086=(0 N 2592-01

e y6674=01 LR R =, 1236400 NR 2 -, 1388=(0
yub = » 100 Lye « » DUUG NyD E D000
yeb = .o00e LPoo= L ou0g NFD =, UQU0
YRE = !QQDQ LRI ® .DQUG NRD = ODDUO

YA = » U000 LA = W AYUHE+0Y NA F -, 5828201

YR = 10oeo LR = =,1427-00  NR = L6949-00 :

I 5TABILITY AXES, U= ’1GG4+U29 ZIX = .2149*05
annD zliz = LABLEHDE
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TABIE B-2 RUN NO, 1
X=22 + SAS VW=16770L8 H=sQOFT U0= 10,0FPS GAMMAE~12,1DEG -AX= 0.06

INPUT DATA

DIMENSTONAL STABILITY DERIVATIVES

UNITS ARE 1 PER RADIAN

{30DY AXES DIFFER BY ,4%972+0)1 DEGREES, POSITIVE
~ FOR NOSE UP, FROM STABILITY AXES)

Yy = -.4700-00 LV = -,1120+00 NV = 11950~01
YP = ~,7700-00 LP = -,3610+01 NP = 0000
YR = -.0000 LR = - 1770-00 NR = =,1728+01
YVD = -, 0000 LVD = =, 0000 NYD = -,0000
YPD = -.0000 LPD = -.0000 NPD = =,0000
YRD = -.0000 LRD = =, 0000 NRD = -, 0000
YA = .0000 LA = «1970+01 NA = 0000
YR = L0000 LR = .0non NR = . 7000~00
o= .1000+02 Uz = V8700-00 GAMA = -,1210+02
MACH = L0000 RHO = » 0000 S = 0000
MAC = .0000 Ixz2 = ,2530+04 1Y = ' 3160+05
MY = .000o0 X1 = 0000 DT = , 0000
LX = .1600+02 Ly = L0000 LZ = 0000
CL = L0000 ch = 0000 W o= 1677405
IX = 12175+05 1Z = . 4580+05 G = 1 3220+02
SPAN = L0000
NIMENSIONAL STABJLITY DERIVATIVES,PER RADIAN,
STARILITY AXES
Yy = -.4700-00 Ly = ~,1165+00 NV = ' 2390-01
YP = =.7671=00 LP = =,3638+01 NP = ,2950~00
YR = L6674=01 LR = y4556=00 NR = =,1711+01
Yvp = L0000 LVD = 0000 NVD = 0000
YPD = ,00n0 LPD = L0000 NPD = , 0000
YRD = . 0000 LRD = ,» 0000 NRD = 0000
YA = , 0000 ' LA = ,1986+01 NA = =, 8063~01
YR = .0000 LR = =,1293-00 NR = ,6935=-00 -
NIMENSIONAL DERIVATIVES, PRIMED
YV = =.4700-00 LV = ~,1170+00 NV = 12496-01
YP = -.7671-00 LP = =, 3644401 NP = ¢ 327900
YR = .6674=01 LR = ,4886=~00 NR 2 =,1716+01
YVD = L0000 LvD = 0000 - NVD = 0000
YPD = 0000 LPD = L0000 NPD = 0000
YRD = . 0000 LRD = , 0000 NRD = , 0000
YA = 0000 LA = ,4988+01 NA = ",9858~-01
YR = .0000 LR = ~.,1427-00 NR = 6949-00
IM STABILITY AXES, U = «1004+02, ZIX = 12149405
AND 2127 = «4606+05



TABIE B-3 Rijm '!‘10. 3

BELL X=22A WE16770LR HsDFT UDS 67,%FPS GAMMAZ =7,10FEG =AXsS 0,06

LWPUT DATA

DIMENSTIONAL STABILITY LERIVATIVES

UNITS ARE 1 PER RARIAN

(BODY AXES DIFFER BY
FOR NGSE uP,

(4979+01 DEGREES,

; POSITIVE
FROM STHEILITY AXES)

Yy = -, 3030-00 V. = yHB0G-01 NY = .zzwoquz
YP = -,1270+01 P = -, 9500=00 NP o= ,2310~00
YR = -, 006 L% = L24U=00 NR = »4010=00
YVD = ,UCHD LVD = ._..! 00 Ny = -UDQU
YPD = - 000G LPD = ‘ngu WP = -, 00U0
CYRD = ~, gogn LRy = y0U00 NRD) = =, 80U
YA = » D050 La = .luln+u1 NA = «7640-01
YR = .0000 LR = . 3220-01 NR = J769(=00
U o= L07504+02 7 = DOE80401  GAMA = -,7100+01
MACH = Lo RM0 = 0o0o s = RiLIth)
MAC = L0000 [x? = .L:§u+04 1y = »3160+05
HT = » D000 A1 = COLOG TDT = L 00LO
LX = L1600+02 LY = LOus L7 = , 0010
CL = , UOGH ch o= L OLGE b= .16/7+O5
IX = V2175405 17 = L ADGEO+GD 6= V3220402
SPLN = L u0po
GIMENSTONAL STABILITY UERIVATIVES,PER RALDTAN,
STABILITY AXES -
Yy = ~,3030=00 LY = =, B0tu=01 By S 4597 =U2
YR = ~,1265401 (P = =,9164=00 NP S 7,1547=00
YR = W 1202400 (R < W 3HED =3 NR S -, 3BBH~00
Yvd = U Lvh = U0 MYD = , DQUN
YPU s y H0D0 LPD = O NRD = 000y
YRD = U000 LRD = y U000 NRD F LGDUD
YA = s QoD La = V2UT S+ NE E O =,9146-02
YR = » U0 LRoE -, 1090+00 NR= W 7506-00
GIMENSTONAL DERIVATIVED, PRIAED
YV = ~, 3030-00 Ly = -, BuY7=(1 Ny = ,BNBe=07
YP = - l2eh+0l LP = m, 910b-0U NS -,1465=00
YR = $1102+400 LR = y 3Y 410 NR 2 -, 592400
Yvp = LKL Lvn = T NyD = L 00U
YPD = L0000 LRD s , CUNG NRPD = L0000
YRD = PelsToly L= = -ntbn S NRD F L J0U0
Yo = L, O000 LA = .4J?ﬁ+01 NA 2 =, 2773=04
YR = L G000 LR o= L1235+00 NROE v 75/8=00
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TABLE B-k4 RUN NO, 3
X=22 + SAS W=16770LB HM=0FY UO= 67,5FPS GAMMA= -7,1DEG =AX= 0,06
INPUT DATA
DIMENSIONAL STABILITY DERIVATIVES
UNJITS ARE 1 PER RADIAN

(BODY AXES DIFFER BY .497?*01 DEGREES, POSITIVE
FOR NOSE UP, FROM STABILITY AXES)

YV = -,3030-00 Lv = =,5800-01 NV = y2200-02
YP = ~,1270+01 LP = -,4190+C1 NP = =,3510-00
YR = -,0000 LR = 1 1625-00 NR = - =,2101+01
YVD = -,0000 Lvhb = -,0000 NVD = =-,0000
YPD = -,0000 LPD = =,0000 NPD = -,0000
YRD = -.0000 LRD = -,0000 NRD = =.0000
YA = . 0000 LA = y2070+01 NA = »7640-01
YR = 0000 LR = ,3220-01 NR = »7650-00
Y = ,6750+02 U2 = V5880401 GAMA = -,7100+01

MACH = .0000 RHO = »ON00 S = , 0000
MAC = .0000 IXz = «2330+04 Iy = 'y 3160+05
HT = , 0000 X1 = L0000 0T = ., 0000
Lx = .1600+02 LY = 0000 L2 = Q00
CL = 0000 co = G000 W= 1677405
IX = .2175+05 17 = (4580+0U5 G = 1 3220+02

SPAN = L0000

DIMENSIONAL STABILITY DERIVATIVES,PER RADIAN,
STABILITY AXES
YV = -,3030-00 LV = -,5388-01 NV =  4557-02
YP o= -,1265+01 LP = =,4191+01 NP = 15862-02
YR = .1102+00 LR = «9112-00 NR = -,2065+01
YVp = 0000 Lvp = . 0000 NYD = 2000
YPD = . 0000 LPD = 0000 NPD = ,N000
YRD = 0000 LRD = 0000 NRD = » 3000
YA = L0000 LA = V2073401 NA = =,9146-02
YR = .0000 LR = -,1090+00 NR = 1 7566=00
NIMENSIONAL DERIVATIVES, PRIMED
Yy = -,3030-00 LV = -,5897-01 NV = ' 50R6-072
Yp = ~,1265+01 LP = =,4192+01 NP = y4343-01
YR = »1102+00 LR = »9510-00 NR = -,2074+01
YVD = . 0000 LVD = 0000 NVD = 10000
YPD = , 0000 LPD = . 0000 NPD = 0000
YRD = ,0000 LRD = 0000 NRD = 0000
YA = L0000 LA = W 2073+01 NA = =,2773-01
YR = .G000 LR = ~,1235+00 NR = 1 7278-00
IN STABILITY AXES, U = 16776402, 21X = 1 2149+05
AND 217 = L 4606+05
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TABLE B-5 RUN NO. 5
BELL X-2Za  w=1677JLE HsORT UR=101,2FPS GAMMAZ=10,0086 ~-4X3 0,006
INPUT DATa
DIMENS LONAL BTABILITY QERIVATIVES
UNITS ARE 1 PER Raulaly

(RODY AXES DIFFER gY  ,497(0+01 DEGREES, PUSITIVE
FUR NOSE UP, FROM STaBILITY AXES)

Yy = - 2351400 Ly = L, 4u0d=0] NV = V460002
YP = =, 1160+01 LP = ~,1300401 NP = ~,1525-00
YR = -, 0000 LR = C3020-00 NR = = 3793=00
YY) = -, agn (VD 3 =, 000y NYD = -, 0000
YPD = =, upoe LPD s =, U NPD = -, 00UQ
YRD = ~.00040 Lr = =, 0D NRD = =, 00UQ0
Ya s JU000 0 LA = L 2ET0+01 NA = . 3000
YR = 0000 (&= NIehly NR = (6520=00
U = (1042403 U7 = WBB00+0L GAMA = =, 1010+02
MACH = VHU0D RE0 = LOUDD § = , Uy
MAG =  QUGO Ix7 = L2R30w0A 1Y = 1 5100+05
HT = 000 X1 = SO0 07 = »00UQ
LX = »160G+02 LY = VOUOG Lz s 00U
CL = UVIeY cn o= OG0T W= 1677405
IX = «2175+05 12 = LADB0+05 G = (322p+02
SPaAlj = Mvlilels
DIMENSTONAL STaBlL1TY UERIVATIVES,PER RADIAN,
STABILITY ax&s
Yy = -y 2310-00 LV # m, 4Y24=0) NY = ,6521=02
YP = ~e1156+01 Le = =, 3217411 NP = =.6315-01
YR = (100D+00 LR = W 504500 NR = - 5812-30
YVi) = 000 LyD = LOUIY Hyp = L0000
YP{ = .QUOQ LPh = L0006 NPD = L0000
YRD = + U000 LRy ® 2300 NRD = L 00UD
Ya = » 0000 Lo = (2218401 NA- = =, 9000~014
YR = 0000 Le 3 =, 1209400 NR = (64AB9=0D
DIMENSTONAL DERIVATIVESR, PRIMED
YV = -2310-00 Ly = =,4Y37=01 NV = 696902
YR = - 1156401 LP o= -, 1316+01 NP = ~5146=71
YR = » 1005400 LR = W 5719=00 NR = ~.3864-00
Yyv) = y D000 LvD = LU0y Ny = ., 00D
YPD = P U008 - LPD = LU0 - NPD = LU
YRD = JUU00 - LRD S Vvl NRD = SO0Ug
Yi = 0000 Lo = v 2623+01 NA = ",1101+00
YR = '\ 0000 LR = ~,1335=00 NR = L65U2=00

IN STABILITY sXks, i = (1G16+03, ZI1X = 2049405
AND Z1Z = A608+05
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Yv
Yp
YR
YVD
YFPD
YRD
YA
YR

MACH
MAC
HT
LX
CL
1X
SPAN

Yv
YP
YR
YVD
YPD
YRD
YA
YR

YV
Yp
YR
YVD
Yen
YRD

YA

YR

AN NN LRI D F I [ R | BN L I 1 I | ]

"W n e ¥ ¥ ..

X=22 + SAS

TABIE B-6 RUN NO, 5

INPUT DATA

DIMENSIONAL STABILITY DERIVATIVES

UNITS ARE 1 PER RADIAN

(300Y AXES DIFFER BY ,4970+01 DEGRFES,
FOR NOSE UP, FROM STABILITY AXES)

-.2310-00 Ly = -,4800=-01 NV =

-yllbofUl LP = -03920+G1 Np =

‘00000 LR s 03820'00 MR s

-,0000 LvD = -.0000 NVD =

-. 0000 LPD = -, 0000 NPD =

-.0000 LRD = =, 0000 NRD =
0000 La = «2200+01 NA =
.gogo LR = 3000 NR =
«1012+335 Yz = LB800+01  GAMA =
» 0000 RHO = 0000 S =
» Q2000 IXz = v 2530+04 ly =
.0000 XI = ,0000 OT =
.1600+02 Ly = .0000Q LZ =
, 0000 ch = » 0000 W=
2175405 12 = .4580+405 G =
» 0000

DIMENSIONAL STABILITY DERIVATIVES,PER R
STABILITY AXES

-.2310-00 LV
-.1156+01 LP

=14924-01 NV
~-.3972+01 NP

.1005+400 LR = 1065401 NR =
0000 Lvp = » 0000 NyD =
0000 LPD = 0000 NPD =
L0000 LRD = 0000 NRD =
«0000 LA = .2218+01 NA =
.0000 LR = -,1209+00 NR =

QIMENSIONAL DERIVATIVES, PRIMED

-.2310~00 LV -,4937-01 NV

~.1156+01 LP = ~=.3976+01 NP =
,1005+00 LR = . ,1101+01 NR =
0000 LvVD = 0000 NVD =
00000 LPD = OQOOO NPD -
«2000 LRD = 0000 NRD =
Q000 LA = »2220%01 NA =
, 0000 LR = -,1335-00 NR =

IN STABILITY AXES, U = »1016+03, Z1X

AND Z1Z = +4606+05

POSITIVE

1 4600-02
9(1520’00
"11859*01
QOODOD
~, 0000
~,0000

2 N000

16550‘00

5;1000*02'

, 0000
1 3160+05
0000
» 0000
(1677405
1 3220+02

ADI AN,

n6521'02

o1706'00
=,1851+01

» 0000

v 0000

0000
“,9000-01

y6489-00

16969-02
92066’00
=,1861+01

- 0000

0000

0000
”11101+00

¢+ 6502=00

3 «2149+05

W216770LB H=0FT U0=101,2FPS GAMMAz=-10.0DEG -AX= 0.06
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Y
YE
Y§
AARE
Y
Yl
Y 4
Y

Ma Chi
MaC
HY
LY
CL.

SP LM

YV
Y§
YK
YV
YPD
YR
Ya
Y

YV

.V-

YR
YV

YL
YR
YA
YR
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1] Nil' LLI "I /] .ll "

K]

n

LTI U T I T I § S

1

a4 n n on

LTI |}

INFUT DATA

U

UMITS AFE 1 PLN Raplaw

(RUDY &XES OIFFEx

[ Tl
Lit

FUR

NUSE

'.2560’06 LV
-,114G401  LF
=, 3Ugn R
-, J400

LD

-, BLaG0 Ler
=, 5200 L
OO0 LA
Jlune L&

1689+03 iz
U0
L HUN0
200 X1
91600+Q2 LY
P BUQ0 oe
y 2175405 17

, O8O0

CIMENSIONAL ST
STARILITY

- 236500 LV
CFEB4=01 LR
L UUne Ly

<0uD0 - LP0
N0 LR

NihIe LA
yOUnD LR

DIFENETONAL

-, 2560-00 Ly
-,1136+01 \.F
(FOR4G-0] L=
ETERTY LD
yHLON LPD
0000 . LRE
y U000 La
QD00 LP

IN STABILITY AXES,

AND Z1Z =

2]

O W Hn

"

" H U Y

BY

= s /ll=dl
- 14U GL
CHba e
-, U
-, il
- CU0G
y RUZ20+01
- 1 A90=00

U702
L0
- R
o LU
Lol
, N0
LADELHDY

NOL.

NY
NP
CNR

YD

NP
NRD
NA
NR

GAMA
S

1Y
T
L7

G

P 4974%(1 DEGREES,
y FROM SYARILITY AXES)

R R R

v 1" n onu

U168, 9FPS GAMMAZ=13,850EG ~AXE

POSITIVE

iqDQU'OZ
-, 7300=-01
= 422(=-00
-, 0090
=, 0nun
‘.UOUU

L 2180-01

D35 0-00

-,1350+02
,U0un
. 5160G+05
, 000Y
L UOU0
W1677405
V3220402

ab T lTY CERIVATIVES,PER RADIAT,
LY ED

w5 u

"My N n

- A0
=, ivin+(il
W 1106+
, o
C W DU00
(U
W 2U32+400
L RENY =00

-, AbL4 -]

= 1YL/ +0
»1214401
Ik

S, 0UnNY

PR AESRS N
P2USae(l

-, 2395=010)

i =

VAB00+0E

NY
[P
NA
HvI
NPD
NRD
A
NR

DERIVATIVES, PRIMED

NY
NP
NR
NI
NPD
NRD
NA
AR

3

nunn g oy

(TR T I I LR TR T T

D887-02
» 360K=01
=.4544-00
L20UD
00uQ
»00UQ
-, 0112=01

\535300

,632}!@2-
obS?Z‘Ol
-,3646=00
JQU0D
Lu0uo
0000
=, 794%4=01
\ 5375200

= 2149405



Yy
Yp
YR
YVD
YPD
YRD
YA
YR

U
‘MACH

MAC

HT
L. X
CL.
I
SPAN

Yy
YpP
YR
Yvp
YPQ
YRD
YA
YR

Yy
Yp
YR
YvD
YPD
YRD
YA
YR

" X=22 + SAS

"o N on

o o 4B n

"no# a4 n n N

| L T IO T I L N T [ | |

TABLE B-8
W=167701.8 H=0FT U0=163

INPUT DATA

RUN NO,

DIMENSIONAL STABILITY DERIVATIVES
UNITS ARE 1 PER RADIAN

(BODY AXES DIFFER RY
FOR NOSE UP,

-.2360-00 LV
-,1140+01 LP

=,0000 LR
=.Q000 LV
-QOOOU L.PD
-.0000 LRD
Q000 LA
.0000 © LR
«1689+03 uz
.Q000 RHD
.0Q000 X7
G000 X1
,1600+02 LY
0000 Co

«2175+05 14
.2000

no oo ofn

-, 4700-01
~,2112+01

v 1153+01
-, 0000
-,0000
-,0000

v 2020+01
~.1290~00

«1470+02
. 0000
»2530+04
» 0000
» 0000

L 4580+05

NV
NP
NR
NVD
- NPD
NRD
N A
NR

GAMA

5.

1Y
07

Lz
W

G

1 4974+01 DEGREES)
FROM STABILITY AXES)

[T L I { B LI I

POSITIVE

y4000=-C2
-,R190~-01
'31635*01
-,0000
~,0000
*.0000

«2180-01

+5350-00

-,1350+02
0000
y3160+05
0000
» 0000
11677405
1 3220+072

DIMENSTONAL STABILITY DERIVATIVES,PER RADIAN,

STABILITY

~.,2360-00 LV

-.1136+01 LP
J7384-01 LR

. 0000 LVD
. 0000 LPD
00600 LRD
, 0000 LA
0000 LR

AXES

DIMENSIONAL DERIVATIVES, PRI

-,2360-00 Ly
-.1136+01 LP
,7884-01 LR

.oooo LVD
L0000 LPD
.0ano LRD
0000 LA
0000 LR

IN STABILITY AXES,

AND 212 =

-, 4512~01 NV
=,2233+01 NP
(1642+01 NR
, 0000 NVYD
0000 NPD
, 0000 NRD
W 2032+01 NA
-,2289~00 NR
MED
-,4824-01 NV
-, 2236+01 NP
L1675+01 NR
0000 NVD
L0000 NPD
0000 NRD
2034401 NA
-.2393-00 NR
U = +1695+03,
4606+05

1N N n

1 5687-02
11499-00

’.1661"’01 ’

0000

2y 0000

0000
’06112"01

5353-00

1 6323-02
1700-00
ﬂ,1677*01
0000
¢ 0000
0000
-, 7944-01
1 5375-00

= v 2149+05

»9FPS GAMMA==13,50EG -AX=s 0.06
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Yy
YP
YR
YVD
YPD
YRD
YA
YR

MACH
MAaC
HY
LX
CclL

IX
SPAf

Yv
YP
YR
YVD
YPD
YRD
YA
YR

YV
Yp
YR

YVvD

YPD

YRU

YA

YR

160

"ou Nt uNn

w0y N

HoH s N u RN

RELL X=224a

LUTE LB LA N O LI I

TABLE B-9
WSA6770LE Hz0FT U05219.5FPS GAMMAS

INPUT DATS

Run. NO,

DIMENSIONAL STABILITY RERIVATIVES

UNITS ARE 1 PER Rallan
(80DY AXES DIFFER. BY
FOR NOSE UP,

~e28670-00 LY
-, 1050401 P
"QU'QOD LR
-, ugaD LvD
-, 0000 LPD
- 0ULU LRD
U000 LA
, 0000 LR
' 2195+03 Uz
Ll RHO
WJu00 Ix2
» Q00 X1
(1600402 LY
0000 - CD

(2175405 . |7
U000

"

nuaun nnauaiy

L1 I L I ¢ L I T i B 1 }

=,4040+0}
-4900-09

=, N0

-, GUGU

=, 0u0L

Y.L LUL SR
1/740-00

e 1Y10+072
009“0 v
2R3+ 4
L OUQ00
P00
U0
y4280+(®

NY
NP
R
NV
CNPD
NRD
NA
NR

GAMA

5
184
o7
LZ
W

G

LI S L T B LN f S | ]

9

14973+01 DEGREES, PUSITIVE
FROM STABILITY AXES)

VA7UD=Q2
= 38U0=-01
~,4220«-00
=, 0gup
= UDUD
'QUOHU

L 1660=00

1 44Y0=00

L0000
Jugug
3160+05
LU0LD
L0UD

W 3220+072

DIMENSIONAL STABILITY LERKIVATIVES,PER RADIAN,

STABTLITY
-.1046+01 LF
W Y102~-01 LR
000 VT
0000 LPD
L, 0000 L g0
JUU0D . LA
000N [

M N B un oy

AXFS

~ -5‘127‘1Jf‘.

4097401
W BI21=04
LU0

-, 0Lun
LOUDY
,2528+01
YA WETINN

NV
NP
AR
NYD
NPD
ARD
NA
NR

CIMENS[ONAL DERIVATIVES., PRIVED

-43670-00 . LV
= 1046401 P
9102-01, . LR
, 0000 Lvi
0000 LPD
, 0000, LRD
0000 LA
, 0000 L

IN STABILITY &XES,

AND 712 =

" H U uana

-, 5UGU~0Y

=, ALULHD
« FO0S=0(

LDute
, 0LAY
L OLOB

L2327+01

U =
6005

MY
NP
NR
NyD
NP
NRD
NA
NR

L2203+03,

RN NN

i o1ton

thoM s N

6662072

,1651-00
-, 4463=00

L0UD

, 000D

L11DU0

L OBOB=[1

043/7-50

» 7118=02
T 45’}5-5)0

«D0UD

, 30U0

.UDUL}

' A770-01

«A370~U0

21X =

NJODEG =AX= 0,06

L 2149+05



TABLE B- 10 RUN NO, 9
X-22 + SAS W=16770L8 H=0FT UU=219,5FPS GAMMAS 0,0DEG -AX= 0,06

INPUT DATA

DIMENSIONAL STABILITY DERIVATIVES

UNITS ARE 1 PER RADIAN '

(BOOY AXES DIFFER BY ,4973+01 DEGREES,» POSITIVE
FOR NOSE UP, FROM STABILITY AXES)

YV = -,3670-00 LV =  =-,49p00-01 NV = 14700-02
YP = -,1050401 LP = -,4040+01 NP = ~43800-01
YR = -.0000 LR = »8500-01 NR = »,1397+01
YVO = -,0000 LVD = =,0000 NYD = -, 0000
YPD = -.00CD LPC = =,0000 NPD = =,0000
YRD = -,0000 LRD = ~,0000 NRD = =,0000
YA = .00g0 LA = ,2340+01 NA = +1660-00
YR = , 0000 LR = 11740-00 NR = ,y4490-00
g = ,2195+03 Uz = «1910+02 GAMA = » 0000
MACH = . 0000 RHO = ,0000 S = 0000
MAC = . 00060 IXZ = »2530+04 1Y = +3160+05
HT = .0000 X1 = , 0000 DT = . 0000
LX = «1600+02 LY = ,0000 Lz = 0000
CL = . 0000 ch s 0000 W o=z 11677405
IX = ,2175+05 17 = ,4580+05 G = :3220+02
SPAN = . 0000
DIMENSIONAL STABILITY DERIVATIVES,PER RADIAN,
STABILITY AXES
Yv = =,3670-00 LV = =,5027-01 NV = 16662-02
YP = -,1046+01 P = =,4080+01 NP = 12475-00
YR = .9102-01 LR ® 1 6949~00  NR = =,1393+01
YVD = . 0000 LVD = 0000 NVD = , 0000
YPD = ., 0000 LPD = 0000 NPD = 0000
YRD = .0000 LRD = 0000 NRD = 0000
YA = 0000 LA = «2328+01 NA =  6866-01
YR = ., 0000 LR = 19247701 NR = 1 4377-00
DIMENSIONAL DERIVATIVES, PRIMED
Yv. = -,3670-00 LV = ~-,5040-01 IV 17118502
YP = -,1046+01 P =  ~,4086+01 NP = ,2844-00
YR = .9102-01 LR = v 7219-00 NR = =~¢1400+01
YVD = .0000 LVD = 0000 NVD = y 0000
YPD = .0000 - LPD = 0000 NPD = 10000
YRD = , 0000 LRD = 0000 NRD = 0000
YA = 0000 LA = 2327401 Na = 14770-01
YR = .Q000 LR = = 1 4370-00

«8404-01 NR

IN STABILITY. AXES, U = v2203+03, Z2IX s 12149405
AND Z17 = «4606+05
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TABLIE B-11 Rty NO, 12
BELL X=224 »-Lb?/uLi =OFT 10 0.0FPS GAMHAS  0,NDEG =AX=,2116
INPUT LATA
CIMENSTONAL STABILITY UERIVATIVEQ .
UNITS ARE 1 PER RADTAN -

(BODY AXES DIFFER 8Y 9U00+02 DEGREES, POSITIVE
FOR NOSE UF, FROM STaglLITY 4XES) ‘

Yy = -,4700-007 LV = " 3120+007 NV B v 1920-01 ¥
YP s -,7700-00 LP S | =, 28D0=00 7 NP F . 0000 ¥
YR = -,0000  L&'F ~-1/7b-0d TONR F ~.L4du no -
Yvp = -, Jugno Ly & . 0U0U . MNVD = -, 0gug '
YPD = ~-,0000 L LPD = =,0U00 NPD E =, 00UD y
YRD = =, 0000 . LRD S LU0 . T NRD = =, 0000
YA = »UuQU LA s 1v7u+u1’ NA = ,o0pun0
YK = U000 . TR = .J_UD(J v. NR = ,70U0=00 v
U o= L0000 Uz = LU0 GAMA = NiliTe
MACH = 0000 RHO = -, Dyt . 8 = S, ooun
MAC = L0080 1KZ = L2530+04 (1Y = 3300405
HT = Jupgn X] = oo TRT = , 0000
LX = ,1600402 LY = . 0400 Lz = »00U0
CL = , Jono Cio o= “'W;Ou - W = 2 16/7+05
1X = V2175405 17 = LADBUHOD G oS 2 3220+02
SPan = Jugo T ’ '
DIMENSIONAL. STABILITY LERIVATIVES.PER RADT AN,
STABILITY AXES ‘ '
YV = -, 4700-00. [V ¥ -,1¥50=01 . AV = «1120+00 .
YP = V1U87-07 , LR = ,.L““O gg NP = =,1770=00 .
YR = .//UU OD me = 5{;‘)‘: (J}‘» ) NRo= ,ZSUU 9. .
Yvp = LU000 T LVD E JOUDL T TNV B JOQUO
YRR = JgupL . LPD S ﬂ;nuna ©ONPD = L1000
YRO = L0000 T LRD = L AL0U - NRD = 00U Y
Ya = ,0U00 LA s ,129e-47 ©  NA = -.1970+01
YR = JO000 . LR o= JIUUU~G 0 NR = =, 2042=07
DIMENS[ONAL DERIVATIVES, PRIMED.
YV = -,4700700 LV F =, 1240-01  wV = 1112400
Yp = y1067-07 P = «,1568-00 NP =,1967-00
YR = V1 700= uj’ TR oE " A28 7-01 M= -, 2856=-00
YVD = SO0 . LVD = DUBU ConNyD = I
YR = JU0UO L LPR = L, NuDU ~ONPR o= L agog
YRD, = LUBOe T LRD S L BeDU _NRD = «U0uD .
Ya = LJUG0 LA @ PAUYSHGO NA = - 1996401
YR = L0000 S LR = ..7u45 Gu NE® -, 4248-01
1 STABILITY AXES, U = CHGDD » LIX .= , 45801405
' AND 212 = .21792+08
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TABLE B-12 RUN NO, 12
X=22 + SAS W=16770LR H=OFT UQ= 0,0FPS GAMMAs 0Q,00EG =-aXs,2116G

INPUT DATA

DIMENSIONAL STABILITY DERIVATIVES

UNITS ARE 1 PER RADIJAN :

(BODY- AXES DIFFER BY ,9000+02 DEGREES,» POSITIVE
FOR NOSE UP, FRQM STABILITY AXES) ‘

YV = -.4700-00 Lv = -,1120+00 NV = 1 1950-01
Yp = -.7700-00 LP o= -,3610+01 NP = , 0000
YR = -.0000 LR = -,1770~00 NR = =,1728+01
YVD = ~-. 0000 Lvp = -, 0000 NyD = -+0000
YPD = -,0000 | LPD = -.0000 . NPD = = 0000
YRD = - 0000 LRD = -.non0 NRD = -,0000
Yo = . 0000 LA = v 1970401 NA = 0000
YR = . 0000 LR = 0000 NR = «7000=-00
i o= . 200D Uz = 0000 GAMA = 0000
MACH = . 0000 RHO = L0000 S = <0000
MAC = , 0000 IX7 = ¢ 2530+04 Iy = 1 3160+05
MT = . 0000 X1 = 0000 TOT = , 0000
Lx = »1600+02 Ly = 3000 LZ = 0000
CL = .2000 cn = 0009 "W s ,1677+05
Ix = . 2175405 12 = . 4580+05 G = - 4 3220+02
SPAN =z L3000
CIMENSTONAL STABILITY DERIVATIVES,PERK RAC]AN,
STABILITY AXES ‘
YV = =.4700-00 Lv = ~.195%0~-0U1 NV = 1 1120+00
YR o= .1067-07 LP = -, 1728401 . NP = ~,1770-00
YR = 770000 LR = ~,4769-07 NR = ~,3610+01
YvD = .0000 LVD = 0000 NVD = » 0000 -
YPD = 0000 LPD = 0000 NPD = 0000
YRD = 0000 LRD = Rslslels: NRD = (0000
YA = 0000 La = -.1296-07 NA = =,1970+01
YR = .0000 LR = -.7000=00 . NR = .=~,2042-07 .
NIMENS[ONAL DERIVATIVES, PRIMED .
YV = -,4700-00 LV = -,1340-01 ANV = 41412400
Ye s »1067-07 . L = -.1749+01 NP = =,3829-00
YR = .7700-00 LR = -,2007-00 NR = ~,3657+01
YVD = . 0000 LVD = L00n0 NVD = . 0C00
YPD = , 2000 LPD = L0000 NPD = , 0000
YRD = , 0000 LRD = 0000 NRD = 0000
YA = » 0000 LLa = ~,1095+00 NA = -:1996+01
YR s 0000 LR = -,7045-00 NR = -, 8248-01
IN STABILITY AXES, U 0000 ¢ 21X = 4580405

AND 712 = 2175+05
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