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FOREWORD

This report was prepared to provide the Aeronautlical Systems
Division with a preliminary evaluation of the stability and control
characteristics of an ejector wing configuration V/STOL in transi-
tion. The work included determination of the thrust levels necessary
to meet the control requirements specified in MIL-F-83300 for a
Level 1 category vehicle. A parallel effort was conducted for a
stowable rotor configuration and comparisons were made between the
stability and control characteristiecs of this vehicle and the hand-
ling characteristics of the ejector wing configuration. 1In addition,
the downwash characteristics of the ejector wing configuration were
evaluated.

This analysis was conducted over a six-month time period begin-
ning in August 1971 under Project No., D095 entitled "Application
Studies of Cold Thrust Augmentation (V/STOL)." The authors grate-
fully acknowledge the members of the Computer Science Center at WPAFB
for their cooperation during thils evaluation.

This report was submitted by the authors in April 1972.

This technical report has been reviewed and is approved.
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ABSTRACT

An analysis was performed to investigate the longitudinal sta-
bility and control characteristics of an ejector wing configuration
V/STOL in transitiom. A derivative approach was used to obtain dy-
namic responses about specified trim speeds, and analysis of these
responses provided an insight into the significant characteristics
that might affect the pilot's contrel over the aircraft. The thrust
levels necessary to meet the control requirements specified in MIL-F-
83300 for a Level 1 category vehicle were determined as well. A
similar study was made for a stowable rotor configuration, and re-
sults for the stowsble rotor V/STOL and the ejector wing configu-
ration were compared. Finally, the downwash characteristics of the
ejector wing configuration were evaluated in terms of their effect
on ground equipment and personnel. Spray generation during hover

over water is also discussed.
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SECTION I

INTRODUCTION

This analysis was performed to investigate the longitudinal
stability and control characteristics of an ejector wing configura-
tion during transition (Figures 1 and 2). A linear or derivative
approach was used tc obtain dynamic responses about specified trim
speeds in the transitional flight corridor. Analysis of these
responses provided an insight into the significant characteristics
in the dynamic response of the vehicle that might affect the pillot's
control over the aircraft. By this means, some of the flying quali-
ties of the unaugmented vehicle were evaluated. When the handling
qualitles of this configuration were found to be deficient according
to Reference 1, modificatioms to the vehicle geometry and two feed-
back loops of a Stability Augmentation system (SAS) were considered

to improve the handling characteristics.

In addition to the above, a longitudinal stability and con-
trol evaluation was conducted for the Sikorsky stowable rotor config-
uration (see Figure 3 and Reference 2). This part of the effort was
performed to make comparisons between the thrust requirements and the
handling characteristics of an ejector wing conflguration and a stow-

able rotor aircraft in hover and during transition.

Reference 1 contaims the flying qualities requirements for

V/STOLs from hover through transitional flight.
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Figure 2, Schematic of Ejector Wing Cenfiguration
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Figure 3. Rescue/Recovery Aircraft
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This specification classifies the wing ejector configuration and the
Sikorsky stowable rotor vehicle as Class II type aircraft, which means
they are medium weight, low-to-medium maneuverability concepts. This
clasgification includes such aircraft as utility, search and rescue,
medium transport/cargo/tenker, antisubmarine, assault transport, recon-

naissance, heavy attack, and trainers for Class II type vehicles.

Three levels are used to categorize the flying qualities in the
specification:
Level 1: The flying qualities of the concept are clearly

adequate for the fulfiliment of the mission.

Level 2: The flying qualities are such as to increase the
work load of the pllot and/or degrade mission effectiveness. The

mission, however, can be fulfilled.

Level 3: The flying qualities of the vehicle are such
that the workload of the pllot is excessive and/or mission effective-

ness is Inadequate,

Level 1 1is to be met for normal operation, while Levels 2 and 3 allow
degradations in infrequently encountered conditions, including faillure

state.

The specification provides the criteria that vehicles must
meet to be categorized in these levels. These tests were applied to
the ejector wing and stowable rotor configurations in evaluating their

flying qualities. MNo effort was made to include the effects of component
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fallure, cg shift due to component failure, fuel sequencing, in-
tolerable buffet, structural vibrations and flexibility, pertur-
bations due to gusts, internal mechanics of the controls (i.e., servo
valves and actustors}, and internal system design due to the addition
of a BAS since these considerations were felt to be beyond the scope
of this study. Matters concerning tekeoff, landing, and ground
handling, power run-up, cold and wet-weather operation, and related

topics have not been included in this evaluation.

The repert summarizes the analysis for determining the
longitudinal aercdynamic representation for the ejector wing config-
uration and discusses the aerodynamic representation of the Sikorsky
stowable rotor vehicle. The results of the flying quelities evalu~
ation are presented as well as the effects of downwash on ground
personnel and on the safety of the wehicle during hover. The con-
cluding remarks and recommendations are based on results of these

anslyses. Appendices I, II, and III provide backup information.
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SECTION IT

ANATYSIS DETERMINING VEHICLE FLIGHT CHARACTERISTICS
1. PRELIMINARY ANALYSIS

The usual practice In a stability and control analysis is
to assume that the aerodynamic loads can be expanded in a Taylor series
about an equilibrium trimmed flight condition and that only the first
term in this expansion is important. This leads to a linear model
for the aerodynamic representation, commenly known as a set of
"stability derivatives," which lend themselves quite well to classi-
cal linear analyses, although rigorous application is limited to small
departures from the equilibrium trimmed flight point. The equations
of motion simplify to differential equations with constant coeffic-—
lents and the question of whether the system is stable or not can be
determined by the use of Routh's method (Reference 3)}. The charac-—
teristic equation of the equations of motion can be used to obtain the
flight modes and root loeci, while the transfer functions yield the re-
sponse to any prescribed input. Further simplification, obtained by
assuming that the longitudinal and lateral equations of motion are
decoupled, leads to two sets of three equations each. These sets
can be dealt with separately. The important thing here is that simple
closed-form analytical sclutions can be obtained without solving the

equations of motion by means of some numerical integration scheme.

The validity of using the above approach here is subject to
question. The aerodynamic forces and moments exerted on a V/STOL in

transition can be highly nonlinear with large excursions from the
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equilibrium flight condition. TFor example, angle of attack and side-
slip excursions of +90° are possible even for modest perturbatioms

in plunge and sideslip velocities near hover, In addition, the aero-
dynamic coefficients in the equations of motion are varying with time as
the ejector doors are closed or opened in the case of the ejector wing
configuration, so that the use of constant coefficients in these
equations is not valid. Also, large accelerations can be experienced
by the V/STOL in transition, and the wvehiele is rarely in a state of
equilibrium during this mode of flight. Finally, V/STOL's such as
helicopters and tilt rotor configurations are highly coupled between the
longitudinal and lateral modes so that the full six degrees of freedom
equations of motion should be used to obtain the flight character-

istics of this type of vehicle.

To be rigorous then, an analysis of g V/STOL's flight char-
acteristics during transition should be performed by using a nenlinear
set of aerodynamics with nonlinear equations of motion in é~degree-of-
freedom, This course means that an analytical solution to the equa-
tions is unlikely and that the equations would have to be solved by
using a numerical integration scheme on a digital computer. An ex-

ample of such an analysis is given in Reference Uk,

Nevertheless, the linear or derivative approach discussed
above was used for a preliminary evaluation. We felt that sufficient
information could be obtained to at least indicate or suggest that
the ejector wing and stowable rotor concepts may have good flying

capabilities. If the handling characteristics of these vehicles were
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found to be deficient, fixes such as modifications to the vehicle
gecometry or the inclusion of a SAS in the system could be readily

investigated by this type of analysis.

2. AFRODYNAMIC REPRESENTATION OF THE WING EJECTOR CONFIGURATION

Wind tunnel data exist for the aerodynamic forces and moments
exerted on & model of a V/STOL with a cold thrust ejector in the wing.
The model used in the wind tunnel test program and shown in Figure 1 is
a 1/5 scale version of the 13,000 1lb Research Test Vehicle or RTV
(References 5 and 6). The wind tunnel data obtained with this model
was scaled up to a configuration weighing 58,500 lbs. We felt that
such a representation would be sufficiently accurate for a preliminary
analysis of the handling characteristics of an ejector wing air rescue
aircraft of the Class II type {Reference 1). No corrections were made
for Reynolds number effects in scaling the data since adequate data
is not available at this time to make this correction for a wing

ejector type system.

The results of the aerodynamic data analysis for the ejector
wing configuration 1s discussed in full in Appendix I. The vehicle
is shown in Figure 2, The wing cross section is indicated in Figure 4
and the stability and body axes for this configuration are given in
Figure 5. TIn addition, relevant dimensions, areas, weights and in-

ertias for this configuration are presented in Table I.
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Design Gross Weight, 1b,

Wing

TABLE I.

Area, ft2

Span, in

Root Chord, in
Tip Chord, in
M.A.C., in

Taper Ratio

Sweep @ 0.25c, deg

Alrfoil Section

Horizontal Tail

Area, ft2

Span, in

Root Chord, in
Tip Chord, in
M.A.C., in
Taper Ratic
Airfoil Section

Sweep & 0.25c¢, deg

Vertical Tail:

Area, ft2
Span, in
Root Chord, in

Tip Chord, in

EJECTCOR WING CONFIGURATION

DESIGN PARAMETERS

38,500

835.7

420.

286,

286.

286+
1.0
0

642A215(M0dified)

111,
118.5
206.
63,2
148,
0.307
oclo

56.35

113.4
165.5
137.5

58.8

12
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TABLE I (CONTINUED)

Taper Ratio 0.4
M.A.C., in 102.5
Airfoil Section 0010
Fuselage:
Length of Body, in 650,
Width of Body, in 111.5
Height of Body, in 153.
Length of Boom, in 559.
Width of Boom, in 28.5
Height of Boom, in 68.
QT(From tail ac to cg), in 283.
QN(From nose ejector to cg), in 341.
Center of Gravity (% ©) 36.

Moments of Inertila: slugs—-ft2

251,000.
XX
I 286,000.
¥y
IZZ where the cg is” located at the 367T 515,000.
Engines:
Xp (Horizontally from cg to Np), in 336.5
ZP (Vertically from cg to Np), in 47.7
Core Engine Exit Area, ft2 19.95
Nose Ejector Exit Area, ft2 50.3

NOTE: Moment of inertia varilation with cg shift or change in
vehicle weight have not been computed.

13
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The aerodynamlc data for the Sikorsky stowable rotor confipg-
uration is discussed in Reference 2. The vehicle is shown in Figure 3,

and relevant design parameters are given in Tables II, III, and IV.

3. TRIM ANALYSIS, GENERAL

The linearized set of longitudinal equations of motion used in
this eveluation describes transient behavior of the vehicle about a
trimmed condition. Therefore, the equilibrium condition of the vehicle
at preselected trim speeds V through transition must be determined
before the equations of motion are applied. For simplicity, it was
assumed that most of the transition would be flown with a zero angle
of attack schedule and that altitude would be kept constant at 3000 ft
during a 90°F day. This meant that h = B=a=0 and that the trim equa-

tions (Equation 16 of Appendix I) became

X=20
Z+mg =20 (L
M=20

where X, Z, and M are the forces and moments including aercdynamic and
thrust effects about the body-fixed axis system, as shown in Figure 5.
Appendix I presents details concerning the formulations of X,Z, and M

reactions.

L., TRIM ANALYSIS EJECTOR WING CONFIGURATION
Equation 1 was used in solving for trim for the ejector wing
configuration shown in Figure 2. Two assumptions were used: (1) the

hot core gas from the propulsive engines at the rear of the fuselage
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TABLE II. SIKORSBKY STOWARLE ROTOR CONFIGURATION

DESIGN PARAMETERS

Design Gross Weight, 1bs 65,000
Design Hover Gross Weight, 1lbs 56,400
Design Hover Disk Loading, psf 15
Vertical Load Factor Limit 3
NRP Cruise Speed, kts 390
Cruise Altitude, ft 10,000
Equivalent Flat Plat Area, ft2 19.6
Internal Fuel Capacity, 1bs 10,601
Rotors
Radius, ft 25.5
Chord, ft 2.4
No. of Blades/Rotor 5
Blade Twist, deg ~23
Solidity 0.15
Blade Aspect Ratio 10.6
Tip Speed, fps 750
Wing
Area, ft2 650
Span, ft 60.8
Aspect Ratlo 5.68
Wing Loading, psf 100
Sweep # 0.25c, deg 0
Airfoil Thickness Ratio 0.18
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TARLE II (CONTINUED)

Planform Taper Ratio 0.7
Root Chord, ft 12.58
Tip Chord, ft 8,81
Usable Fuel Capacity, 1lbs 9,364

Vertical Tail

Area (effective), ft2 191
Area {(exposed), ft2 167
Span, ft 16.9
Aspect Ratio 1.5
Sweep € 0,25c, deg 36
Alrfoil Thickness Ratilo 12
Taper Ratio 0.5
Root Chord, ft 15.08
Tip Chord, ft T.54
Moment Arm (Wing ac to Tail ac), ft 33.6
Volume Coefficient 162

Horizontal Tail

Area, ft2 164
Span, ft 27.2
Aspect Ratio 4.5
Sweep & 0.25c, deg 15
Airfoil Thickness Ratio 0.i2
Taper Ratio 0.5
Reoot Chord, ft B.04
Tip Chord, ft 4.02
Moment Arm (Wing ac to Tail ac), ft L3.3
Volume Coefficient 1.01

16



AFFDL-TR-T72-37

TABLE II (CONTINUED)

Fuselage
Surface Area, ft2 2,084
Length, ft 72.3
Depth, *t 10.25
Cabin Length, ft 30
Cabin Height, ft 7
Cabin Width, ft 7.75

Propulsion

Gas Generators (GE1/10J1)

Number 4
Design Scale Factor 0.408
Emergency Rating Scale Factor 0.4ko

Remote Power Turbines
Number 4
Design Mass Flow, lb/sec 30.8
Remote Cruise Fans
Number 2
Design Mass Flow, lb/sec 57.1
Drive System
Power Turbine Output
Horsepower/Turbine 4,215
Design Speed, rpm 15,000

Cross Shaft

Horsepower 6,320
Design Speed, rpm 7,000
Rotors
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TABLE II (CONTIKUED)

Horsepower /Rotor 6,100

Design Speed, rpm 281

18
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TABLE III

CENTER OF GRAVITY DATA

{Design Gross Weight)

Fuselage Station, in % MAC
Mode Fwd Aft Fwd Aft
Helicopter 386.0 415.5 12.8 36.9
Proprotor 375.5 405.8 4.0 28.9
Fan 382.2 410.7 9.7 32.9
TABLE IV
MOMENT OF INERTTA SUMMARY
{Degign Gross Weight)
. 2
Moment of Inertia, slug-ft
Mode
Ixx Iyy Izz Ixz
Helicopter 564,000 268,700 735,700 32,100
Proprotor 543,700 253,100 740,400 28,800
Fan 546,900 264,000 748,100 30,700
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could be diverted at an angle ip to the body-fixed X-axis to provide
pitch moment at low transitional flight speeds; and {2) assumed that
the nose ejector (Figures 1 and 2) would not be used during transition
for maneuvering. At low transitional speeds near hover, all pitch
moment trimming or balancing was performed by the diverted hot ccre
gas at the propulsive engines and not by the herizontal stabilizer;
horizontal surface trimming capability is negligible at low forward
flight speeds. On the other hand, near the completion of transition
all of the pitch moment trimming was performed by the horizontal
stabilizer. The transition from propulsive engine tilt to horizontal
deflection to supply trim pitching moment occurred in an approximately

linear fashion between 40 and 110 knots.

The results of the trim computations for the ejector wing
vehicle are shown in Figures & through 13, together with the results
for a modified version of this aircraft. The modification produced
a 10% increase in norizontal tasil surface area, which was made to
improve the static stability of the vehicle at the mid to high tran-
sitional speed range. This modification increased wvehicle weight
from 58,500 to 58,633 1bs, and increased the inertia Iyy by 3620
slugs-ftg. Otherwise the two configurations were physically
identical, with the center of both vehicles located at 36%%. The
additional weight and inertia due to the larger tail and the
additional ballasting necessary to maintain the same c.g. was deter-

mined from data given in Reference 7.
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No consideration was given to the effects of this change on the aero-
elastic behavior or upon the structural integrity of the configuration.
As mentioned previously, these considerations were beyond the scope of
this study.

Figure 6 gives the scheduled variation of wing ejector door angle
with transitional flight velocity. Starting with A = 90° in hover, these
doors are slowly rotated with Iincrease in velocity until they are sealed
at V = 170 knots. At this speed, the wing ejector system is not in use and
the vehicle has completed tramsition to the conventidnal flight regime.
Figure 7 gives the wing ejector efflux veloclty required to maintain altitude
and a constant trim speed as transition progresses. Agaln, the ejector is
turned off when tramnsition is complete at 170 knots.

Figure 8 gives the angle of attack schedule followed during
this transition. Zero angle of attack was maintained up to 150 knots
into the conversion; the ejector door angle X was 30° at this point.
Between 150 and 170 knots the doors were closed off and the vehicle
rotated by the pilot to approximately 14° at completion of conversion.
Little or no stall margin remains at this angie of attack, and the
results indicate that transition should have been ccmpleted at a
higher flight speed. This would have permitted entry inte the con-
ventional flight mode at a lower and more reasonable trim angle of
attack. No attempt was made to determine the optimum transitional
flight path. Many paths exist within the permissible flight corridors
for transition from hover to forward flight, but this analysis

considers only one. Establishing permissible flight corridors
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through transiticn and determining the optimum flight scheme for per-

forming conversion were beyond the scope of this study.

The results indicate that for the configuration used in this
analysis, transition should not be completed before V = 170 knots.
This presumes that the flap system is actuated directly with the wing
ejector deor, so that 6f = ) {(Figure 4). The flaps are assumed to be
completely retracted when the wing ejector system is clesed, so the
vehicle enters the conventionsal flight mode in the "clean" config-
uration. (Flap actuation is discussed further in Appendix I.) The
conversion flight speed could be lowered by providing an additional
ACL margin with a flap system that can be operated independently of

the wing ejector system.

Figures 9, 10, and 11 give the horizontal surface deflection

engle i, (the elevator is geared to the horizontal such that §o = 1.2

T

i_), the propulsive engine exit velocity V. , end the propulsive engine

T Jp

£ilt angle ip as a function of trim speed. As mentioned previously,
the horizontal surface is ineffective for providing trim pitching
moement at low forward speeds; therefore, iT was maintained at zerc
below V = L0 knots (Figure 9). Here the pitching moment required to
trim was produced by tilting the propulsive engine thrust relative to
the body fixed axis (Figures 10 and 11). Use of the horizontal surface

to provide trim moment is phased in between 40 and 110 knots, and the

propulsive engine is gradually phased out, until the horizontal surface
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carries all of the control load at V > 110 knots. This is seen in
Figure 11, where ip = 0 for V > 110 knots and the propulsive thrust

vector is parallel to the X-axis of the body-fixed axis system.

Figure 12 gives the total trim thrust required throughout
this translition. This thrust does not include additional margins
necessary for maneuvering the wvehicle in pitch and climb and for the
operation of a SAS. Nor dees it include losses due to inefficiencies
in the propulsive engines and the ejector system, and frictional
losses in the ducting between the engines and the wing ejector.
Figure 13 presents the same totel trim thrust as given in Figure 12

but in terms of thrust-to-weight ratic.

5. TRIM AWALYSIS STOWABLE ROTOR CONFIGURATICN

The static trim analysis at preselected trim speeds V
through a nominal transition was performed for the Sikorsky stowable
rotor configuration. Results are given in detail in Reference 2.
Trim in the rotor mode of flight was performed with h = 6=a= 0, In
addition, data given in Reference 8 for this wvehicle suggest that the
nominal transition may have been performed at an altitude of 2500 ft and
for a 93°F day. These values for trim pitch attitude, altitude, -and
temperature correspond reasonably well to the values selected in trim-
ming the ejector wing configuration during its nominal transition

discussed above.

During hover, the proprotors are aligned vertically or at
a zero shaft tilt angle (Figure 14). Climb control is obtained

by simultaneous application of collective pitch to both proproters
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Figure 1Lk. Transition Constraints, Stowable Rotor Configuration
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(Figure 15); pitching moments are generated by applying longitudinal
cyclic pitch (Figure 16); roll control is obtained by differential
pitch between the left and right proprotors; and yaw moments are
generated by differential longitudinal cyclic control between the two
proprotors, At approximately 160 knots into the nominal transition,
the total pitch control load is carried by the elevator (Figure 16).
In addition, the proprotors complete conversion to a shaft tilt angle
of 90° at this transitional forward flight speed and operate in the
propeller state where the velocity vector is aligned with the shaft
axes of the proprotors (Figures 14 and 15). Crulse speeds up to 236
knots are possible in this mode of fiight according to Reference 2.
If higher forward flight speeds are desired, power is transferred
from the proprotors to the crulse fans shown in Figure 3. The prop~
rotors are feathered, decelerated to a stop, and folded rearward into

slots in the wing tip pylons.

This stowable rotor configuration completes conversion to

the propeller mode of flight at approximately 160 knots. The vehicle
flies in the conventional flight mode as a propeller driven aircraft
for V » 160 knots if blade fcld and stow procedures are not initiated.
The ejector wing configuration of*Figure 1 completes conversion to the
conventional flight mode at approximately the same speed in the nominal
transition discussed above. Figure 6 was the scheduled variation of
wing ejector door angle A with transitiona; flight veloeity. The doors
are rotated with increasing forward velocity until they are sealed at

V = 170 knots.
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6. STABILITY DERIVATIVES EJECTOR WING CONFIGURATION
The linesrized equations of motion describing transient be-

havior about the asbove trimmed flight conditions are:

ce

+ g8 = qu +X§«5

W-V8=Zu+Zw+ 2.8 (2)
u W 8

8 =Mu+Mw+Mb+MS
u w q &

where the force derivatives are divided by vehicle mass m and the

pitching moment derivatives are divided by vehicle inertia I

Note that Xw’ Xq, Xﬁs Zﬁ’ and Zq derivatives have been
excluded from the force equations. These derivatives are not signi-
ficant for single and tandem helicopters, 2 and L propeller tilt prop-
rotor and tilt wing V/STOLs, or for the Bell X-22A tilt duct configu-
ration (Reference 9). In addition, Mﬁ has been excluded from the
pitching moment equation because experimental data is insufficient to
evaluate this derivative for V/STOLs. Experimental technigues usually
measure the combined total of (Mq + Mﬁ). Curtiss (Reference 9)
suggests that the Mﬁ contribution mey be small and that the measured
data for the combination of (Mq + M&) reflects the Mq contribution

above. This study 1s preliminary however, and these derivatives may

need to be evaluated for an in-depth study.

These equations including relevant assumptiocns are discussed
in Appendix I, together with the derivation of the stability derivatives

from the aerodynamic model of the elector wing configuration. The
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results of the analysis are shown in Figures 17 through 22. The above
equations are written in the stability exis system. This system coin-
cides with the body axis system (Figure 5} when 0=8=0, or for V < 150

knots in the transitional flight schedule.

The u and w derivatives were analytically determined for the
unaugmented ejector wing configuration; let us compare these to the
derivatives of other V/STOLS to get an indication of how the ejector
wing configuration might behave in transition. If these derivatives
were gimilar to those of a helicopter, we might expect similar tran-
sitional flight behavior and similar problems in terms of handling
gualities; thus the means used in overcoming these problems for the
helicopter may slso be applicable here. At least, an indiecation
could be obtained as to what type of SAS might be used to improve the
handling qualities of the ejector wing configuration and what types of

feedback loops might be exercised.

The results of the comparisons are shown in Figure 17
through 21. Data for the other V/STOL concepts was obtained from
Reference 9 and the results were corrected to reflect a 58,500 1b.
configuration. The results represent a single rotor helicopter, a
tandem helicopter, a quad-ducted propeller aireraft, a two-propeller
tilt—-wing transport, a four-propeller tilt-wing transport, and the
VZ-2 research aircraft. The data was obtained from wind tunnel tests,

flight tests, and model tests at the Princeton Long Track.

33



AFFDL-TR-T2~3T

Japdoo)|aH J0joN 9lbuis .
JpidodleH wepuo)l

piodsupa) Buim-411 s9(jedoid-2 @&
tiodsupi) Buim-41L J8pedoid-4 {
0/V YodoeseYy 2-ZA ©

UOT3TSUBILL, YINOIUL ﬁM JO WOTIBTIBA )T 9an¥14g

$0-
fx NO 378I191793N SYM
NOILYDI4IQOW IvL 40 103343
[ sai oog'sg=m | | €0~
¢
0a {zo0-
o
0 . 0
(oesspd) Ny
NOLLYNNOIINOD ONIM HO123r3 Q| o-
-
Y., N Y A 4
068 002 (] 001 05 ¥o

00¢

34



AFFDL-TR-T2-37

n
UOTFTSUBLL UTNOIYL, 7 JO UOTIBTIBA "RT San3Tg

NZ NO 37181917193N SYm
NOILYDIJIQOW TIVL 40 193443

NOILYYNOIINOD L 00g'ag=m

daidoal|gy Jojoy ejbuig w ONIM HOLO3r3
JajdodijeH wapupy v

Hodsupaj Buim-4i11 ejtedoig -2 fal
s0dsupa) Buip 4111 J8jjodoig -4 o
J/V yaipesey z2-zZA O

'00¢ 052 002 0S| 001 05

£0-

20-

(o@s Jad) Nz

I'o-

35



AFFDL-TR-T2-3T

UOTITSUBILL, YInodql b..m_. Jo ucltjuides 6 304

NOILYDIJIQOW Tivi HLM
NOILYHN9I4NOD
ONIM mo._.uw_.,w/

lajdooyey 10404 abuis W

JajdoolaH wepupLl NOILYHNSI4NOD

ONIM H0LD03r3

8q} 00G'8G =M

jaodsuna) Buip- 11 19jjedoid-z [ o -
O/¥ ysipesey Z2ZA O o ° ol
©
o
©
‘00E 062 ‘°c0e 08l 0ot g
(sd3} A

0

90—

+0-

(0es Jod) Mz

20—

36



AFFDL-TR=T72~3T

UOTFTSURI], UINOIUJ, ﬂE JO TWOTYBIIBA “0OF SANFLg

NOILYHAIQOW TIvL HLIM
NOILYHN9OI3NOD ONIM HOLD3r3

NOILYHNSIINOD 9NIM H0123r3

8000~

{ +000-

63 0%z BOE G 0o 0
.

Jaydoo)|sy Jojoy albulg W

154do21 |8 wiepup) v
{iodsupi] Jejjadoid-b O
Hodsupd) Jajjedosd -2 g

a/y youpesey Z-zZA O 5qt 00G'8G =M

#00'C

(0es-4 dad) N

Y 8000

c¢ioC

t10'0

37



AFFDL-TR-T72~3T

UOTATSURIL, UInogyy, 32 Jo uoTIyBTIBA

NOLLVOIJIQON IVl HLIM
NOLLYHNOIINOD OSNIM HO103r3

NOLLYHNOIANQOD ONIM HOLI3r3
¥31dOJIN3H HOL0H 3IONIS N
H3Ld0DIMIH W3ANVL ¥
LHOdSNYHL H3INN3d0UHd-2 B y

LYOdSNYNL ¥37113dold-+ O
9/V HOHVISIH 2-ZA ©

‘12 sandtg

891 00S'8S =M

‘00¢ 062 002 051N
(sdj) A

05

<>

1910°0-
1210°0-
1800°0-
x
E
°
o
1#000- °
=
-
] o
¢
19000
18000

38



AFFDL-T2-37

UOT}ISUBRL]

¥31d02113H ¥OLOY FIONIS
Y3Ld02173H WIANVYL ¥

ONIM 171 ¥3713d0Yd ¥NOo4 O
/¥ H¥3713408d 031900 AVNO ©

B

ySnoauy KW Jo UCTIBRTI®A ‘Zg oJnBLg

'$Q100S'85 =M

h | {90-

(o0s ._-n_cz

1¥ 0=

NOILVNNSIINGD \

ONIM HOLD3r3

052 002 081 00! 06 0
(sdi)A

39



AFFDL-TR-T2-37

Figures 17 through 19 provide comparisons for the force
derivatives. The results suggest that the characteristics of the
ejector wing configuration may he similar to those of a two-propeller
tilt wing transport. The ungugmented moment derivatives Mw and Mu
are shown in Figures 20 and 21. The fact that Mw and Mu can be both
positive and negative, as shown in these figures, suggested that a
gpeed instability may occur during transition, when the function
formed by (szu - Muzw) becomes negative. A test for this instability
was performed and the results indicated that the unaugmented wing
ejector configuration can have an unstable regime for the transitional
velocity range of 71.0 < V < 186.0 fps. This indicates that this

vehiecle requires some form of Stability Augmentation System (sas).

Again, the results for pitching moment derivatives suggest
that the ejector wing configuration may have charscteristics similar
to those of a two~propeller tilt-wing transport. Thus, handling
qualities problems occurring on two-propeller tilt-wing transports may
also occur here, in addition to many other problems unique to the

ejector wing configuration.

The derivative Mq for this wvehicle is shown in Figure 22.
No reliable theory exists for estimating this derivative at low
forward transitional speeds, and test data giving Mq for this type of
vehicle are nonexistent. A value was used during transition that was

representative of several V/STOLs of the approximate size and weight

ho
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of the ejector wing configuration. The Mq derivative was determined
from data of Reference @ and engineering judgment; the results are

shown in Figure 22,

T. STABILITY DERIVATIVES, STOWABLE ROTOR CONFIGURATION

The Xu, Zw’ Mﬁ, MW, and Mq derivatives for the unaugmented
stowable rotor configuration are shown in Figures 23 and 24. These
derivatives were determined in Reference 2 for the nominal transition
indicated in Figures 1L through 16. The Zu derivative was not given
in Reference 2, and we assume that Klingloff tock this derivative to

be Zu = Q0. Finally, the derivatives for the unaugnmented ejector wing

configuration are given in Figures 23 and 24 for comparison.

In general, the derivatives for the ejector wing configuration
seem to be more nonlinear with forward speed than the derivatives for
the stowable rotor vehiecle when V < 130 knots. The nonlinear behavior
of the ejector wing vehicle derivatives with V seems to be exhibited,
to some extent, by the derivatives for other V/STOLs (Figures 17 through
21 and Reference §9). No further comments can be made concerning these
nonlinesrities or lack of them since the extent of the analytical
procedures used in deriving these results for the Sikorsky stowable

rotor vehicle have not been described in detail (Reference 2).
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With the above aerodynamic representation, the Sikorsky stowable roter
configuration does not seem to exhibit speed instability during transi-
tion. With Zu = 0, as was assumed, an unstable speed stability occurs
when the function formed by M_Z; becomes greater than zero. Since M,
is always positive and Z, is always negative throughout transition to
the propeller flight mode (Figures 23 and 24), speed instability cannot
occur within the context of the linear analysis used here. The
unaugmented ejector wing configuration, on the other hand, tends

to be unstable with respect to speed stability for 71.0 < V < 186

fps. Also, other V/STOLs such as the helicoper have shown a speed
instability for some range of low forward flight speed when the

SAS was inoperative.

8. CONTROL DERIVATIVES, EJECTOR WING CONFIGURATION

The X66, Z.8, and MSG terms in equations (2) reflect control

8
contributions to the forces and moments exerted on the vehicle. These

control contributions for the ejector wing configuration consist of in-
i

puts to ip, Vi V., A, and TN to perturb the vehicle from the

p’> T J°

equilibrium flight path. These derivatives are shown in Figures 25
and 26 as a function of door angle A. The quantity & equals the par-
ticular control of interest. TFor example, 6=VJP'fDr an increase in
thrust to the propulsive engines. The details necessary to

determine these derivatives can be found in Appendix I.

These derivatives could not be compared with those from

another V/STOL. They are a function of the type of propulsion

Ly



AFFDL-TR-72-37

o0l INPUT ip~PROPULSIVE ANGLE
WITH RESPECT TO X
2, ~0.4 AXIS OF THE BODY
Xip (tt/sec2) FIXED AXIS SYSTEM
Zip (tt/sec?) _g g : fro
Mig (per sec2) I
-1.2
-1.6
1 1 1 | i ! ! # | |
§ b doodood o oo
A {dag)
4.0y
INPUT Tpy—-NOSE EJECTOR
THRUST (ibs)
2.0
Xy (f1/1b-sec?)
-sec2) 0.0
Ity (Ft/ib-eac 2) [ Mry
MTN(per Ib-gec )_2.0 |
Xt
~4.0} N
L Z7
-6.0 N
| ] | ) | 1 1 | 1 )
¢ % o % 40 %0 e d e
lor Aldeg) INPUT iy ~HORIZONTAL
Xi STABILIZER
N ANGLE {rad)
Xir © [EsEcTor wing
CONFIGURATION=
Zit  —10}WITHIO% INCREASE
. IN STABILIZER AREA
Mig
-20
_30 L

Figure 25.

Control Derivetives 1_, TN’ iT

Ls



AFFDL~-TR~72=37

0.l

x\b (per sec) o

ZVJ‘P" sec)

Mvdlpar 1t-3ec)

)

Xytiseec?) 30
Zy(tt/enc?)

M ) (per sc?) O

M P ft-sec
v, ( L )
-0.004

-0.008

~0.012

0.012
0008
Xy, (per sec)
P 0.004
zVa (per suc)
P o {

INPUT ¥,—VELOCITY OF EFFLUX
FROM WING EJECTOR {fps)

"VJ
/\\

NPUT A~EJECTOR DOOR ANGLE (rod)
u
153 :
X

INPUT Vop— VELOGCITY OF EFFLUX

FROM PROPULSIVE ENGS.
ON AFT FUSELAGE {fps)

Figure 26. Control Derlvatives Vi A Vg



AFFDL-TR-T2-37

system used to provide the wverticel takeoff capability; the ejector
wing configuration is unique in that it is the only wing ejector

vehicle among all of the V/STOLs.

Further discussion of these control derivatives is reserved
for the handling qualities evaluation, where we remark on the design

of the cockpit control system.

9. THE MODIFIED EJECTOR WING CCNFIGURATION

As mentioned above, we have analyzed a configuration with a
modified ejector wing and a horigzontal tail surface area that was in-
creased by 10% to see whether a significant improvement could be made
in the static speed stability of the concept in the mid to high tran-
gsitional speed range. The results, shown in Figures 6 through 13 and
17 through 21, indicate that this modification was not sufficient to
significantly improve the stability of the vehicle as a whole through-

out transition.

Further inecreasing the tail surface may lead to a significant
improvement in the stability of the aircraft. Such an increase, how-
ever, would increase vehicle weight and could eventuslly cause severe
and possibly catastrophic torsional lcoads on the wing. Figures 1 and 2
show that the horizontal surfaces are positioned on the wing booms; the
torsional moment about the wing elastic axis could be quite high for
large horizontal tail loads. Thus, attempting tc improve vehicle
gtability be increasing the horizontal tail of the eJector wing con-

figuration does not seem appropriate.
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SECTION III

EANDLING QUALITIES EVALUATTON

Appendix IT provides details on the manner in which Equation
2 was analyzed to provide the data necessary for performing the
transient studies required for this evaluation. In addition, Appendixes
IT and IIT include input preparation and digital computer listings for

new programs used during this investigation.

1. EQUILIBRIUM CHARACTERISTICS WITH CHANGING TRIM

Reference 1, Section 3.2.1.1 requires that the loecal slope of
the equilibrium altitude-speed relationship shall not exceed 0.6 degrees
per knot for speed perturbations of at least 10 knots in either direction
about the trim speed. The configuration and trim may be different at
each trim condition but they must remain fixed while determining the
altitude-speed wvariations about the trim condition. These requirements
shall be satisfied at all forward trim speeds and at backward trim speeds
up to the limits of the Service Flight Envelope or 35 knots, whichever is
less. These requirements are esteblished to prevent divergences in
airspeed and attitude which may not be noticed by a pilot who is busy

on other mission tasks.

Calculations were performed to find the local slope of the
equilibrium attitude-speed relationship for the ejector wing configura-
tion with a 10-knot speed perturbatlon to the trim schedule shown in

Figures 6 through 13. The results of these calculations shown in

8
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Figure 27, indicate that the ejector wing configuration fulfills this
criterion even when V > 35 knots. The quantity (AG/AV)M or the maximum
8 change for a 10-knot increment on trim veloecity is always negative
because a positive AV to the trim speed requires a nose-down pitch
attitude change to reestablish trim at the same constant altitude. A
pitch-up change was considered to be positive, while a pitch-down

change was taken to be negative, as is conventional.

An analysis could not be performed to see whether the Sikorsky
stowable rotor configuration fulfilled this criterion. Details of the
aerodynamic characteristics for this wvehicle included in Reference 2

were not sufficient to perform trim calculations.

2. COCKPIT CONTROL GRADIENTS

Sections 3.2.1.3. and 3.3.1 of Reference 1 state that for the
Level 1 category, the variations of cockpit control force and control
position with airspeed must be smooth and the local gradients stable
or zerc for piteh cockpit controls. The gradients shall be essentially
linear with nc objectionable changes in the slope of forece or positicon
with speed. GStable pitch control gradients means that inecremental pull
forces and aft displacement of the cockpit contrel are required %o
maintain slower or more rearward airspeeds, and the opposite to mainfain
faster or more forward airspeeds. The term gradient does not include
that portion of the control force or control position versus alrspeed

curve within the prelcaded breakout force or friction band.
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This analysis is not to design a cockpit control system for
the ejector wing configuration, but to indicate what modification may
be necessary for the ejector wing configuration to meet requirements
of a Level 1 aireraft. Therefore, potential problem areas that may

affect the design of the cockpit system should be discussed,

Figures 25 and 26 present the control derivatives as a
function of wing ejector door angle A. As can be seen, the vehicle
can be perturbed from longitudinal trim by é contrel inputs. Ob-
viously, there must be contrcl phasing and mix, since the pilot could
not handle all of these simultaneously. A potential problem area in
the design of the cockpit system may occur where reverssls occur in
the gradients of the contrel derivatives. For example, reversals in
gradient exist in the derivatives MVJ, My, Zy » Xip, and XiT in the Lo°
i_l f_90° range for ejector door angle A setting. The control system
designer must ensure that these reversals in gradient do not cause

cbjectional changes in the slope of force or position with speed of

cockpit pitech controls.

3. ACCELERATION TIME THROUGH TRANSITION

Reference 1 has no criteria for the time required by a
V/8TCL to complete acceleration or deceleration through transition;
the procuring activity indicates this when specifying the mission.
This aspect is important for the V/BTOL required to hover in a

hostile environment.
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Reference 10 provides & discussion of maneuverability and
energy considerstions. The formulation given for accelerating through

transition is

W

- ]2 av (3)

0 550 HP 3
excess

besed upon these energy considerations. The gquentity m is the mass of
the wvehicle, while HPexcess 1s the excess horsepower availsble that
can be converted to acceleration. The integration is performed from
¥=0, or from hover to Vc or that speed when the transition has been
completed. For the ejector wing configuration, we assumed that the
pilot manipulated the throttle to maintain a constant thrust level
during the dash through transition. The flight path pitch angle,
altitude, and contrel settings as a function of ferward speed were

assumed to correspond to the schedules shown in Figures 6 through 13.

The results are shown in Figure 28.

The use of these results is illustrated =as follows. If the

total available thrust on board the aircraft is T . = 105,000
available

1bs, the dash from hover, through transition, and to the conventional
mode of flight would be accomplished in approximately 8 seconds. On

the other hand, if T equals exactly 58,500 1bs or the maximum

gvailable
weight of this V/STOL, there is no excess thrust to be converted to
acceleration and it will take an infinite amount of time tc dash through

transition. That is, the V/STOL cannot accelerate at all and the dash

52



AFFDL~TR-T72-3T

through transition cannot be accomplished unless some other transi-
tional flight schedule than the one shown in Figures 6 through 13

permits the pillot to do this.

An analysis was performed to determine the time required to
accelerate through transition for the Sikorsky stowable rotor concept.
The horsepower required to perform the nominal transition shown in Figures
14, 15, and 16 was determined in Reference 2 and is shown in Figure 29.
The results of the analysis are given in Figure 30. Conversion to the
propeller flight mode was assumed to be made at 160 knots. The results
indicate that conversion to the conventional flight mode takes approx-—
imately 8 seconds for the stowable rotor configuration. 4s indicated
previcusly, the ejector wing configuration requires a Tavailable of

105,000 1bs on board the aircraft to accomplish the dash through

transition in the same time interwval.

No attempt was made to determine the optimum transitional
flight path from hover to the conventional flight mode, or vice versa.
Many paths exist within the permissible flight corridors for tran-
gition, and the above acceleration times reflect only one such flight
schedule for each vehicle investigated. More analysis is reguired
before acceleration or deceleration times through transition can be

defined clearly.

L. VELOCITY LIMITATIONS UPON THE LINEAR THECRY
All of the discussion given in the section below is contingent

upon use of the linearized equations of motion and the resulting time
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histories. It is therefore important at this point to emphasize
some velocity considerations when the linearized theory is used for
analysis.

The theory applies to cases of small perturbances, that is,

u W . ; . .
§-<< 1 and v << 1. These assumptions work quite well in the equations

of motion for the conventional flight mode. The velocity V is rela-~
tively high so that a limitation of % < 0.3, say, still permits a fairly
large excursion in forward flight speed. For example, if trim speed is
300 fps, then a velocity excursion of 90 fps on either side of this trim
speed falls within the requirement of u/V < 0.3. On the other hand, the
first trim speed used in this analysis is V=1 fps at A=90°. Applying
the above limitation directly means that a velocity perturbation greater
than u=0.3 fps falls outside the validity of the analysis. Therefore,
caution must be exercised when applying this theory to V/S5TOLs near

hover to ensure that the final results fall within the limitations of

the initial assumptions.

To limit the validity of the analysis, it is assumed that

% < 0.3 and %-< 0.3. All velocity perturbations generated in excess of

these limite must be subject to question.

5. LONGITUDINAL DYNAMIC RESPONSE

The longitudinal dynamic response criteria are obtained from
two sections in the V/STOL specification: BSection 3.2.2.1 applies to
hover and low speed flight phases where the forward speed is less than

35 knots; and Section 3.3.2 applies tc equilibrium flight or maneuvering
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in the speed range 35 knots to Vconpwhere Vcon is that speed where
the vehicle can be considered as flying as a conventional aircraft.

At speeds in the vicinity of Vcon’ it is desirable that the handling
characteristics and dynamic response blend in with the requirements of
MIL-F-8785B (Reference 11). At speeds near 35 knots, it is desirable
that the handling characteristics and dynamic response of the config-
uration fulfilling Section 3.2.2.1 for forward speeds below 35 knots
blend in with the requirements of Section 3.3.2 of Reference 1. As

indicated above, Section 3.3.2 applies to speeds greater than 35 knots.

The characteristic eguations for the ejector wing configuration
and the transfer functicns were cbtained from the Griffin digital computer
program (Reference 12). The root loci are shown in Figure 31. Insta-
bilities exist in the characteristic equaticn of the ejector wing vehicle
since some loci are to the right of the verticsl axis. The short period
modes are basically stable but the phugoid or long veriod modes are defin-
itely unstable. The phugoid mode is both lightly and negatively damped,
which means that a divergent oscillating response would occur to a dis-
turbance or control input. The unaugmented vehicle, then, fails to

meet Level 3 requirements due to this instability.

An analysis of the characteristic equations at each trim
point discussed above Indicated that a simple longitudinal SAS loop
incorporating feedback signals on q and w to modify the derivatives
Mq and M could be used to make the vehicle sufficiently stable to

be within the criteria of Reference 1. The feedback gains were esti-

mated by analysis of the characteristic equations at each trim point
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and the feedback system was incorporated into this evaluation. Figure
32 illustrates the effect of the SAS upon the Mq and MW derivatives.
No conaideration was given to the actual mechanical design of this SAS
or to what controls must be actuated to provide these changes in the

moment derivetives. Buch an analysis was beyond the scope of this

study.

The roots of the augmented characteristic equations are shown
in Figure 33. The main effect of the longitudinal S5AS was to force the
rhugoid mode to be stable; that is, the roots lie to the left of the
vertical axis where they are positive, lightly damped modes. The root
locus of the augmented ejector wing configuration is typical of existing
V/STOL aircraft. At hover and low speeds (A = 90°), the short period
and phugoid modes are very close and almost inseparable. As the forward
speed increases and approaches conventional flight, the roots separate

and become distinct from each other as for & conventional aircraft.

Returning to Section 3.2.2.1 of Reference 1, for V < 35 knots,
the requirements apply tc the dynamic responses of the aircraft when the
cockpit controls are free and when they are fixed following an external
disturbance or an abrupt pitch control input in either direction. The
reguirements apply for responses of any magnitude that might be ex-
perienced in operation. If oscillations are nonlinear with amplitude,
the oscillatory requirements shall apply to each cycle of the oscil-
lation. TFor Level 1 ascceptability, all aspericdic responses {real

roots of the longitudinal characteristic eguation) shall be stable. In
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eddition, for Level 1 flying qualities, the oscillatory modes of fre-
quency greater tham 0.5 radians/second shall be stable. Oscillatory
modes with frequency less than or equal to 0.5 radians/second may be
unstable provided the damping ratio instability is less than -0.10.
Oscillatory modes of frequency greater than 1.1 radians per second

shall have a damping ratio of at least 0.3. As seen by the results
shown 1n Figure 33, the short period and phugoid roots of the augmentea
ejector wing configuration (SAS on) meet the requirements of this
criterion insofar as stick fixed operation is concerned. Stick free
conditions could not be evaluated since the control system mix and phas-

ing has not, as yet, been defined.

Section 3.3.2 of Reference 1 considers the longitudinal dynamic re-
sponse at forward speeds greater than 35 knots. The requirements apply to
the dynamic response of the aircraft with the piteh control free and with
it fixed. These requirements apply following a disturbance in smooth
air, and following abrupt pitch control inputs in each direction, for
responses of any magnitude that might be experienced in operational
use. If the oscillations are nonlinear with amplitude, the require-
ments apply to each cycle of the oscillation. For Level 1 acceptability
the roots of the longitudinal characteristic equation of the aircraft
must be stable. In addition, the undamped natural frequency, w, and
damping ratic ¢ of the second-order pair of roots (real or complex)
that primarily determine the short-term response of angle of attack
following an abrupt pitch control input must meet the Level 1 require-
ments of Figure 34. The figure 1llustrates clearly that the augmented

roots of the ejector wing configuration (that is, the bare airframe
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roots with a stability augmentation system incorporated) meet the
Level 1 IFR requirement for damping ratio and natural frequency. The
above concerns stick fixed operation. Stick free conditions could
net be evaluated since the control system mix and phasing has not,

as yet, been defined.

An evaluation was made of the dynamic response for the
Sikorsky stowable rotor configuration., The transitional trim schedule
and stability derivatives reflecting perturbed flight about this trim
schedule have been discussed above. The results are shown in Figures
14 through 16 and Figures 23 and 24. The characteristic equations
for the stowable rotor configuration, along with the transfer func-
tions, were obtained from use of the Griffin digital computer program
(Reference 12). The velocity trim points at which these computations
were performed corresponded closely to the velceity trim points used
in analyzing the dynamics of the ejector wing configuration (see table

in Figure 31).

The roots for the unaugmented stowable rotor configuraticn
{SAS off) during transition are shown in Figure 35. An instability
exists in the phugoid mode of motion since the leei of the phugoid
roots passes into the region where gwn > 0 when forward speed exceeds
approximately 100 knots. The presence of this instability means that
the criteria of Secticn 3.3.2 for Level 1 handling characteristics

cannot be met by the unaugmented stowed rotor vehicle.

The feedback gains shown in Figure 36 were then used to

include a longitudinal SAS system into the analysis. The MqSAS
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contribution shown in Figure 36 is equivalent toc the M gain used in

Reference 2, while MWS requires further discussion. Klingloff

AS
(Reference 2) made use of a 6 instead of s w feedback during his
analysis of the dynemiecs cof this configuration. The use of this gain
would have meant that the digital computer program (Reference 12) used
during this evaluation needed major modifications. These modifications
were aveided by assuming that VMWSAS = MB where MB is equivalent to the

gein used by Klingloff. The variation of VMWSAS with rotor shaft tilt
angle could then be determined from the data presented in Reference 2

the results are shown in Figure 36.

The loci of the roots for the Sikorsky stowable rotor con-
figuration with SAS on are shown in Figure 37. The phugoid mcde is
stable for the complete nominal transition from hover to the propeller

mode of flight.

The results in Figure 35 were compared with the data presented
in Reference 2 for SAS/off operation of the stowed rotor configuration.
The correlation was excellent for both the short period and phugoid
root loci through transition. The excellent correlation suggested that
the Zu derivative was taken to be Zu = 0 in Reference 2. The stability
derivatives for the stowable rotor configuration are discussed in Section

II of this report.

The results shown in Figure 37 were compared with the data
presented for SAS on operation of this vehicle in Reference 2. Good

correlation existed for the short peried rcot loci during transitien
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while differences were evident on comparing the phugeid roots. These

differences coculd be attributed to the use of a Mw w feedback con-
S8A8

tribution to the equations of motion in the analysis presented in this

report., Klingloff, on the other hand, used a pitch angle feedback locp

as part of his SAS.

The results given in Figure 37 indicate that the Sikoersky
stowed rotor configuration with SAS on fulfills the criteria given in
Section 3.2.2.1 of Reference 1 for Level 1 handling characteristics
when V < 35 knots and with the stick fixed. Sufficient data was not
given in Reference 2 for evaluating the stick-free dynamic responses

of this configuration.

Section 3.3.2 of Reference 1 was used in considering the
longitudinal dynemic responses of the stowable rotor configuration at
forward speeds greater than 35 knots. As discussed above, the roots
of the longitudinal characteristic equation of the vehicle must be
stable for Level 1 acceptability. Alsc, the short-term response
following sn sbrupt pitch control input must meet Level 1 requirements
shown in Figure 38. These results indicate that the roots of the
Sikorsky stowed rotor configuration with SAS on meet the Level 1 IFR

requirement for damping ratic and natural frequency.

6. CONTROL PCWER CHARACTERISTICS FCOR V < 35 KNOTS

The control power required to meet the handling qualities
specifications may be considered as consisting of trimming, maneuvering,

and stabilizing power contributions. Reference 1 indicates that
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further experimentation and analysis is required before it can be
established that total control power is the simple sddition of these
individual contributions. Nevertheless, such an addition is performed
here for went of a better definition. The additional thrust required
to fulfill the maneuvering criteria of the speecification during tran-
sition is determined. The longitudinal BAS is assumed to be operative
during the maneuver transient so that the additional thrust necessary
for the BAS system can be calculated. The sum of the individual
control power needs is then formed to estimate the total longitudinal
power requirement for the ejector wing and Sikorsky stowsble rotor
configurations. ©Stsebilization in rough air should aiso be considered,

but this consideration was beyond the scope of this study.

Sections 3.2.3 and 3.2.L4 of Reference 1 state that sufficient power
must be available on a Level 1 aircraft so that simultaneous and abrupt
application of pitech, roll, and yaw controls in the most critical com-
bination produces at least 6 = + 3.0°, ¢ =+ 4.,0°, and § = * 6.0° within
ane second from the initiation of control forece application. This
attitude change must be made by a i-inch stick deflection for pitch, a
further l-inch stick defiection for roll, and a l-inch rudder pedal de-
flection for yaw. The specified simultanecus application of controls is
important here because the ejector wing configuration may use engilne
compressor bleed alr to power the SAS and wing ejector. The use of a
common scurce for control power means that the moment available about
cne vehicle axis can depend upon the moments being used to provide con-

trol sbout the other axes. In addition, the control lags must be such
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that the angular acceleration response in the commanded direction shall
be developed within 0.1 second after the initiation of step displace-
ments of the pitch, roll, and vaw pilot controls. This means that all
valves in the ejector wing configuration and/or control devices which
divert engine compressor bleed and/or bypassed air must provide the
necessary jet momentum flux changes at the vehicle ejector systems

within 0.1 second of the pilot inputs to the controls.

The wvertical flight characteristics necessary near hover for a
Level 1 category vehicle are described in Sectlion 3.2.5 of Reference 1,
These characteristics must be met while maintaining in reserve the
attitude countrol power requirements discussed above. Starting from a
steady descent rate of not greater than 4 fps, sufficient control
power must be available to produce upward vertical accelerations
of not less than 0.1 g following & step input to the thrust control,
and the thrust to weight ratioc shall be T/w > 1.05, The thrust
control system shall be designed sc that 63% of the commanded in-
eremental thrust of AT = 0.05W shall be achieved in not more than
0.3 second follewing an abrupt step input tc the thrust control. This
requirement must be satisfied for the nominal thrust settings corre~
sponding to a steady descent rate of between 5 and 10 feet per second.
In addition, the ratio of maximum rate of climb occcurring within
the first second, to the magnitude of the cockpit contrel input in
inches, shall not be less than 100. This latter reguirement pertains
to hovering in still alr and for thrust inputs up to the maximum per-

missible. Finally, the translatlonal height damping in vertical flight
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(1.e., the vertical force proportional to vertical velocity) shall not
be in the unstable sense. All of the above control reguirements as
given in Reference 1 are thought to be sufficient to provide the vehicle
with moderate maneuvering capability. These criteria apply up to the

limits of the Service Flight Envelope or 35 knots, whichever is less.

The results for hover or near hover (V = 0.6 knots) for
the ejector wing are given in Figure 39. The wing ejector was used
to obtailn the desired climb rate while the nose ejector provided the
necessary pitching moment to fulfill the pitch angle criteria of the
specification. The horizontal stabilizer was not used to perturb
the vehicle near hover because 1ts effectiveness i1s minimal here.

A time lag of 0.1 second was assumed to exist between control
actuation and actual change in the Jet momentum flux at the wing

and nose eJectors, which is the meximum allowable lag according

to the aspecification. The input perturbing the vehicle from the
equilibrium flight condition was taken to be the classical step func-—

tion 1(t).

The results indicate that a 12.5 fps change in VJ was re-
quired to effect a climb acceleration equal to or in excess of 0.1 g,
as specified for a Level 1 category vehicle. This change corresponds
to a 5130-1b increase in jet momentum flux from the wing ejector. An
additional 2110 1lbs of down thrust was required at the nose ejector
and 707 1bs wes expended for the BSAS system to effect a positive

3-degree rotation in pitch within the first second after the initial
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input by the pilot. No additicnal thrust was used to fulfill the
height damping criteria in vertieal flight (i.e., the vertiesl

force proportionsl to vertical velocity) since the derivative ZW

was negative, tending to make the plunging motions stable. No

pitch change occurred in performing climb so that the same expenditure
of thrust as given above would be required to effect a 8= -3° within

one second.

The transients resulting from throttle and stick inputs
were combined to give the maneuver resulting from simultaneous actua-
tion of pilot controls. It was the combined tramsients that were used
in determining the reserve thrust necessary for fulfilling the speci-
fication. In addition, the variation of & and w with time for simul-
taneous contrel input were used in estimating the thrust required by
the SAS system. The total thrust required to meet the Level 1 criteria
was then estimated by the simple addition of all individual control
power contributions and the results indicate that a thrust~to-weight
ratio of T/w = 1.14 is required for hover to satisfy these criteria.

Further discussion on total thrust requirements is reserved until later.

Note that the u perturbation is negative in Figure 39. A
nose-up pitch rotation causes a rearward reaction, and the vehicle

slows down from its forward flight trim speed of 1 fps.' Also note

h
that 7 and w/V exceed 0.3 when t > 0.16 sec. Thus, the validity of

the assumption made in deriving the linearized equations of motion

L



AFFDL-TR-T2-3T

is subject to reservations, as discussed previously. The criteria used
here for determining maneuversbility requirements for a Level 1 ejector
wing configuration apply only to the speed range between hover and 35
knots. Sections 3.3.5 and 3.3.6 of Reference 1 must be used when the
maneuvering regquirements for V > 35 knots are of interest during the
transitional flight path. A smooth blend in the characteristics of the
VSTOL between these two speed regimes is desirable. To aid in estab-
lishing this smooth blend for the ejector wing configuraticon, we de-
cided to apply the criterion for V < 35 knots, as discussed above, to
the third trim peoint indicated in the table shown in Figure 33. The

results of this application are shown in Figure A40.

Analysis showed that the horizontal stabilizer can be used to
provide the +3 degree pitch rotation within the first seccond after
pilot control actuation at approximately 47 knots. Therefore, the use
of the nose ejector may not be necessary for attitude maneuvering for
flight speeds above 47 knots. In terms of the transients shown in
Figure 40, a step input of 5130 1lbs to the wing ejector system was
necessary to meet the Level 1 climb criteria; also, the SAS system
expended 437 pounds of additional thrust when the horizontal tail was
actuated to obtain 3 degrees of pitch within one second of pilot in-
put. Sinece A =.T5°, there is a component of wing ejector thrust
directed along the positive X stability axis of the vehicle. Therefore,
forward speed u increased with increase in wing ejector thrust. The
quantities u/V and é-fall within the small velocity perturbation

v

assumptions made in deriving the linearized equations of motion
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as discussed previously.

The facts that the aerodynamic coefficients

in these equations of motion vary as a function of velocity as the

ejector doors are closed during transition and that the aerodynamics

are nonlinear are still a subJect for discussion.

An snalysis was made for the installed thrust necessary to

fulfill the eriteries specified in Sections 3.2.3, 3.2.4, and 3.2.5 of

Reference 1 for the Sikorsky stowable rotor configuration in hover

(reference Appendix III.)

requirements for the ejector wing configuration.

A comparison was made to the thrust-to-weight

The results sasre shown

in Table V.
TABLE V
THRUST-TO-WEIGHT RATIO IN HOVER
(Longitudinel Mode Only)
Sikorsky
(ELegter Mot | suounbie socor
& Configuration
1. Vehicle Design Gross Wt. (1b) 58,500. €5,000.
Wing Download Due to Rotor
Downwash During Hover (1b) 0. 5,470.
3. Thrust Required for SAS
Operation (1lb) 707. O*
i, Thrust Required for Pitch
Maneuvering (1b) 2,110. 0%
5. Thrust Required to Fulfill
Climb Requirements (1b) 5,130. 6,040.
Total Installed Thrust Required 66,450, 76,510.
T/W 1.14 1.18

* Additional thrust not required; SAS feedback on 6 and q vehlcle

motions.

offsets thrust vector from shaft axis.

penditure when blade cyclic is used.
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The drag incurred because of a wing and pylon immersed at
right angles to the slipstream of the lift propulsor was estimated.
The velocity in the slipstream of the rotors was determined from the
analysis presented in Appendix III. This velocity was modified to
reflect slipstream contraction below the rotor disc plane, Strip
theory was then used for that portion of the wing immersed in the
slipstream to estimate wing drag. Cross flow drag concepts were used
to estimate the drag on the pylon immersed in the slipstream {Ref-
erence 4}. The results of these calculations are given in Item 2 of
Table V. This drag penalty amounts to 8.42% of the vehicle weight in
the case of the Sikorsky stowable rotor configuration. If the wing
had been tilted to be aligned at zero angle of attack to the axial
flow component of the slipstream, the drag penalty would be approx-
imately 60 1b. There is no such penalty for the ejector wing con-
figuration because 1lift propulsion iz generated from within the wing

itself.

The thrust expenditures for the operation of the SAS system
and for providing maneuvering capability in vehicle pitch (i.e., & =
+3° in 1 second) are presented in Ttems 3 and 4 of Tebie V. These oper-
ations necessitate the expenditure of thrust at the nose ejector of the
ejector wing configuration to provide the required pitching moments
about the vehlecle c.g. In the stowable rotor configuration, on the
other hand, SAS operation and vehicle pitch maneuverability are achieved
by the use of cyclic control at the rotors. This causes the rotor

thrust vector to shift either forward or aft from the rotor shaft axis
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and creates the necessary pitch moments about the vehicle c.g. No
additional thrust is required. Additional shaft horsepower is ex-

pended with the use of ¢yelie control.

The thrust expended in meeting the climb requirements as
specified in MIL-F-83300 are given in Item 5 of Table V. The 6040
1b thrust increment for the Sikorsky stowable rotor configuration
includes the additional download on the wing that is incurred when
the rotor disk loading is increased to achleve the necessary climb

rate as discussed above.

The data suggests that the T/W ratio in hover is 1.18 for
the Sikorsky stowable rotor configuration, as compared to 1.14 for
the ejector wing vehicle. The major contributor in making the T/W
of the Sikorsky vehicle so high is the download on the wing. For
example, if the wing were tiltable to zero angle of attack relative
to the rotor downwash of this vehicle, T/W = 1.08. This implies
that the T/W for a tilt wing configuration of the same weight as the
Silorsky vehicle may be of the order of 1.08 < 1.10 for centrol over

the longitudinal modes of flight.

Basing hover performance on only the thrust-to-weight
ratio may lead to erroneous conclusions in the sense that horsepower
requirements should be considered as well., The T/W ratio does not

reflect power expenditures. For example, a comparison of the air

9
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horsepower requirement yields

Air HP Reguired by ejector wing vehicle in hover
Air HP Required by Sikorsky stowable rotor wvehicle in hover

3

at an sltitude of 3000 ft on a 90°F day. This means that the air
horsepower required and specific fuel consumption is, theoretically,
three times greater for the eJector wing vehicle than for the Sikorsky

stowable rotor configuration in hover.

7. CONTROL POWER CHARACTERISTICS FOR 35 KNOTS < V < Vcon
The criteris of Reference 1, Section 3.3.5, state that when
the aircraft is trimmed in unaccelerated flight at any speed and altitude
within the Operational Flight Envelope, 1t shall be possible to develop
at the trim speed the limiting attitude or angle of attack of the
Operational Flight Envelope. In addition, when automatic stabilization
and control equipment or devices are used to overcome an aperiodic
instability, both the megnitude of the instability aend the installed
control power shall be such that at least 50 percent of the nominal
control moment is available to the pilot in the eritical direction
through the use of the pitch control. This requirement applies
throughout the Service Flight Envelope within *15 knots TAS or 15
percent of the trim speed, whichever is greater. Also, the aircraft
dynamic characteristics, together with the effectiveness and response
times of the pitch, thrust magnitude, and thrust angle controls, shall
be such that adequate control of the flight path and airspeed can be

maintained at sll permissible angles of attack and load factors.
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The Operational Flight Envelope defines the boundaries in
terms of speed, attitude, and load factor within which the V/STOL
must be capeble of operating to fulfill its mission. The Service
Flight Envelope contains the Operationsl Flight Envelope and defines
the aircraft structural and operational limits. These envelopes
have not been defined, ags yet, for the elector wing configuration.
Furthermore, only one flight path through transition was investigated
above. Many possibilities exist between the flight corridors within
transition from hover to forward flight, and vice versa. The more
criticel of these flight paths must be defined before the control
power characteristics of the ejector wing configuration can be

evaluated fully with regard to the asbove criteria.

The maneuverability of the ejector wing configuration can
be demonstrated by an evaluation of the control power necessary to
cause vehicle transients about one trim path, such as the one shown
in Figures 6 through 13. For example, anelysis has shown that
horizontal stabilizer deflection can provide sufficient pitch moment
change to cause a 3 degree rotation in vehiele attitude within 1
second of the input perturbation for V > 47 knots (reference the
previous section of this report and Figure 40). This vehicle's
capability to fulfill the gbove criteria is indicated, at least, by
the reserve control power avallable from the stabilizer after this
surface has been deflected from its trim position to cause the above
transient, since this reserve control power could be put to use for

fulfilling the criteria.
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The results are shown in Figures 41 and 42. The trim
velocities about which the transients take place correspond to the
trim velocities for A = 60°%, 45°, and 30°, as given in the table
in Figure 33. It was assumed that the SAS pitch moments were pro-
vided by the nose ejector system and that the horizontal stabilizer
alone was used for maneuvering or for changing the trim condition
from the nominal given in Figures 6 through 13. In addition, a 0.1
second time lag was used between the pilot's actuation of the stick
and the initial input to the horizontal tail. As indicated in Figure
41, plenty of reserve stabilizer power is available for attitude
control after perturbing the vehicle by 8 = 3° in 1 second (Figure
L2). From Figure 9, the trim horizontal tail setting for A=60° or

V=85 knots is 6.9°. An up horizontal deflection to i_ = -0,5°

T
means that the horizontal surface drag contribution has been reduced.
Consequently, forward speed increases, as indicsted in Figure L2
where u > 0. The trim stabilizer setting for A = 30° is ip = -T7.0°.
Up deflection of the horizontal causes an increase in the absolute
value of the horizontael deflection angle causing a corresponding
increase in vehicle drag. Thus, a decrease in forward flight speed
occurs, as indicated in Figure L2, when u < 0. In all cases, an up
deflection in horizontal causes a decrease in wehicle 1ift so that
the vehicle loses altitude initially (w_z 0). The greater loss

occurs at the higher forward flight trim speed since the dynamic

pressure 1/2 pVE is higher here.

The control power available for the elector wing config-

uration should hlend smoothly between the criteria given in the
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last section for V < 35 knots and that given sbove (35 knots < V <
vcon)' In addition, a smooth blend should exist between the criteria
requirements discussed here and those given in Reference 11 for con-
ventional flight (V > Vcon)' Since the control power necessary to
meet the criteria for 35 < V 5-Vcon could not be defined clearly, no
effort was made to establish engineering judgments as to what the
ejector wing vehicle's control blend should be between éhe criteria

of the three speed regimes. In particular, the control power criteria
for 35 knots < V E-Vcon were not applied to vehicle perturbations about

a trim point where V < 35 knots or for V > Vcon s0 that these engineering

Judgments could be formed.

The ejector wing and Sikorsky stowable rotor configurations
are not compared for 35 knots <V 5-vcon gince requirements for the

ejector wing configuration have not been established.

8. CONSIDERATIONS ON THRUST-TO-WEIGHT RATIO

The thrust-to-weight ratio for V = 0.593 knots has been dis-~
cussed for the ejector wing configuration. The total thrust necessary
in fulfilling the Level 1 criteria for V < 35 knots was determined and
the thrust-to-weight ratio required was T/W = 1.14 for control over
the longitudinal mode of flight. The reserve thrust needed to perform
a vertical acceleration of 0.1 g and a climb rate of at least 100 fpm

was determined for the trim speeds used in Figures L1 and b2. These
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thrust increments were added to the thrust required to operate the
SAS system at these trim speeds and to maintain trim forming an esti-
mate of the total control thrust necessary for 35 knots < V 5-Vcon'

The results of these calculations including the thrust-to-weight ratio

for V = 0.593 are shown in Figure L3,

The data for trim alone and for controlling the longitudinal
motions of the ejector wing configuration are a result of the evalua-
tion discussed above. The results shown in Figure 43 for con-
trolling the fuill six degrees of freedom, however, warrant further
discussion. The total thrust necessary to control all of the degrees
of freedom for 0 < V < 35 knots consists of the longitudinal total
thrust as deseribed above plus an additional amount to control the
roll and yaw modes of flight. These modes require SAS control about
the X and Z body axes and a reserve thrust contribution which can be
used to give ¢ = +4° and y = +6° within 1 second after the con-

+ T,. gives the thrust re-

trols are actuated. Now, the sum of TSAS N

quired (T ) for the SAS actuations controlling vehicle dynamics about

SAS
the Y body axis and the additional thrust necessary (TN) to provide

3 degrees of pitch in 1 second. An estimate for reserve thrust re-
quired to contrel rell may then be ffff_(TSAS + Ty) for the ejector
wing configuration if it is assumed that similar SAS power expenditures
as that for the longitudinal are required to control the roll mode and
that a wing tip ejector system is used to provide the &4 degrees of roll

rotation. The factor of 4Ixx/31yy is just the ratio of the amount of

rotatlon necessary about the X-body axis to meet the specification as
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compared to that necessary about the Y body axls, The feedback loops
controlling roll motions might be actuated by B and p as opposed to w
and q as in the longitudinal SAS loops. Similarly, an estimate for

the power required to control yaw by means of a separate yaw ejector
system may be 61z2/31yy (Tgag + Ty) where 6 degrees of yaw rotation

are required within the first second to meet the specification and

B and r actuate the SAS feedback loops for control about the Z-

axis. This means that the additional thrust necessary to control the
roll and yaw modes of the ejector wing configuration is §%;;‘C4Ixx +
GIZZ)(TSAS + TN). However, the wing ejector could be programmed to
provide some roll and yaw control power. Presumably, differential

door angle in the wing ejector system might be used to provide some

vaw control, Similarly, differential thrust between the left and

right wing ejector systems could glve some roll control. It is assumed
that the wing ejector system is programmed to provide 25% of the lateral-

directional SAS feedback and that the additional thrust necessary to
.75
3yy

additional thrust contribution was added to the longltudinal thrust

control the roll and yaw modes is (@I, + GIZZ)(TSAS + TN)' This
required for the ejector wing configuration to yield the results shown

in Figure 43 for contrel over the full six degrees of freedom.

The results given in Figure 43 indicate that a thrust to
welight ratic of between 1.14 and 1.30 is required for the elector wing
configuration at hover to meet the specification as defined in Refer-
ence 1. No additional thrust reserve was used to fulfill the height
damping criteria in vertical flight (i.e., the vertical forece propor—

tional to vertical velocity) since the derivative Z,; was negative,
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tending to make the plunging motions stable. No reserve was included
for accelerating from hover at e constant altitude. In addition, no
accounting was made of losses due to inefficiencies of the ejector
systems and propulsive engines, the existence of ducting air leaks,
and frictional losses in the ducting systems between engines and the

ejector systems.

Also shown in Figure 43 are the thrust-to-weight ratios re-
guired for the Sikorsky stowable rotor configuration and tilt wing
configuration in hover. The data indicates that T/W = 1.18 is required
for the stowable rotor vehicle, and T/W < 1.10 for the tilt wing air-
craft. Discussions following Table III indicate the analysis of thrust-

to-weight required in hover for these configuration.

The upper value of T/W = 1.3 for the ejector wing config-
uration in hover includes the effects of an additional ejector system
to control roll and another to control yaw motions. That is, the wing
ejector in not programmed fully to provide roll or yaw control power.
If full implementation were possible, such that the wing elector provided
all of the roll and yaw control, the thrust-to-weight ratio for the
elector wing configuration (6 degrees of freedom) would be close to T/W =

1.1k,
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SECTION IV

S0ME CONSIDERATIONS ON DOWNWASH

1. PROBLEMS WITH DOWNWASH

In performing a rescue mission with an ejector wing config-
uration or helicopter, the downwash from the 1lifting system becomes
an’ important consideration. Downwash can cause personnel on the ground
to experience difficulty such as ioss of footing, injury due to debris
or broken foliage, loss of body heat to a rescuee in shock, and swinging
and entanglement 1n the rescue hoist. In addition, the ejectcr wing
configurstion may encounter serious operational difficulties while in
Jow-gltitude hover. Since the disk loading of the ejector wing con-
figuration is much greater than that of the éonventional helicopter,
its downwash velocity is significantly higher, which can generate
excessive spray in hover over water or agitate sand in hover over land.
This is unettractive not only from the point of view of detection, but
can result in the loss of pilot visibility, harm to either equipment or
personnel being rescued, and possible damage to the wing elector system
and engines due to spray or debris ingestion. Furthermore, the cavity
formed below the vehicle and on the surface of water during hover may
pe of sufficient depth to change the induced flow pattern through the
ejector system significantly. This could result in an unfavorable effect
cn hover performance and vehicle stability. Also, unsteadiness in cavity
shape and longitudinal or lateral oscillations of the water cavity along
the surface of the water may have an effect on the pilot's capabllity

to maintain a stationary hover attitude, Thus, the workload
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of the pilot could be significantly increased and the completion of

the mission could be affected.

2. IMPACT PRESSURE

The impact or dynamic pressure of the jet flow 1ssuing from
the ejector wing system was estimated and the results are shown in
Figure 44. The midmission weight was taken tc be 75% of the
design takeoff weight. TFor an ejector system, ¥ is equal to the
gross welght divided by twice the exit area of the diffuser since
the downwash is fully developed at the ejector exit plane. Therefore,
the gquantity § equals cne~half the disk loading for this kind of

propulsive system.

The data indicates that @ approaches 81.0 psf for the wing
ejector vehicle weight of 58,500 1b. It was assumed here that the
nose ejector was not used to provide propulsion and that the moment
balance required to maintain the trimmed hover condition was achieved
by the use of the hot core efflux from the jet engines at the rear of the
fuselage. The minimum weight considered for performing a rescue is the
midmission weight of LL,000 1lbs, as established above. Here, g was
estimated to be 45.5 psf if the nose ejector were used to provide
thrust in maintaining hover during the res;ue. Therefore, g should
vary between L45.5 and 81 psf during any rescue operation, with the
magnitude of impact pressure being a function of vehicle weight and

use of the ejector system during hover, as shown in Figure 4k4.

Downwash impact pressures for several different VIOL

airecraft were compared. Downwash characteristics of all of

91



AFFDL-TR-T2-37

MOTJ SSBR 3TXH J0303[§ JO aanssalg oTweulg -4y 9.MIT4

(391) LHOIIM
000'09 000'SS 000'0% ooo'st ooo.o; 0
o2
LHSI3IM
NOISSINGIN
{o¢
(zé4d/700)
LHOIIM o su008 | 11X3 HOL193r3 AV
4403vL '$S3Nd JINVNACD
N9IS30

P 3

ﬁ
A T 108
LLL
Bl T,
\ _%._».—.l.-./ 001
2"Ad2/1eb
AVQ d.S6
HIAOH

NOLLVHNOIINOD OSNIM HOLD3IP3

92



AFFDL~-TR~T2-3T

these aircraft have been evaluated experimentelly and all have
demonstrated feasibility for use in rescue operations, at least to

some degree.

The downwash date for the XC-124A is considered to be most
representative of the ejector wing configuration. The planforms of
the XC-142A tilt wing VIOL and the ejector wing configuration are
compared in Figure 45. The maximum dynemic pressure 7§ in the
downwash of the XC-142A is equael to the propeller disc loading because
the effective area of the downwash of the propeller contracts to shout
1/2 af the disc area. For the ejector wing, on the other hand, the
downwash 1s fully developed at the diffuser exit plane, as discussed
above. The maximum dynamic pressure just below the propulsive units

of both the ejector wing and the XC-142A is alsc indicated in Figure LS.

3. IMPACT PRESSURE AT GRCUND LEVEL

The maximum dynamic or impact pressure at ground level below
the ejector wing configuration was estimated and the results are shown
in Figure L6, The quantity Hy is the height above ground of the ejector
wing system, and aﬁ is the dynamic pressure as measured along the center
line of the downwash at the surface of the earth. It is the magnitude
of Eﬁ within the downwash field at ground level that causes problems

on the ground.
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The data indicates that ﬁﬁ for the ejector wing config-
uration should lie in the range 45.5 j_ﬁi < 81 psf for hovering
altitudes below HE = 80 ft. The higher impact pressure corresponds
to an ejector wing vehicle design weight of 58,500 lbs with nose
eJector doors closed, while the lower impact pressure correspeonds to
the midmission weight of 44,000 1bs with nose ejector doors open.
Figure 46 also shows the downwash cheracteristics for other VTOLs,
inecluding the Sikorsky stowable rotor configuration. At low hovering
gltitudes and for the design takeoff weight, the strength of the
downwash for the ejector wing configuration is comparable to that of
the XV-5B. Therefore, we recommend that a vertical takeoff at the
begimming of & mission with full gross weight be initiasted from a
prepared concrete site and that adequate precautionary measures be
taken to ensure that ground personnel are not injured, ground equip-

ment demaged, or the vehicle itself damsged through debris ingestion.

Impact pressure at the earth's surface decreases with alti-
tude when HE > 80 ft. This decrease ig attributable to entrainment
processes and viscous flow mixing within the downwash flow field.

We recommend that & rescue cperation be attempted from an seltitude

in excess of 130 ?'HE < 140 £t st the midmission vehicle weight, and

at an altitude in excess of 175 ft if the vehicle weight is 58,500

1bs or the nose eJector is Ilnoperative. At these sltitudes, the
strength of the downwash field st ground level should he comparable

to that produced by the HH-3E, the Sikorsky stowsble rotor configuration,

and the HH-53B when hovering at one rotor diameter above ground level.

96



AFFDL-TR-T2-37
4. OPERATIONS OVER WATER
Figure 47'depicts a gsimplified representation of the spray
that may be generated by the ejector wing configuration in low alti-
tude hover over water. Several angular regions may be defined in

terms of pilot visibility (Reference 13) and these indicate that:

a. Vision should be unimpaired if the interests of
the pilot concern the region Cl'

b. In Cz, vision should be primarily affected by the
spray enveloping the fuselage.

c, In C3, a primary source of visibility deteriloration
would be due to spray which leaves the cavity tip; this region 1is
designated as the region of severe spray activity. Vision in this
region would be affected also by the spray enclesing the fuselage.
Thus, this region may be considered as the one where pilot visibility

would be most affected by spray.

The cavity structure on the surface of the water
should have a relatively smooth center portion. Small white-crested
waves should form near the center of the cavity, and these waves should
increase in gize and move radially outward from the cavity center,
Most of the spray should originate from the white crests of these waves
when they reached the 1lip of the cavity and the initlal angle of spray
projection ghould be approximately equal to the slope of the cavity
at that point. The cavity depth, the quantity of white crested waves,
and the slope near the cavity lip should increase with impact pressure
qt. Correspondingly, more spray should be created, the spray projec-

tion angle should be increased and the spray—-cloud dimensions should
be increased with increase in disk loading.
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At low hovering altitudes, two distinct cavities should
be formed under the ejector wing configuration and on the surface
of the water. Their proximity should cause turbulent agitation in
the region between these two cavities, designated Region A in Figure
L7. The spray generated in this region would envelope the fuselage
at low hovering altitudes and would severely hamper any rescue

procedures.

From the point of view of the pilot and the safety of the
vehicle, any sea rescue should be performed at hover altitudes above
140 ft so that strong spray activity cannot envelope the fuselage
(Reference 13). This would clear region C2 of some spray agitation

and improve pilot wvisibility.

At hovering heights above 140 ft, the two distinet cavities
below the vehicle may ccalesce, forming a single elliptically shaped
eavity. This would eliminate the turbulent agitation of Region A,
gignificantly clear region CE of spray, and improve pilot
visihility. In addition, buffet and spray damage would be signif-
icantly reduced. For safety, the eguipment and/or personnel should
remain close to the cavity center during the whole rescue operation,
since buffet and spray damage is less in this area. It was estimated
that the equivalent diameter of the coalesced cavity for the ejector
wing configuration at a hovering height of 160 ft would be of the order

of 80 ft.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

This evaluation was performed using "stability derivatives"
and classical linearized analyses, The validity of such an approach
is limited. The merodynamic forces and moments exerted on & V/STOL
can be highly nonlinear near hover or at low transitional flight
speeds, and angle of attack and sideslip excursions of #90° are
poesible even for modest perturbations in w and u. The aerodynamic
coefficients in the equations of motion vary with time as conversion
progregses, so that the use of constant coefficients in a linear
analysis does not fully represent the character of the motion. Also,
large accelerstions can be experienced by the V/ST0L in transition,
and the wvehicle is rarely in a stete of equilibrium during this mode of
flight. Therefore, a rigorous application of linear analyses that
is limited to small departures from the equilibrium trimmed flight
condition is subject to gquestion, The results of the stability
derivative approach presented in this report should be wvalidated by
the use of nonlinear equations of motion including a nonlinear

aerodynamic representation.

The results of this evalustion are based upon the aerodynamic
formulations described in Appendix I. ZEngineering judgment was used
to modify the results of the wind tunnel test program so that the
aerodynamic data would represent a 58,500 1b configuration. Certain
corrections could not he made. For example, no correction could be made

for Beynolds number effects when scaling up the wind-tunnel data.
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Insufficient datae exists at this time for making this modification

for a wing ejector type system. The argument that an increase in
Reynolds number may be beneficial since 1ift and stall characteristics
should improve in going to full scale is not valid at and near hover,
ginece the conventionasl definition of Reynolds number (Re =p E% is
difficult to determine under these flight conditions. Interference
between ejector mess flow air and the airframe plays a large role

near and at hover, and especially when the vehicle is in ground effect.
It is difficult, then, to prescribe the correct velocity and the signif:
icant charscteristic length (D) that should be used in the definition

of Reynolds number,

If the elector wing configuration is to be a viable aircraft
in the Air Force, further wind tunnel testing must be performed. The
test model should be large and closely resemble the baseline configu
uration. A vehiele in flight rerely operstes in the smooth air envi-
ronment of a wind tunnel or laboratory, where tests are ususlly con-
ducted; an operational aircraft is subjected to a number of indignities.
The test program should include sensitivity studies to establish the
effects of such disturbances as gusts, turbulence, nonuniform inflow,
and ingested debris. The test program should aslso consider the guestion

of duct losses between the propulsive units and the ejector system(s).

Only one flight path through transition was investigated
during this eveluation for both the ejector wing and the stowable
rotor configurations. Many possible flight paths exist during

transition from hover to forward flight. An analytical study should
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be perfornmed to define the permissible flight corridors for accel-
eration from hover through transition and for deceleration from the
conventional flight mode. Different acceleration and deceleration
rates should be explored, and special emphasis placed upon the mix
and phaging of the controls. The application of energy methods for
investigating the time reguired to complete transition should be a
valuable aid in defining the optimum transitional flight path, if
such exists. This analysis indicates that the Sikorsky stowable
rotor configuration requiresz approximately 8 seconds to perform a
transition from hover to the propeller mode of flight st 160 knots.
The ejector wing configuration requires approximately 105,000 1lbs of
installed thrust capability on beard the aircraft to accomplish the
dash through transition in the same time interval. A search should
be made for transitional flight schedules that do not drop bare-
alirframe handling qualities below the Level 3 category at any point

during conversion to the conventional mode of flight.

The evaluation indicates that the ejector wing configuration
can be made to meet the Level 1 criteria as specified in the military
specification. A Stahility Augmentation System is required to fulfill
these needs, and the results indicate that a thrust-to-weight ratio of
more than 1.14, and possibly as much as 1.3, is required in hover.

This T/W ratio does not include any reserve for accelerating from

hover at a constant altitude. No accounting was made of losses due

to inefficlencies of the ejector systems and propulsive engines, ducting
alr leaks, and friectional losses in the ducting system between engines

and the ejector systems. The time lag between pilot control actuation
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and an actual chsnge in the Jjet momentum flux at the wing and nose
ejectors was assumed to be < 0.1 second. Thus, all valves and/or
control devices that divert engine compressor bleed and/or bypassed
air must provide the necessary Jjet momentum flux changes at the
vehicle ejector systems within 0.1 second of the pilot inputs to the
control. This 1limit on time lag is a specification requirement, and

an analysis should be performed to see whether it can be fulfilled.

The thrust/weight ratio of 1.1L was obtained by analyzing
the longitudinal flight mode of the ejecior wing configuration. This
value reflects the amount of reserve thrust necessary for climb, pitch
contrel, and SAS control about the Y-body axis only. The value of T/W =
1.3 is based upon the longitudinal mode results as to requirements for
controlling the full six degrees of freedom. No evaluation was made
of the lateral-directional characteristics of the ejector wing con-~
figuration. Therefore, a T/W = 1.3 for control of the six degrees of
freedom must be regarded with some reservation. We recommend that
the lateral-direction handling characteristics of this vehicle be
evaluated, and that the evaluation include an analysis of the flight
characteristics with coupled and nonlinear aerodynamics in 6-degree-
of-freedonm nonlinear equations of motion. The equations, therefore,
cannot be solved analytically, but would have to be solved by

a numerical integration scheme on a digital computer.

This evaluation indicates that the Sikorsky stowable rotor
configuration can be made to neet the Level 1 criteria of the military

specification. The T/W ratio in hover was 1.18 in the longitudinal
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mode for the stowsble rotor configuration, es compared to 1.14% for
the ejector wing configuration. The T/W of the Sikorsky vehicle is
so high mainly because of the download on the wing due to the two
rotor slipstreams, which smounts to 8.42% of the vehicle weight.

If the wing had been tilteble and eligned at zero angle of sttack

to the axial flow compcnent of the rotor slipstream, the T/W ratio
would be 1,08, Thus, a tilt wing of the same weight as the Sikorsky
vehicle may have a T/W of the order of 1.08 < 1.10 for control over

the longitudinal mode of flight.

In the stowable rotor configuration, SAS operation and
vehicle pitch maneuversbility are achieved by cyclic control at the
rotors. The rotor thrust vector is shifted from the rotor shaft
axis, which creates the necessary pitch moments sbout the vehicle c.g.
No additionsal thrust is required, but additional shaft horsepower is
expended for cyclic control. BRoll control is available without
additional thrust by using differential collective, which causes a
thrust differential between the left and right-hand mounted rotors.
Similarly, yaw control is achieved by differentisl shaft tilt angle
between the rotors, which requires some sdditional thrust. Never-
theless, the T/W ratic necessary to control the full six degrees
of freedom for the stowsble rotor configuration should be closer to

1.2 then the 1.3 projected for the ejector wing configuration.

Performance of a V/STOL should be based not only on the
thrust-to-weight ratio but alse on horsepower requirements, since

the T/W ratio does not reflect power expenditures. For example, a

104



AFFDL-TR-T2-37

comparison of the air horsepower requirement yields:

Air HP for Ejector Wing in Hover
Air HP for Sikorsky Stowsble Rotor in Hover

14
[¥§]

The air horsepower required and also specific fuel consumption is
three times greater for the ejector wing configuration than for
the Sikorsky stowable rotor configuration in hover.

The downwash and spray characteristics for the elector
wing configuration in hover were evaluated. The results indicated
that the dynamic pressure in the downwash could be as high as 80.5
psf at a vehicle weight of 58,500 1bs. A vertical takeoff with full
gross weight should be made from a prepared concrete site, and
adequate precautionsry measures should be teken to prevent damage or
injury to ground persomnel, ground eguipment, and the vehicle itself.
Rescue coperations should be performed et an altitude in excess of
175 ft if the vehicle weight is 58,500 lbs,which would create a
downwash field at ground level comparsble to thet produced by the
Sikorsky rotor configuration, the HH-3E, and the HH-53B when hovering

at one rotor diameter above ground level.
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APPENDTX I

AFERCDYNAMIC REFRESENTATION OF EJECTCR WING CONFIGURATION

The objective of this research was to investigate the
longitudinal stability and control characteristics of the ejecteor
wing configuration. This vehicle employs the wing ejector system for
power, and has a verticsl tskeoff gross weight capability of 58,500
1bs. A wind tunnel test program (References 5, 6) was conducted in
the NASA Langley tunnel to determine the aerodynamic forces and
moments for a configuraticn incorporating the wing ejector system.
The model was a 1/5 scale version of the ejector wing Research Test
Vehicle, or RIV. This ceonfiguration has a gross weight capsbility of

approximately 13,000 1bs in full scale.

The RTV wind tunnel data was sceled up to reflect the
ejector wing configuration of interest. The scaling law used was that
the loading for the model and full-scale wing be the same. HNo correc-
tions were made for Reynold's nurher effects when scaling the wind
tunnel data to full scale. Nevertheless, the aerodynamic representation
was felt to be of sufficient accuracy for performing a preliminary analysis

of the longitudinal stability and control characteristies of this vehicle.

1. AERQDYNAMIC FORCES AND MOMENTS FOR TRIM

Figure 4 presents the wing cross section in model scale.
The wing ejector tubes extend spanwise the length of the wing as shown
in Figure 5. The first four ejector tubes are fixed and the inlet and

exit doors move with respect to the tubes. The fifth tube is fixed

107



AFFDL-TR-T72-37

to the flap and the flap tube moves with respect to the other doors.

Thus, the flap setting is established by the door open angle A.

The quantity pAe V2 iz used in nondimensionalizing data

J
presented in this Appendix% This quantity reflects the Jet momentum
flux from the wing ejector system, where VJ is the average velocity
of the air issuing from the wing, and AeA is the wing exit ares
measured in a plene normal to the mean diffuser flow. This quantity
was determined during the wind tunnel test program.(References 5,6)
and is shown in Figure 4B as & function of door angle. This figure
reflects model geometry and indicates s scale factor of 107.0 is
necessary to obtain Ae; for the 58,500 1b ejector wing configuration.

Again, the scale factor is based on keeping the wing loading constant

between model scale and full scale.

The first contribution to 1ift, drag, and pitching moment

is primarily from the wing ejector system. The formulations are:

- 21\ ~

Ll—pAeAVJ [cL+cL o)
o

D. = pA_ V.2[C. + C. al (L)

17 PP 's "0 7 p
o

Ml = pA, VJ2 ETE +C ol

A no Ty
where 8 ¢ ,c.,C C_, and C_ are shown in Figures L9 through
L? La D? DG’ i o,

5L ; these reactions are measured about a point at 28% T of the

model. The quantities CL’ CD’ Cm are the nondimensional aerodynamic

coefficients reflecting ejector wing vehicle flight during
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ot = 0 while the terms containing ELa’ aDa' and Ema provide additional
contributions to the aerodynamic forces and moments due to the effects
of angle of attack. The Ll’ Dl’ and Ml reactions co-align with the L,
D, and M vectors shown in Figure 5. These data were generated from
wind tunnel results and do not include stabilization effects such as
from the nose elector, pitching moment effects due to rear engine tilt,
or rear engine propulsive effects; the engines mounted at the aft end
of the fuselage in Figure 2 were not included in the wind tunnel model.
Contributions due to the wing booms and horizontal tail for i, = 0 are

+
included (see Figures 1 and 2).

No attempt was made to separate thrust interference effects
in these formulations because the information avasilable was insuf-
ficient. The results plotted in Figures 49 through 5L reflect pri-
marily the forces and moments due to the wing ejector system. For
example, Figure 51 shows negative drag values for o = 0 at each A or
door angle setting except for A = 90°. This negative drag reflects a
positive thrust component from the Jet momentum flux exiting from the

ejector system.

The wind tunnel data in References 5 and 6 was analyzed
to obtain the aercodynsmic reactions due to the operation of the

nose elector. The results of the evalustion are
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L, = T(1.0 = (3.0 - .02780)V/V))
D, = T (-1.05 + 0166} + (-1.25 + .04161)V/V)) (5)
M, = TE/(1 - BXog)

Iy

where TN iz the nose ejector thrust in lbs, A is the door angle in
degrees, and AXcg is the shift {in ft)} of the center of gravity from
the 28% € position. The dimension AXcg is positive if the c.g. shift
is in the X-direction of the body-fixed axis system. These expressions
were derived by determining the difference in values for test data
reflecting aercdynamic forces and moments with nose ejector on and
nose ejector off. Consequently the expressions given in Equation

5 include mutual interference effects between nose ejector and
fuselage, and nose ejector and wing ejector performance, The ex-

pressions for L, and D2 are shown in Figure 55.

2

Some engineering Judgment was necessary to extract this data
from the results of References 5 and 6, which warrants further dis-
cussion. The nose ejector used on the wind tunnel model sucked
secondary air through doors located on the upper surface of the
fuselage nose {Figure 1). Therefore, this ejector system created large
interferences on the pressure distribution of the fuselage. Note that
the L2/TN plot of Figure 55 gives negative 1ift increments due to the
nose ejector at the higher V/VJ ratlos. This is possible if inter-

ferences upon the fuselage pressure distribution and on the wing
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1.0 Ty = Nose Ejector Thrust (1bs)

Do /TN

-20pF

Figure 55. The Effect of Velocity Ratic on Nose Ejector
Performance

118



AFFDL-TR-T2-3T7

elector are sufficiently large to cause a forward shift of the net
1ift vector for the total system while reducing its -overall magnitude.
Also, a low pressure field appears to he over the nose of the
fuselage, as suggested by the negative drag or positive thrust in-
crement reflected by D2/TN when A = 30°. A high pressure inter-
ference effect may exist on the lower surface of the fuselage aft

of the ncoee ejector in conjunction with the low pressure distribution
on the nose ahead of the ejector, and this could cause a pure
nose-down couple which would reduce the overall pitching moment about

the c.g. TFor example, a preliminary analysis was performed to find

M
EEZ (1 - EEEE) = 1.07 (6)
N N

if the nose ejector system did not Interfere with the pressure dis-

tribution on the fuselage. Test data gives

M

2 (1 -8y Logp )
cTN RN

indicating a 7% reduction in pitching moment control due to these

interferences.

The third contribution to the total aerodynamic represen—
tation of the ejector wing configuration is that due to horizontal
tail deflection :'1t and to any changes in the area of this surface.
A modification consisting of increasing the tail surface area by

10% was considered to improve the stability of the configuration in

the mid to high transitional speed range.

119



AFFDL-TR-T2-37

In References 5 and 6, the horizontal tail surface of the
wind tunmel model was used as a stabilizer with a deflection range
of |it| 5_20". The elevator was geared to the horizontal stabilizer
end deflected according to the followlng schedule in most of the
wind tunnel runs.

6e = 1.21t (8)

This angular deflection limit for it and the gearing ratio between
horizontal tail and elevator were assumed to exist for the full scale

ejector wing configuration.

The data in References 5 and & was evalusted to determine
the stabilizer and elevator deflection contributions to the aero-
dynamics for the wind tunnel model; the results are shown in Figures
56 through 58. A best fit formulation for the aerodynamic contribution
in each of these figures 1s alsoc noted. Engineering judgment was used
to form the following expressions for the horizontal tail contribution
to the total aerodynamic representation of the ejector wing config-

uration.
, S
L, = 1/2 p¥”s (.0151 Hnodified) 9)
3
H

D, = 1/2 pvzsw(it2 £3340) SHmodified
Sy
s (CHy
M3 = 1/2 pV 'w( odified . ACy(1,))
SH(l - AXeg)

tr
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Figure 56, Tail Lift for Ejector Wing Configuration
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Figure 57. Tuil Drag for Ejector Wing Configuration
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where it is in degrees with

‘ 2
ac 1 = -.02251t + .00029 1 it > 0 Degrees

(10)

= -.01951_ + .00023 1t2 1, < 0 Degrees

and where Axcg reflects the shift in feet of the center of gravity
from the 28% T position. This distance is positive if the shift is
in the positive X direction of the body fixed axis system., The

quantity S reflects a change in the area of the horizontal

Hmodified
tail. This change was taken as a 10%Z increase over that of the baseline
configuration. This modification was used to see whether an improve-
ment could be made to the stability of the configuration in the mid

to high transitional speed range. BSee Figure T through 11 for the

trim anaelysis comparisons to the baseline configurastion and Figures

17 through 21 for the effect of this modification upon the stability

derivatives.

The two propulsive engines shown in Figure 2 at the aft end
of the fuselage and nested on eilther side of the vertical fin were
not included on the wind tunnel model. Momentum concepts were used
to estimate the effect of these engines upon the forces and moments

exerted on the full scale vehicle.
The thrust and normal force exerted on the engines are
estimated by the following expressions:

T =pA, Vy (V3 - V(cos 1 - a gin i )))
P p p P P (11)

N =pA, V1 V i +gin 1
o p e, Jp (o cos P sin p)
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where it is assumed for simplicity that the normal force Np acts at

the engine inlet 1lip, as shown in Figure 2. The quantity A, is the
b
exit area of both engines (Figure 2) while VJ is the mean exhaust
P
jet velocity. Small angle approximations were used for o but not

for 1 These engines may be used to provide trim moment to the

P
vehicle, and iP could be quite large near hover or in low speed
transitional flight (see Figure 11). These forces can be resolved

to yield

X =T cos 1 - N gin ip

E P P P
(12)
Z. . =-T.sini_ - N cos i
E P P P P
in the body fixed axis system (Figures 2 and 5). The pitching
moment contribution ebout the vehicle center of gravity is
then

where the distances Zp and Xp are shown in Figure 2, These distances
are positive in the positive direction of X and Z axes of the body
fixed-axis system. Obviously, problems are involved with

rotating the jet engines or deflecting the hot core gas of these
engines to provide pitching moment control. An evaluation of these
problems and the implementation required to mechanically rotate

these engines were beyond the scope of this study.

The final contribution to pitching moment considered here is

a correction to the wind tunnel data for a shift in center of gravity
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position. All of the force and moment data given in References 5 and

6 were measured at the 28% ©€of the wind tunnel model. The study dis-
cussed in the main text of this report considered the c.g. to be at the
36X position in the full scale ejector wing vehicle. A correction

for this change was taken to be

M, = -0Xcg(Ly + Ly) (14)

where Axcg ig the shift in feet of the c.g. location from the 28%c point.
This dimension is positive if the shift is in the positive X direction
of the body-fixed-axis system. The aercdynamic reactions from the

nose ejector and the Jet engines at the aft end of the fuselage already

contain the correction for c.g. shift.

The total forces and moments about the vehicle c.g. are then

B
1]

(L, + L, + Lyda = (D + D, +D,) + X,

N
n

=(Ly + Ly + Ly} - (D +D, + Dy)a + Z (15)

2 2 E

M= My My My M, T My

where the Li’ Di’ Mi’ XE’ ZE’ and ME are given in the formulations
above, and where the body-fixed-axis system is lcocated at the c.g. of
the vehicle as illustrated in Figure 5. It has been assumed through-
out the above analysis that small angle approximations could be

applied to angle of attack.

A part of this overall program consists of solving for longi-
tudinal trim at a preselected trim speed V, altitude h, and pitch

angle 8. We assumed that 8 = ¢ and h = O during this transi-
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tional trim schedule for V < 150 knots. The trim equations are then

X-mgo=20
Z+mg=0 (16)
M=20

where X, Z, and M are given in Eguation 15.

2. ARERODYNAMIC DERIVATIVES FOR PERTUREBED FLIGHT
The linearized equations of longitudinal motion to describe
transient behaviour about the trimmed fiight conditions reflected in

Equation 16 are:

=

+ %
+ gb = qu kaﬁ

w -~ Vb = Zuu + wa + 266 (17)

B=Mu+Mw+HMb+MS
u W q §

where the force derivatives are divided by vehicle mass m, the pitch-
ing moment derivatives are divided by vehicle inertia Iyy’ and

the forces and moments are resolved about the stability axis. These
equaetions and relevant assumpticns are discussed in References

3 and 12. Further discussion on the implementation of these

equations is provided in Appendix II.

The X , X , X+, Z+, and Z_ derivatives have been ex-
w' gt Tw? Tw q

eluded from the force eguations. Analysis of single and tandem

rotor helicopters, 2 and 4 propeller tilt proprotor or tilt

wing V/ST0Ls, and the Bell X~22A tilt duct configuration
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indicates that these derivatives are insignificant (Reference 9).

M& has also been excluded from the pitching moment equastion because
ingsufficient experimental data exlsts to evaluate this derivative

for V/STOL configurations in general. Experimental technigues usually
measure the combined total of (Mq + Mﬁ)' Curtiss (Reference 9)
indicates that M& may be small for V/STOL vehicles and that the
measured data for the combination of (Mq + Mﬁ) reflects the Mq
contribution alone. This is the assumption we have used in this
preliminery study. These derivatives would have to be re—-evaluated

for an in-depth study.

The Xﬂd, ZGG, and M65 terms given in Equation 17 reflect
control contributions to the forces and moments exerted on the wvehicle.
These control contributions are caused by ip, VJ, A, Or VJp inputs to
the X equation, A, VJP, or iP control changes to cause & f;rce reaction
in the Z equation, and finally, TN, ip, or VJP

a pitching moment change from equilibrium. In each case cited above, §

control inputs to cause

equals the particular control varisble involved (i.e., & = VJp for an

increase in thrust to the jet engines used for propulsion).

Estimates for the relevent derivatlives used in Equation 17
for & trim pitch angle of 8 = & = O are given in Equation 18. The
formulations are obtained from differentisation of equation 15 and

other related expressions.

P
I b1 aD2 aD3 )

su T ou T u ]

X ==
u m

n

E
IR 1
i

7 -1 [32E - (3 + Ly + aLB)]
u n au du au Bu
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- 1/3%Ze _ 3L alz _ 3L3, _ (Dy + Dy + D3)
zw m[5w ( aw * aw * EW) v ]
W o=l ML, 2M2 oMy oMy aMg
u Iyy Ju 3u du au 3u (18)
Mﬁ *_Tl_ [aul + Mo + M3 + My + QME]

Yy oW 3w aw W W

M = -.10 - .0015V ; V < 250 fps

One may presume after g brief look at these derivatives
that the thrust terms were not included, but this is not true.
No attempt was made to separate the thrust effects, including inter=-
ferences, from the test deta of References 5 and 6. Therefore, Dl
reflects the sum total of forces in the drag direction for the ejector
wing system. For example, Figure 51 shows negative drag values at
each A or door angle setting except for A = 90°. This negative drag
reflects a positive thrust contribution from the jet momentum flux

exiting from the wing. In addition, XE’ ZE’ and ME reflect the thrust

effects from the jet engines situated at the aft end of the fuselage.

The sbove expressions are straightforward except for Mq.
No relimble theory exists for estimating Mq for an ejector wing
aircraft in low speed transition, and test data are nonexistent.
A mean value for several V/STOLs of the same size as the ejector
wing configuration was selected from data in Reference 3 for the
quad~-ducted propeller aircraft, 2 and h-propellered tilt wing

configurations, and single and tandem helicopters.
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The derivatives shown in the brackets of Equation 18 are

9x 9z

—E = —E = oa, v,

du 3w P -p

3zg _ 3% - g

au aw

Mg _ 7 AXg

du Byu

oM 3z

.__..E_ = "X,._...E (lg)
Iw Py w

3 -
_Ll: = erlVJa CL/aV/V;

3u

901 _ pAg, V 5Cp/aV/V
— €y 30D J
su

M i

oM - phe, V E5C, /aV/V)
u

where 3Cy/dV/Vy , 3Cp/3v/Vy, and 3C,/9V/V; are found by determining
the slopes of €1, Cp, and Cp at the trim V/V; values in Figures 49,

51, and 53.

Note that 9Xg/9d, has been included. This derivative
reflects the variation with u of thrust and normal force for the jet
engines located at the aft end of the fuselage (Figure 2). Momentum
concepts were used to obtain this contribution to the overall forces
and moments exerted on the vehiele., This derivative is normalliy
insignificant for conventional, jet-propelled configurations in

cruise st altitudes greater than 10,000 ft {Reference 16) but
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may be of significance near hover and at sea level. For com-

pleteness, the derivative BZE/BW has been included as well.

The quantities 9L,/3w and BMl/BW are found from

oL 57.3 pA 2 4
1= X vy cLa
ow v
{20)
M ~
ik Aey 42 =
. 57.3 p VJ chu

where C; and C; are given In Figures 50 and 34 at the prescribed
o ()

trim values for V/VJ. The factor 57.3 ig included because the figures
give C and C in units of deg_l.
Ly Moy

The derivatives relevant to the nose ejector system are

SLa = _ TN (3-.02780)

du Vi

-222 = TN (<1.25 + .0416)0) (21)
aL@ i GMZ _ aM'_)_ =0

W B au v

The derivatives due to the tall configuratiocn when iy = 0

are given by

3Lg 3Dy My

= = =0
du Ju au
(22)
W ow 1%
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The expressions which give the derivative contribution due

to & c.g. shift from the 28% ¢ center of gravity location are

My, 3Ly
sa = " e Fu

(23)
aMy 9L
= e AKX 1
ow c8 w

where 3L1/3u and 3L1/3w are given in Equations 19 and 20.

This completes the determination of the derivatives given in
Equation 18. Some of the sbove formulations contain the trim speed V
in the denominator. Therefore, a singulerity exists at V = 0 and trim

computations should be performed at some finite value for trim wvelocity.

3. CONTROL DERIVATIVES

Equation 17 contains terms such as Xﬁé, 266’ and Méé. These
contributions to the linearized equations of motion reflect aerodynamic
effects due to a control input to the dynamic system. For example,
control changes to the vehicle can be made by varying ip, As it’ VJP,

Vy, and T If a step input is introduced to the horizontal tail angle,

N
it say, then § = it in Equation 17. The form of the equations of motion
seems to indicate that only one control parameter can be varied at any
one time. Nevertheless, the flight path resulting from multiple control
can be deduced by means of linear superposition since the equations of

motion used are linear. There are 18 possible control derivatives for

longitudinal flight, and these are presented here.
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Control changes to the engines at the aft end of the fuse-

lage are made by varying ip or VJp.

The angle ip is the inclination

of these engines relative to the body fixed X axis, while VJp reflects

the velocity of efflux at the engine exit plane.

are as follows for 0 = o = 0:

These 6 derivatives

P

(24}

1
XVJ = E-[ZpAe-VJpcos ip - pAe V]
P P
-2
Z = — oA V in i
VJP m 4 &P JpS n p
=_R 2
X, £ v;.2sin iy
P P
=-£2 2
Z:i.' o AeVJp cos ip
P
Iyy Iyy
mZ mX.
= P -
P T
P ¥y p ¥Y p

Changes in climb rate and forward speed can be made by

pilot input to the variables A and Vj.

The quantity A is the wing

ejector door angle and Vj is the mean veloclty of efflux from the

wing ejector.

are:
1l (3D , 2D2
X = - = [ -4 __&
VI n L3v; BVJ]
1
3V Vg
1

M1, oMy | OMy
My, = —— + +
Vi T Ty vy w oy

1 3D aDo
Xy = - = +
Ao m [BA Toax :
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1 3Ll alg
2y = - 4 I +ap\]

My = Il (M1, M2, M4,
vy 9k 9A  ah

where
- p 2 .
3L1 V5CL 3L
= - YeeL o, = 57.3 phg,V; 3C1/3A
3 204¢,V; Cg, pAelav/VJ o 57.3 phe,Vy 3CL/
9D . - 8D 2
= - v H _— = + A
3 2040, V5Cy pAeAVBCD/BV/ I o 57.3p eV, 8 cD/QX
M1 - . 3My 2-
35 = 20Ae,ViECm - phe, VT, /8V/Vy § = = 57.3pA,, V723 € /aA
5Ly 2 . 9L _
_aVJ = TN(3"1-591)V/VJ Ty =Trim value ® J% 1. SQTNV/VJ T,N=T]_-j_m Value
D2 L g (1.25-2.390)V/V [T, =Trin Value; 202 = T, (.95+2.38V/Vy) ]
B_\TJ N . . J N » _a—)‘__. N . J T
Trim Value
M- o ;M2 oL
v, P
My _ . aL1 ;M4 iyes BL1
avy avy 3x EP)

The derivatives BLl/BR, ap, /3A, BLE/BR, and BDE/BA are in units of
lbs/rad,BMl/Bl and 3M2/BA are in units of ft-lbs/rad, and BEL/BK,
BGD/BX, and Bam/BA are in units of deg_l. These derivatives are
evaluated by forming cross-plots of the data given in Figures 49,

51, and 53 with V/VJ held constant at the trim value.

Pitch control is provided by the nose ejector system at
low forward flight speeds and by the horizontal tail surface during

conventional flight. The complete horizontal tall surface

134



AFFDL-TR-T2-37

can be deflected, coupled with the elevator deflection angle or the
horizontal stabilizer angle setting. This schedule is given in

Equation 8.

Thege control derivatives are as follows:

XT = "l ,E_,.I_)..z_
N m BTN
z, _ _1 2
N m BTN
O B
N T, T
Xi am —l —a-.l—).g.
t m Bit 27)
z, _ _1 &2
t m Bit
TS |
£ I 31
24 t
where
9L, 8L )
. - 1 Gl S RS A S modified/:‘
N t H
5D, 3D, ) ‘
= (-1.05+,95A\)4+(~1.25+2.30A)V/V, ; —= = .984pV°S §_ /
9Ty g7 e ¥ Byodified it/ oy
M oM
2 - AX 1 .25 .8 3¢ (3
37~ = /(- TC-E) ,51—3 = V'€ Jw * "Huogified , nlie)
N t SH(L - fXeg) 1 28
%
[
3¢ (1)
DL - 1294191 iz 0O
lt t t
aC. .
m (1it) . .
o1 -1.09 + 1.511t 1t< 0
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The quantities A and it are in radians in these expressions, TN
is the nose ejector thrust in pounds, and Axcg reflects the shift
of the center of gravity from the 28% T position in feet. This

dimension is positive if the shift is in the positive X-direction

of the body-fixed-axis system,

This completes the determination of the 18 control
derivatives for the longitudinal mode of flight of the wing
elector system. Obviously, there must be control phasing and mix
during transition as the pilot could not hendle all of these
controls simultaneously. The analysis for estsblishing this phasing

and mix was beyond the scope of this study.
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APPENDIX II

ANALYSIS OF FLIGHT TRANSIENTS

The longitudinal equations of motion as given in derivative

form in Appendix I are:

u+gh = qu + 165
w-—- V8 = Zuu + wa + 266 (29)

B=Mu+Mw+M¥bé+MS$
u W q 8

for perturbed flight about a trimmed point in tramsition.

The transfer functions needed to determine the vehicle's
responses and its control and handling characteristics can be
readily determined in regard to these equations. This includes
deriving the characteristic equations (Reference 3) which provide
an estimate for the mode damping, frequency, and other parameters.
The transfer functions of interest for the ahove eguations are: %%3},

gE:g, and EE:;’ wvhere § could represent any of the control con-

tributions discussed. These transfer functions provide an estimate
for the design of any Stability Augmentation Systems (SAS) and can be
used to generate time histories for the wehicle in perturbed flight
about & prescribed trim polint during trensition. ZExisting digital
computer programs &t WPAFB were used to find these transfer functions
and time responses at specified trim points during transition, and an
existing CALCOMP plotting routine was used to provide a graphical

representation of the responses.
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1. TRANSFER FUNCTION REPRESENTATION

A digital computer program developed by Criffin (see Ref-
erence 12) was used to obtain the transfer functions. This digital
computer program aiso computes the damping and the frequency of ihe
phugoid and short period modes., In addition, it computes pericd,
time to half and ore-tenth amplitude, ané cycles to half and one-
tenth amplitude. Inputs to the program consist of stability deriv
atives calculabed for the configuraticn under consideration. The
stability derivatives can be in dimensicnal form and the forces and
moments can be taken about the stability axis. Tais form for rep-
resenting the derivatives is adapted here. TFor completeness, a

summary of the analysis used by Griffin (Reference 12) is given now.

To solve for the characteristic equations and transfer func-
tions, the Laplace transform of each equation of moticn is taken, and

using matrix notation gives:

8 - Zu 0 g u(s) Xsﬁ(s)
- Zu g =~ Zw - &8V wis) = 265(5) {30)
2 ,
L - MU - MW s - Mq B8(s) Méﬁ(s)

The characteristic equation of motion is obtained by setting the deter-

minant of the squared matrix equal to zero or:

8 - Xu 0 o4
b o= - Z 5 - 2 -8V |= 0
u W
2
- M - M s° - qu (31)

138



AFFDL-TR-72-37

This simplifies to:

= As4 + Bs3, + C52 +Ds+E = ¢ (32)
where
A = 1
B =-X -2 -M
u W q
C = —XuZW + XuMq + Zqu - VMW (33)
D = XZM + VMX + Mg
uwWq wou u
E = ZuMug - Mung

From the matrix equation, the three basic transfer func-

tions can be derived by Cramer's rule and u{s)/5(s) becomes:

—
XG 0 g
u(s)
&(s) = 26 S—ZW -5V (34)
M -M 52 -sM
§ w

The numerator of this equation simplifies to:

3 2

NUM = As™ + B,  + c,s + D, {35)
where

Au - XG

Bu = XGZW - XGMS

Cu = Xﬁszq - deMw - Mﬁg {36)

D, = ZMg + MZg

, w(s) . . . .
The transfer function for ETE) is derived in a similar

manner:
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8 — XU. Xa g
w(s) - - Zu Z6 - sV
5(s) 2
- Mu M6 s - qu (37)
L -
A

The numerator simplifies to:

NUM = A53 + 1552 + Cs + D (38)
w w w W
where
Aw = 26
Bw = -zdixu - chMq + VM(S + zulx(S (39)
Cw = ZGXuMq - VXuM6 - ZuXGMq + Muxav
D, = -ZM& + MZzg

Note that the angle of attack transfer function

differs from the vertical velocity transfer function only by V; that

is, a = %. Therefore
als) _ 1 wu(s)
5(s) v 5(s) (40)

For the pitch angle transfer function,

- X 0 X,
g(s) = -z - Z pA (41)
5(s) u v ¢
- M - M M
u W 4
A
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The numerator simplifies to:

_ 2
NUM = A 5" + Bos + C (42)
where
Ae = M&
By =_xuM5 - IM z&“w + M X (43)
C9 = XuZwM6 - XUZSMQ + quGMw - Muxazw

2. TIME RESPONSES

After determining the transfer functions as a ratio of two
polynomisls in s, these expand in partial fractions so that inverse
Laplace transforms can be readily formed. The Heaviside Expansion
(Reference 3} has been programmed on the CDC 6600 digital computer,
end this program is used for calculaeting these partial fractions and
generating the time histories from the transfer functions. The
program was developed for the IBM TO94 in the Guidance and Control
Division (ASBEG) of the Aeronautical Systems Division, WPAFB. This

program was converted to the CDC 6600 during the course of this study.

The digital computer program can provide an analysis for
any linear system, that is, any system which can be linearly expressed
as & transfer function. There are five foreing functions which can be
used to perturb the linear system from equilibrium, a step impulse,
ramp, parabolic, and sinuscidal type input. The transfer function

cen be expressed in either of three formats: polynomial (unfactored),
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bode (with factors, Ks+l), and root locus {with factors, s+K).

In this study, the polynomial form was used. A CALCOMP or plotting sub-
routine is available at the user's opticon to display the output graphic-
ally. The 1Input to the digital computer time response program along
with its various options is listed below. A listing of the digital com-~

puter program for the CDC 6600 is also included for completeness.

3. HEAVISIDE DIGITAL COMPUTER PROGRAM

This section is provided as an aid to the user of the digital
computer program reflecting the perturbed flight time history analysis
presented above. The program was prepared for use on the CDC 6600
computer at WPAFB, A discussion of the input to the program and the
listings for the program itself are provided here. The format of
presentation is concise. It Is recommended that the appropriate CDC
6600 manuals be consulted for an understanding of the FORMAT statements.
The input preparation is as follows:

CARDS (1) and (2) FORMAT (5A6)

1. CMT - Up to 30 spaces per card may be utilized for comment.

CARD (3) FORMAT (412)

1. NUMBER

The number of cases to be considered (must be < 10)

2. ICOPT1

01 Data is in polynomial form

02 Root locus form

03 Bode form

3. IOPT2 - 01 Step input

1

02 Impulse input

03 Ramp input
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04 Parabolic input

05 Sinusoidal input

4. IOPT3 — 01 Put all pleots on the same graph
~ 00 Put each plot on a separate graph
CARD (4) FORMAT (5A6, 3F10.0)

1. CMT - Lable of ordinate (Example: PITCH ANGLE-RADIANS). The
lable of the abscissa is taken automatically as time in
seconds.

2. BSIZEX - Length of abscissa

3. SIZEY - Length of ordinate (must be < 10 inches)

4. TIME - Maximum time (seconds) to be considered for the system

response
CARD (5) FORMAT (3F10.0)

Omit this card unless 10PT2 - 05

1, A - Amplitude of sinuscidal input A sin (wt + ¢)

2. w - Frequency {radians/second)

3. ¢ - Phase (radians)

CARD (6) FORMAT (4A6)
1. CMT - Comment to distinguish cases considered if IOPT3 = Q0.
If TOPT3 = 01 make this comment general.
CARD (7)
1. If IOPT1 - 0l Go to Polynomial Input

02 Go to Root Locus Input

03 Go to Bode Input
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POLYNOMIAL INPUT

General Form of Polynomial:
n n-1
s + ans +...+a8+a

2 1
g® + b sm_l +...+b.s +b

TF = K .

CARD (7) FORMAT (1F10.0,2I2)

1. X - Gain of the system
2, n - Order of numerator
3. m - Order of denominator

CARD (8) FORMAT (8E10.0)

l. a

i Coefficients of numerator in sequential order of a

i
where {1 = n, n-1, . . . 2, 1. Delete this card if
n is equal to zero.

CARD (9) FORMAT (8E10.0)

1. b, - Coefficients of demominator in sequential order of b

3

where § = m, m-1, . . . 2, 1.

i

Repeat cards (6) through (9) until all cases are read in.

BODE INPUT

General form of Bode Transfer Functionm:
sp(a s+1) (a,s+1){(a sz+a s+1) (a sz+a s+1)
1 o i i+l i+2 R T e !

'(bls+l) . . . (bjs+l) e . (b sz4bms+l)

TF = K

m—1

CARD (7) FORMAT (1F10.0,5I2)

1. K - Gain of transfer function
2. n - Order of numerator

3. i - Number of linear terms of numerator
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4, m - Order of denominator

5. j - Number of linear terms of denominator

6. P - Order of the free s and {ts associated sign. (NOTE: At
present the program will not handle data in bode form if
P is greater than zero.)

CARD (B) FORMAT (8F10.0)

1. a

" Coefficients of numerator in sequential order of a

i
where 1 = 1, 2, . . ., n. Delete this card if n is
equal to zero.

CARD (9) FORMAT (8F10.0)

1. b, - Coefficients of denominator in sequential order of b

J 3

where §j =1, 2, . . ., m,

Repeat cards (6) through (9) until all cases are read in.

For input to a general form of a root locus transfer function

such as

2
e o = (s +an_

. T2
. .. (s +bm-

1) . (sz+a
j) » (s%tb

the following cards are prepared.

(s+al) « . . . * (sta
(s+bl) N T )

sta )
n
s+bm)

14151 344p)
§+15%0440)

1
1

IF = K .

CARD (7) FORMAT (1F10.0,412)

l. K Gain of transfer function

2. n Order of numerator
3. 1 - Number of linear terms of numerator

Order of denominator

F
2
'

Number of linear terms of denominator

w
.

LS
!
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CARD (8) FORMAT (8F10.0)

1. a, - Coefficients of numerator in sequential order of a

i 1

where 1 =1, 2, . .+ ., n. Delete this card 1f n is
equal to zero.

CARD (9) FORMAT (8F10.0)

1. b, ~ Coefficients of denominator in sequential order of b

1 3

where j =1, 2, . . ., m.
Repeat cards (6) through (9) until all cases are read in.

The listings are now given.
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" PROGRAM MAINC{INPUT,0UTPUT,PLOT,TAPES=INPUT,TAPESG=0UTPUT)

DOUALE PRECISION COE(21},RO0TR(20),RO0TI (20}
DIMENSION X(2),Y(20),STORE(603),2(2D)

COMPLEX A(43,2),5yZPROD, BPROD,NUM

COMPLEX GP,GF,FP,DIPROD

COMPLEX TR,ITEMP,IHOLD

COMPLEX B(2G,2)

COMMON/MHEA/ Ay IOPTL,ZERO(22) ,0ENO (22} yML4NIL 4H14M1L, TFKyCOEFL122) 4
1ANGI22) 4J0G,R{22) ,ROTR(2) ,KOTI(2)

COMMON/ZADZ JIJ,IIP,IPI,IPIP, IPPI,IPPIA, A KB, KC KD KTy KF KB KHyKI
COMMON/ OUT T2 /KL yNUMBERS1ZEX,SIZEY,TIME,CHT1{5) ,CMT2{5),CMT3(S),

L 1CMTL(5) ,TOPT2,I0PT3,0MEGA,PHI  AMPL

109

101

142
1d

REA

OO0

103

B

c

READIG, 1003 (CHT1(I),I=1,5)
READ(S,108) (CMT2(I)1,1=1,5)
FORMAT(5AB,3F10,0)
READ{G,101) NUMBER, 10PTL, IGPTZ,10PT3
FORMAT (4I2)

READ(S,103) (CMI3(I),I=1,5),SIZEX,SIZEY,TIME
IF{I0PT2.NE.U5BY GO TO 10
READ(S,102) AMPL,OMEGA,PHI
FORMAT{BELD,0)

OC 90 K=1, NUMPER
READ(S, 105) {CMT4LI) y1=1,5)

KizkK | . .
IF(IDPT1.NE.D1) GO TO 15

CING DATA WhHEN IT IS IN POLYNOMIAL FORM

READ(S, 103 TFK N1,y ML
FORMAT(1F1G.0,512)

NiL=0

M1L=0

p=g

IF(IOFT2.NEL.O05) GO TO 18
IFIPHILEUW0.) TFK=TFK¥AMPL*OMEGA

_IF(PHI.NE.O.) TFK=TFK*AMPL*SIN(PHI}

IF(NL.EQ, D) GO TG 440
READ(S,102) (ZEROCT)Y yI=1,N1}
READ{S,102) (CENO (L), I=1,M1)
IF{PHI.EQ. 0.} GO TO 61
IF{PHI.NE.Os) 50 TO 5O

C READING OATA WHEN IT IS IN ROOT LOCUS FORM

C
15

83

IF(IOPT1.NE.02) GO TO 25
READ{S,10U3) TFK,NL,NLLyM1,M1L

p=g

IF(IDPTZ.NE.0S) GO TO 18 o
IF(PHILEG.Ga) TFK=TFK*AMPL*OMEGA
IF({PHI.NE. D) TFKSTFK*AMPLE*SIN(PHID)
ITFIPHILNE.D.} GO TO 83
IF(PHILEQ.0.) GO TO 84

ZERD (1) =CMEGA*COS (PHIIZ/SIN(PHI)

CN1E =N #1

M1=N1+1
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IF(N1.EQ.1) GO TO 81
READ(S,202) (ZEROD (I} 4 I=2,N1)
60 TO 41
84 IF(N1.:0.u) GO TO 81
READ(5,10G2) tZERD(I) ,I=1,N1)
81 READ(5,10U2) (DENG(I),I=1,HM1)
M1=M1+2
DENOIML+1) =00
DENO(M1+2) =OMEGA®*2
GO TG 75

c
C READING DATA AHEN IT IS IN BODE FORM
G

25 RFAD(5,103) TFK,NigN1L,M1,HiL,P
IF(IOFT2,NE. 05} GO TO 18
IF(PHT.EG. 0.3 TFK=TFK*AMPL/OMEGA
IF(PHI.NE,G.) TFK=TFK*AMPL*COS (PHI) /OKEGA
IF{PHI.NE.Q.) GO TO 88
[F(PHI,E0.0.) GO TO 87

48 ZERO{1)=SIN(PHI)/(OMGEA*COS{PHI))
N1L=N1L+1
Nl=Nl+1
IF{NL.EQ. 1) GO TO 82
READ(5,102) (ZERO(I) ,122,N1)

GG TO a2

87 IF(N1.EQ.0) GO TO 82
READ(S,102) (ZERO{I) ,I=1,N1)

82 READ(5,102) (DENOCI) ;I=1,M1)
Mi=M1+2
DENO(M1+1) =1, 0/CMEGA**2
DENO(ML42) =040
GO TQ 75

18 IF(N1.E0.0) GO TO 39

20 READ(S,102) (ZERD(I) yI=1,N1)

30 READ{5,102) (DENO(I} ,I=1,M1)

34 IF(IOPT2.EQ0.01) GO TO 35
1F¢I0PT2.£4.02) GO TO 75
IF(IDPT2,EQ. 03} GO TO 40
IF(IOPT2.EQ.04) GO TO 45
IF{IOFT2.EQ.05.ANU.IOPTL.EQ.01) GO TO S0

35 MizMi+l

GO TO 75

4O Mi=ML+2
60 TG 75

45 M1=M1+3
GO TO 75

50 X(1)=0OMEGA*COS{PHI)/SIN(PHI}

S Xt2)=1.0
N2=N1
DO 55 I=1,N2
Y{I)=ZERO(NL)
N1=N1-1

55 CONTINUE

. N2=Ng+i

YiN2)=1.0
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7 CALL PMPY(Z,1DIMZ,X,2,Y,N2)

.63 _CONTINUE

T T END

N2=IDIMZ~1

DO 60 I=1,N2
IDIMZ=1DIMZ-1
ZERQUIN)=Z{IDINZ)

Ni=N2

61 CONTINUE

X{1)=DMEGA**2
X{2)=0.0
X(3)=1.90
MesML .
D0 &5 T=1,M2
Y{I)=DENO(H1)
M1=M1-1

6% CONTINUE

MZ=MZ+1

__._Y{M2I=1.%

CALL PMPY(Z,IDIMZ,4X43,Y,H2)
M2=IDIMZ-1

00 70 I=1,M2

INIMZ=IDIMZ-1
DEMQ(I)=Z(IDIMZ)

70 GONTINUE

M1=M2

75 CALL HEAVY

CALL OUTPUT
CALL OUTPTZ2

90 CONTINUE

sTOP
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3001

B15 FORMAT(1HU,5 (3H**¥,3X),11HND MULT RTS)

'SUBROUTINE HEAVY

DOUBLE PRECISION COE(21) 4ROOTR(20),RO0TI{20}
DIMENSION NG(10),0010),0I0103,I0C400,JG(1D)
OIMENSION NF(L10),F{(20,10),I0U(10)
COMPLEX A(4D,2)45,ZPR0OD,DPROD,OUN

COMPLEX GP,GF4FP,01PROD
COMPLEX TR,ITEMP,IHOLO
COMPLEX B(20,2)

COMMON/HEA/ A, IOPT1,ZERD{22),0ENG(22) ,N14N1L M1 ,M1L,TFK,COEF(22),

LANGL22) yJOG,R{22),ROTR{2},ROTI(2)

CCMMOH/ADY JIJ,I1P, IPI,IPIP,IPPI,IPPIAyKA KB, KC KDy KE KF sKGyKH,KI

FORMAT(BF10.5)

401 FORMAT(LIHI,7OH¥*F#+ 4 ARNING#***¥*TERMS MAY BE OMITTED IN THE EXPANSI

C WHEN JOPT = 1,POLY/=2,R00T LOCUS/=3,B00E

10N BELOWFF R ¥esrs¥a)

NZ=N1

O NZL=N1bL

1010

17

G POL
c S
1
55

S8

5t

NP=M1

NPL=M1L

AKK=TFK
ICPT=I0PTY

00 101Jd MN=1,10
A(MN,2)=(D.D,U.{))
CONTINUE

DO 17 MS=1,10
NF{MSI=0

NG(MS)=8

JGIM5)=1

I0(MS)=D

IQU (HMS) =¢

IIP=4

IPI=0

IPIP=0

IFPI=0

IPPIA=Q

JAY=(

MpPS=p

MPI=0

NPB=C

NZE=0

 Mup=0

JOG=C

GO TC (1,24,3),I0PT
YNOMIAL FORM
OLVING AND LOADING ZERQS
IF{NZIIS55,54,56
COF(1)=0BLE(L.0)
00 50 I=14NZ
COE(I+1)=DBLECZERDIIN)
CONTINUE

CALL DHMULR(COE,NZ,RODTR,RO0TI}

D0 51 I=1,NZ

A{I,1)=CMPLX(=-SNGL{ROOTR(I)}),-SNGL{ROOTI(I)})

CONTINUE
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€ SOLVING AND LDADING POLES
54 COE{1)=DELE(1.0)
0C 52 I=1,nNP
COE(I+1)=0BLE(DENO(IN)
52 CONTINUE
C GALL OMULR (COE yNPyROGTR,ROOTI}
00 53 I=1,KP
A{I,2)=CMPLX (~SNGL(ROGTR{I)),=SNGL{ROOTICI)))
SRINT 3001, COECI),RO0TR(I),RODTI(I}
53 GONTINUE
C  THE POLES AND 7EROS ARE NOW LOADED
, GO To 28 ,
C ROOT LOGUS FORM-LOADING COEFS INTO ARRAY
C  LCADING LINEAR ZEROS
2 NZG={NZ-NZL)/2
NPO=(NF=NPL) /2
IFINZLY 20420,21
21 DO & I=14NZL
BT L }=CHMPLX (ZEROIT), 0400
4 CONTINUE
€ FACTORING AND LCAODING QUAORADIC ZEROS
20 IF(NZC) 22,22,23
23 II=NZL + 1
NN=NZ =1
DG 6 I=ITyNNy2
COE(1)=1.0
COE(2)Y=ZERQII]
GOE ()= ZERQ(I+1)
GALL DMULR(COE,2,RO0TR,RO0TE)
00 6 J=1,2
K=I+J
A{K-151)=CHMPLX{-SNGL{ROGTR(JI}4~SNGL (ROQTI(JI})
& CONTINYE
C  LUADING LINEAR POLES
22 IF(NPL) £4,24,25
25 DO 5 L=1,NPL
A(I,2)=CMPLX (DENQ(I) 4040}
5 CONTINUE
¢  FAGTORING ANO LDADING GUADRADIC POLES
24 IF(NPQ) 26,26,27
26 IF{NPL) 29,29,28
27 II=NPL+1
NN=NP =1
90 8 I=IIyNN,2
COE(LI=1.,D
COE(2)=DENCIL)
GOE(3)=DENQ(I+1)
CALL DMULR(COE,2,RO0TR,RO0TI)
30 8 uz1,2
K=I+d
A(K-1,21=CHPLX(~SNGL(RODTR{J)),=SNGLIROOTI{JI )]}
3 CONTINUE
G0 TO 24
C B0DE FORM
€  FORMING AND LOADING LINEAR ZEROS
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1

1018

1013

1020
72

NZG=(NI=NZL) /2

NFEG={NP=-NPL) /2
IFINZLI 70, 78,71

DO 72 I=1,NIL

IF(ZERO(I) +EQ+0.0) GO TO 1018
ZERO(IN=1,0/ZERO(I) _
A{I41)=CMPLX{ZERD(I) 400}

G0 TO 1019

ACI 1) =CMPLX(GaT,y 000
IF(ZERO(I} EQ.D.0) GO TO 1020
AKK=AKK/ZEROCT)

GG YO 72

AKK=AKK

CONTINUE

C FORMING AND LOADING QUADRADIC ZEROS

(4]
T

75

IFINZIN 73,573,474

ITI=NZL+1

NN=NZ=1

o0 7% I=11 s NN 2

CCE(1)=1.0
COEL2)Y=2ERD(I+1)/ZEROI(T)
CEE(3)=1.0/ZERCL])
AKK=AKK*ZERD (I}

CALL DMULRI{COE,2,RO0TR,RO0FI)
DD 75 Jd=i1,2

K=E+J
AtK=141)=CHPLX(=SNGL{ROOTR(J) ) ,=SNGL (ROGTILI)))
CONTINUE

c FORMING AND LOADING LINEAR POLES

73
rr

ip12

10613

1011
73

IF(NPLYT6, 76,77
00 78 I=1,NPL
IF{DENO (I} +EQ.D40) GO TO 1012
DENOCI) =1, 0/DFENO LI)
A(I,2)=CMPLX (DENO(I),0.0)

60 TO 1043
ACI,2)=CMPLX104G,0.0)
IF(DENO(I) JEQ.0.0) GO TO 1811
AKK=AKK*DENO (I}

GO TO 78

AKK=AKK

CONTINUE

c FORMING AND LODADING QUADRADIC POLES

76
79
a0

IF(NPC) 79, 79,80

IF(NPL)Y 29,29,28

IT=NPL41

NNz NP -1

DO 81 I=II,NN,2
CCEt1)=1,0
COE(2)=DEND(I+1) /DEND(I)
COE(3)=1,0/0ENG(L}
AKK=AKK/DENO (I}

CALL DMULR{COE,2,RO0TR,RO0TT}
DC 81 J=1,2

K=I+d

A{K=1,2)=CHPLX(=SNGL (RGOTR{J}),=SNGL {ROOTI(J))}
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81 CONTINUE
C CHECK FOR MULTIPLE ROOTS
28 IF (NZ.EQ.NP) GO TO 4D0
~ IF {NZ.GT.NP) GO TO 400
30 KK=NP=1

00 100 J=K,NP
IF{REALC(A(I,;2))NE.J0.0.AND.REAL(A{J,2)) NE,O.G) GO YO 200
IF(REALCA(TI 2)) +EQu0.G.ANDLREAL(ACJS,2))+EQeB.0) GO TO 103
GO TO 110
200 Xi1=REAL (ALI,2))
X2=REAL(A{J,2))
) C IF(AUS{X1-%2).6T.. 0001 GO TO 110
103 IF(ALMAGCAC(I2)) oNEADWOsANDLAIMAGI(A(J;32)) «NELG.D) GO TO 765
IF(AIMAGIA(T12)) EQ. 0.0, AND.AIMAGLACI2))EQ.0.3) GO TO 101
GO TO 110
} 765 YASAIMAGCA(IL,2)Y
Y2=AIMAGIA{J,2))
IF(ARS(Y1-Y2) GT..0001) GO 7O 110
101 J0G=1
119 CONTINUE
100 CONTINUE
e IF(JOGL.EQ.1) GO TO 500
C DOUBLING THE ARRAY OF POLES
DO 10 I={,NP
HRITE(64815)
K=I+NP
AlKy2)=A{I,2)
- 10 CONTINUE . TR
C COMPUTING THE COEFICIENTS
00 11 I=1,nP
==A(I r 2)
c COMPUTING NUMERATOR
ZPROD=(14040.0)
. IFINZYS0,91,90
90 D0 12 I2=14NK2Z
ZPROU=ZPROD*IS+A(I2,1))
12 CONTINUE
c COMPUTING CENOMINATOR
21 OPROD = (1.0,0.0)
NPI=I+NP-1
NPS=I+1
00 13 IP=NPSyNPI
DPROD=DFROD¥{S+A(IP,2})
13 CONTINUE
H TAKING GUOTIENT
DUM=ZFROD/DFROD L
COEF(IV=AKK*SORT {REAL (DUM)*REAL (DUM) +ATMAG (DUMI *ATHMAG{DUN))
c GOMPUTING ANGLE
ANGE(I)=(ATANZ(AIMAG{DUM) 4REAL {OUM)) ) *57,.3
11 CONTINUE
23 RLTURN
C MULTIPLE ROGCT CALCULATION
500 JR=8
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854
52

B55

"BS53

450

B73

397

891

869

305

3ar

s AISs2)=A0IT,2)

LI=NP2T

APRANGE SIMILAR MULTIPLE ROOTS TOGETHER
DC 850 IR=1,LI

IS=IR+1

I1=15

IF (ABS(REAL(A(IR,2})-REAL(ALIT,2)))4LT.0,001.AND.ABS(AIMAG(ALIR,2)
1) =AIMAG(ACIT,2)1) LT 0.001) GO TO 851
IF{IT.EQ.NP) GO TO 850

IT=IT+1

60 TO 852

IF(IT.EQ.IS) GO TO 875

GO TO 855

IF(IT.EQG.NP) GO TO 850

GO TO 853

ITEMP=A(IS,2)

A(IS,2)=A(IT,2)

ALIT,2) =ITENP

IS=1S+1

GO TO B54

GCONTINUE

PLACE MULTIPLE ROOTS BEFORE ALL SINGULAR ROOTS
00 869 MR=1,4

k=1 . , - .
TFCABS(REAL(A{IB,2)) =REAL{ACIB*1,2)))«LTa0.001.ANU.ABSC(AIMAG(A IS,
221)1-AIMAG(AL{IB*1,2))).LT.0.804) GO TO 890
IF(ISOLO.EQ.10) GO TO 891

THOLB=A (IB,2)

ACIBy2) =A{IB+1,2)

R{IB+1,2)=IHOLD

60 To 891

IF{IB.EQ.NP) GO TO 869

19=16+1

180L0=10

G0 To 879

[F{IBLEQ.LI} GO TO 869

I8=18+1

I8OLD=0

GO TO 879

CONTINUE

COUNT SINGULAR ROOTS(JR)

ICOLD=0

Iu=1
IF(ABS(REAL(A{IJ2))-REAL{ACIJ#142)3) o LT.0.001.AND.ABSCATMAG (A(IY,
3211 ~AIMAG(A(IJ+1,2)))LT,0,06G1} GO TO 310
IF(ICOLD.EQ.10) GO TO 307

JR=UR+L

GC TO 307

IF(IJ.EG.NP=1) GO TO 317

TJ=1J+1

ICOLD=10

GC TO 365

IF(IJ.EQ.NP=1) 6O TO 318

TJ=TJ+1

ICOLD=0
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GO TD 305
318 JE=JR+}
317 GONTINUE

c COUNT MULTIPLE ROOTS(JIJ)
I1F=1
o _ JTJ=NP-JR
LJ=Jlu-1
c CCUNT FIRST GROUP OF MULTIPLE ROOTS(IIP)

AC 90C TJd=1,Ld
IF(ABSIREAL(A(TIJY2)) -REALTA(TIJI+1,42) 1) 4LT 04001 ANDARS(ATIMAG(A(T
Gy 2y =AIMAGIACIJIYL,2))).LT. 0,001 GO TO 905
GO TO Qu7?
316 TIP=IIP+1
300 CONTINUE
997 JIJP=JIJ-IIP
IF(JIJP) 925,925,911
911 I#I=1
B Li=TdJ+i
G COUNT SECOND GROUP OF MULTIPLE ROOTS(IPI}
00 3816 JT=LL,LJ
TFCABSIREAL(ACUT 4 2) ) =REALTAGJIT+#1432)) ) eLT.0.001.,AND.ABSL{ATMAGLALIT,
S2Y)=ATHMAGUALJT+1,2))).LT.0,001) GO TO 909
GO TO 317
949 IPI=IPI+}
310 CONTINUE
917 JS=JIJP-IPI
IFCJS)Y 925,825,921
921 IPIP=1
LK=JT+1
c . COUNT THIRG GROUP OF MULTIPLE RODTS(IPIP)
D0 920 JI=LK.LJ
IF{ABS{(REAL(A(JTI, 2V )-REALCALII+142)) ) 4LT0.001,AND,ABS{AIMAG(ALI],
B2Y)-ATMAGL{A(JUI+142)3).LT.8.001) GO TO 919
GO TG 927
913 IFIP=IPIP+1
920 GONTINUE _
827 JSI=JS-IPIP
IF(JSI) 925,925,931
93Z1 IPPI=1
LM=gl+1
C COUNT FOURTH GROUP OF MULTIPLE ROOQOTS(IPPI)
J0G 830 JA=LM,LJ
IFIARS{REALIALJA,2) }-REAL{ATJA+142))),LT0,001.AND.ABSCATIMAGLACJA,
f2)y=-AIMAGCALJA+L,2))).LT,0.0G1) GO TQO 929
GO YO 937
323 IPPI=IPPT+1
930 CONTINUE
937 JSIA=JSI-IPPI
IFC(JSIA) 925,925,941
941 [FPIA=1
LN=JA+L
C COUNT FIFTH GROUP OF MULTIPLE ROOTS(IPPILA)
00 940 JB=LN,LJ
 IF(ABSU(REAL{A(UB,2))~REAL(A(JIB+1,2))) LT 0.00L.AND.ABSCAIMAGCAL{ID,
82))=ATIMAGIA(JUB+1,2))) .,LT.0.001) GO FO 939
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GQ TOo 325
933 IPPIA=IPPLA+1
40 CONTIMUE
925 I=1
IF{IOPT.EQ.1) GO TO &20
CALL MULTI(A,ZERO,DENQ,NZ4NP)
420 CONTINUE
c OCUBLE POLE ARRAY
DC 45 K1=1,NP
=K 1+NP
AlK,2)=A(K1,2)
45 CONTINUE
193 §==-4(T,;2}
ZPROD=‘100,003’
C NON-REPEATED ROOT NUMERATOR SOLUTION
IF{NZ)BUsB1yhD
Ba 00 3% 12=1,4NZ
ZFROD=ZPRIOC* (S+A(I2,1))
35 GCONTINUE
C SET MULTIPLE ROOT VALUES
Bl KA=IIP
KB=IIF+IPI
KC=1IF+IPI+IPIP
KD=JTJ=IPPIA
KE=JIJ
KF=2+11P
KG=2+1IP+IPI
KH=2+IIP+IPI+IPIP
KI=2+IIP+IPI+IPIP+IPPI
IF{I.GE.2.ANO.KALGELI)Y 60 TO 170
IF(].GE.KF .AND.,KB.,GE.I) 50 TO 171
IF(I.GE.KG+ANDWKC.GELI} GO TO 172
IF(TI.CE«KHJAND.KO.GEL.I) GO TD 173
IF(I.GE+KI+ANDKELGE.I) GO TO 174
JAY=1IP
CIF(L.GT.IIP) JAY=IPIL
IF(I.GT.KB3}Y JAY=IPIP
IF({I.GT.,KC) JAY=IPPI
IF{I.6T.KNY JAY=IPPIA
IF(I.LT.JIJ) GO TO 915
MPS=MPS+1
MPI=NP+I-1
GO TO 150
315 MPS=I+JAY
MPI=NP+][=-1
150 DPROD={1.0,0.0)
Filsl)=2%.0
F(1,2)=1,0
Fii,8Y=1,1
c SETTING INITIAL DENOMINATOR COEFFICIENT AND POWER
DO 801 IG=1i4NP
FLIG+1,2)=0ENQ(IG)
NG{IG)=NP+1~1IG
. L ELIGH1,8)=F(IGe1,2)
601 JGIIG}=RG(IG)
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_.6po

130

170

D0 600 IV=1,NZ
FLIV+1,1)=ZEROLIV)
NFCIVI=NZ+1-1V
MUD=D

NON<REPEATED ROOT DENOMINATOR SOLUTION

D0 130 IP=MPS,MPI
DPROD=DPROD* (S+A(IP,2))
CONTINUE
DUM=ZPROD/OPROD

GO0 TO 138
MUD=HUD+1

171

172

JIG=1

GO TO 55¢C

MUD=MUD+1
JIG=2

GO TO 550
MUD=MUD+1

SETTING INITIAL NUMERATOR COEFFICIENT AND POWER

173

5510

650

657

bu7

374 HMUD=MUOHL

D0 850 NI=1,NYT_

_.649.

JIG=3
GC TO 550
MUD=MUD +1
JIG=4
GG TO 550

JIG=5

IFINZ.LT,.2) GO TO 654
FP=(‘1.U,O- 0}
IF(MUD,GT. 1}
NT=NZ-1

GO TO BGY

Z=FLDAT (NF (NI))
FP=(FINIy1)*¥Z)*(S*¥ (NF{(NI)-1))+FP
OINI)=F(NE,1)*Z
TQU(NI}=NF{NI) -1
Z=FLOAT {NF (NZ))
EP=(FANZ,LI®Z)4FP
DENZY=F (NZ,1)

IO(NZY=%

GO TQ bBSH

IJJJ=T0 (1) +1

DO 1117 IVV=1,10

—- 1117 FUIVV,53=0,

IRT=C

IRS=0
IITI=JG{1}+1
ING=NF {1} +)
IGN=ICU L) +1
IRS=IRS+1

IT=0
IF(IRS.GTL.IIID)
IT=IT+1
IF(IT.GTLIJJJY GO TO 643
LP=IRS+IT-1

GO TO 653

DOT=(D{ITI*F(IRS,8) }+F{LR,5)

FI{LRy%) =007
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GO TO b47

653 IRT=IRT+1
ITT=0
IF{IRT.GT4IGN) GO TO 651

6552 ITT=ITT+1
IFLITT.GT,ING) GO 7O 653
LPT=IRT+ITT-1
OO0T=F{LPT,S)~-{FLITT41)*DI(IRT))}
FILPT,45)=007
GO TG AG2Z

b51 NUR=JG{1}+I0(1)

. I2=NUR
I3=I¢2+1
00 1114 JTOP=1,13
1114 D(IOPI=F(IOP,5)

ZPROD=(0.0,0.0)
DO 1115 I0GG=1,I2
.. JO4I0GG)=NUR-TIOGG+L
1115 ZPROD=D(IOGH) F(S**I0(I0QGG))) +ZPROD
ZPROD=ZPROD+D{IN
LAMP=IZ2~-1
FP={G.0,0.0}
D0 1116 I1IGG=1,LAMP
Z=FLOAT(I0(IIGGL)
FP=(D(IIGRI*Z)*(S**(IO(IIGGI=1})) +FP
C(IIGGY=D(IIGG)*Z
1116 IQ{IIGG)=TIO(IIGGYI~1
FP=FP4D{I2)
Iatizi=o
DIPROD=OPROD
GP=2,0%GP
GO 10 1237
Bb54 FP-‘-(l-U,D-D)
66o FP=FP
2000 GO TO (350,351,352,353,354),J1I6
350 L=1IP
GO To 1500
351 L=IPI
GD TO 154d0
352 L=IPIP
GO TOQ 1564
353 L=1IFPI I
GO TO 1500
a4 L=IPRIA
1500 DO 1501 IGG=1,L
FeLly4)=1.0
V=REAL (S)
[BA=NP=-1IG5
DC 2787 INN=1,I8A
FOINNGB)=F (INN#1,8) + (F{INNsG}*Y)
FOINN+L,4) =F (INN, B}
2787 JGUINNI=JG{INN) =1
IGV=IBA+1

, 60 2797 1X=1,16v

2797 FAIX,R)=F(IX i)
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COoOoM

1551

1234

13%

40
2990
Wiy

THE

CBLCIAAI=FIIBA,8) *RS

JGUIGVY)Y =
CONTINUE
GF=(l+dy0is0}
NIX=TEA+1
OIPHROD=(0.0+0.0)}

00 1234 IBAT=1,1IB4A

DIPROD={F{IBAT,8}*(S**(JSIIBAT))))+DIPROD
JIPROD=F(NIX,8) +0IPROD

IGUE=IpA-1

IF{I5Uc.LT.1} GO TO 1236

a0 1235 IBAD=1,IGUE

RS=FLGAT (JG{IRAD))

GP= (F(IBAD,B8) *RS)*(S**(JG(IBAD) ~1)) +GP
DICIRADI=F (IRAD, 8)*RS

IOU{IBAD)=JG (I3AD) =1

RS=FLOAT(JG(IBAY)

GF=(F (IPA,8) #RS) +GP

ICU(IBA)=]

OFROD=0DIFROD*DIPROD

IF(MUD.EQ.1) OPROG=1. *0PROD

IF(MUG.£Q.2) DPROD=2. *0OPROD

IF(MUD.EQ.3) OPROD=6, *0PROD

IF(MUD.EG«4) DPROD=24.%0PROD
QUM=(FP*DIPROG~ZPROD*GP) /OPROD
COEF(I)=AKK*SQRT{REAL (DUMI*REAL (DUM) +AIMAG (DUMI *ATIMAG (DUM} )
ANG(IY=(ATANZ (ATMAGIQOUM) 4REAL [DUMY)) #57.,3
IF{LI.EQ.NP) GO TO &40

I=I+2

GO TO 190

CONTINUE

RETURN

WRITE (G,401)

GO TQ 3¢

SUBROUTINE IS FINISHECD

FOR NOe OF PDLES = I,

ACL,2) CONTAINS THL ROOT LOCATIONS IN THE FORM (S + A(I,2))

COEF{I) GUNTAINS THE MAGNITUDE OF THE (I)JTH ROOT COEFICIENT

ANG(I) CONTAINS THE ANGLE(DEG) OF THE (I})TH ROOT COEFIGCIENT

G{J;1y CONTAINS THE ZERO LOCATIONS IN THE FORM (S + A(J,1))
END
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SURROUTINE OMULR (COEsN14RO0TR,ROOTI}
c
c

CEERFEE TSI RS L I I E L RS R R RSP R Y P R R XS IS S RS TR RS RS S X L 2

FOLYNOMIAL RQOT FINDER SUBROUTINE sass

ITERPATIVE METHOD FOR POLYNOMIAL EQUATIONS aees

THIS METHOD APPROXIMATES THE FUNCTION F(Z) BY A QUADRATIC
WHICH MAY ,IN GENERAL, HAVE COMPLEX COEFFICIENTS AND DOES NOT
REQUIRE A KNOWLEDGE OF THE DERIVATIVE OF F(Z) THOUGH
THE FUNCTION F(Z) MUST DE EVALUATED ONCE PER ITERATION ...

THIS SUBRCUTINE FINDS REAL AND COMPLEX ROOTS OF A POLYNOMIAL
WITH REAL COEFFICIENTS «sos

USE OF MULLER SUBROUTINE +4s.

1. CALL DMULR (COE,N1,ROO0TR,RO0TI) sases

2. COL IS THE TAG OF THE ARRAY OF COEFFICIENTS.
THE COEFFICIENTS MUST BE ORDERED FROM HIGHEST DEGREE
TO LOWEST DEGREE .

3« M1 IS DEGREE OF THE POLYNOMIAL . o

4, ROOTR IS THE TAG OF THE ARRAY WHERE THE REAL PARTS
OF THE COMPLEX ROOTS ARE STORED .

S, kOOTI IS THE TAG OF THE ARRAY WHERE THE IHAGINARY
PARTS OF THE COMPLEX ROOTS ARE STORED wevs

CALL ARITHMETIC IS IN THE COMPLEX MODE aase S
THEREFORE UNDER=-FLOW IS NORMAL FOR REAL ROOTS uaes

MULTIPLE RUOTS DECREASES ACCURACY OF THIS SUBROUTINE .
WHEMN MULTIPLICITY IS FOUR THE ACCURACY DECREASES TO
A30UT TWO PLACES sees

'DEGREE SQUARED DIVIDED BY THENTY seus
FOR DEGREE ELEVEN IT TAKES SIX SECONDS sese

LIRS S RS LR TR S R T RS EE LSS R AL E R R R R RS S SR R RSB RS S X R RS RS S R TR AR Y

O00O000cO0O0O0O000000000000C0O00O0000000G0000000

DOUBLE PRECISION ROOTR,ROOTI,AXR,AXI,ALPLR,ALP1I,TENM

DOURLE PRECISION BET1R,BEVLIHALP2R,ALP2I,B8ET2R,8ET2I

DOUBLE PRECISION TEMR, TEMI,ALP3IR,ALP3I,BET3IR,BET3I

DOUBLE PRECISION ALP4R,ALPLT,TEM1,TEM2,HELL,BELL

ODUBLE PRECISION TEL1,TEZ2,TE3,TEL,TES,TEG,TE7,TES,TEY,TELD
00UBLE PRECISION TE11,TE12,TEL3,TELL,TELS,TEL6,0EL15,0E16,C0E

OIMENSION COE(1),RO0OTR{1),RO0TI{(1}

TNE=NL+L
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NL=10
I=N1+#1
13 IF(COE(TII)IQ, 7,9
7 NU=N4+1
ROOTR(N&4)=0.0DD
_ROOTI(NG)=0.000
I=1-1
IF(N4=-N1)19,37,109
9 CONTINUE
C
10 AXR=0.,8040
AXI=0,900
L=1
N3=1
ALPiR=AXR
ALPLI=AXI
M=
.60 10 99

11 BET1R=TEMR
BET1I=TEMI
AXR=0,8500
ALPZR=AXR

_ALP2I=AXI
M=2
6C TO 99

G

12 BET2R=TEMR
RET2I=TEM]

LAXR=(0,900
ALP3IR=AXR
ALP3I=AXI
M=3
GG TO 99

C
13 _ BET3R=TEMR
BET3I=TEMI
14 TEL1=ALPIR~ALP3R

TE2=ALP1I-ALP3I
TES=ALP3IR=ALPZR
TEG=ALP3I-ALPZ2]
TEM=TES*TES+TEE*TES
TEI=(TEL*TES+TE2*TEGR) /TEM
TEY=(TEZ*TES-TEL*TEG) /TEN
TEZ7=TE3+1, 600
TEQ=TE3I*TE3-TEL*TES
TEL10=2., 0DO*TEJI*TEL
 DE15=TE7*3ETIR-TE4*BETIT

DELE=TE?*BETII+TEL*BETIR

TELL1=TE3¥BET2R=-TEL*BET2I+BETIR-DE1S

TE12=TEI*FET2I+TEW*BET2R+BET1I-DELR

TE7=TE9-1,aD0

TE1=TEQ*3ET2R-TELU*BET2I
_TE2=TES*BET2I+TELU*BETZR

TEL3=TEL1-3ET1R-TE7*BET3R4+TELH*BET 3]
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113

C

-1z

114
206
11%

C
15

T TEA4=TEZ-3ETLI-TE7T*BET3I-TELO0*BET3R

__TEM=DSORT(TELA®TELTER*TER)

- ALP4R=AXR

TE15=[LE1G*TE3-DEL6*TES

TE16=Dc15%TEL4+DELG*TED
TEL1=T£13*TEL13-TEI4*TELL -6, 0DO* (TEL1¥TELS5-TELZ2*TELG)
TEZ2=2.0U0*TEL3*TELL-4  JD0* (TELZ*TELS+TELL*TELE)

IF(TELY 113,113,112
TE4=DSQRT(0.503* (TEM-TEL) )}
TE3=0.5D0%TE2/TEL

GO TO 1ii

JE3=NSQRT (0,500 (TEM+TELY) .
IF(TE2)110,200,200

TE3=~TE3

TE4=0.300¢TE2/TES

TET=TEL3+TE3

TEB=TELL+TEY

. . TE9=TE13-TE3

TE10=TE14-TEL
Te1=2.GDO*TELS
TE2=2.00C%TELE
IF(TEF*TE7+TER*TES-TEI*TEG-TELO¥TELD) 204,204,205
TE7=TEQ

TEB=TE1G. . .
TEM=TE7*TE7+TEB*TES
TE3=(TEL*TE7+TE2*TES) /TEM
TEu=(TE2*TE7-TEL*TES) /TEM
AXR=ALP3R+TEZ*TES-TEL*TES
AXT=ALP3T+TE3®TER+TEL*TES
ALPLI=AXT

M=

50 TO 99

NE=1

CVV‘ [ ZE RS EELE RS LR E LRI SIS SRR LY E RS LS L LRSS E RS SRR E SRR SRR X R E SR E X EEEE L LS

33
16

IF{DABS (HELL) +DABS{BELL) =1, G0-20) 18,18,16
TEZ7=DARS{ALPIR-AXR)Y+DABS (ALP3I-AXI)
IFITE7/ (DABSLAXR) +DABS(AXT)) =1,0D-7)118,18,17

CRFLEFFTFRBLEFVRFRNFRR P SL R F L AN LR ERRS U SRR X FFS LI N FY VRS X FAFREF LR RFFAE S

17

i8

N3=N3+1
ALPIR=ALPZR
ALPLI=ALP2I
ALP2R=ALP3R
ALP2I=ALP3I
ALP3R=ALP4R
ALP3T=ALP4I

BET1R=8E£T2R
YETL{I=BETZT
BET2RDET3R
BET21=BETII
BET3R=TEMR
HET3T=TEMI
IF(N3=103) 14,18,18
Mb= bk 41
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RLOTR (N4} =ALP4R
RODTI{NG) =ALP4I
N3=10
41 TFONG=NL) 30, 37,37
37 RETURN
C¥¥ (R R R RS R RS SR EE E SR R L R PR SR PR R P ES RS SR ES SRR SR NE SRS S EEE S E N
3n IF{DARS(ROUTI(NS) }~1.00-5)10G,10,31
31 GO TO (32,10),L
12 AXR=ALPIR
AXI=-ALPLI
ALPLI==-ALPLI
=5
GO TO 939
23 BETAR=TEMR
BET1I=TEMI
AXR=ALP2R
AXI=-ALP2I
ALP2I==ALP2I
H=6
60 TO 99

34 IET2R=TEMR
BET2I=TEMI
AXP=ALP3IR
AXI==ALP3I
ALP3I=~ALP3]
L=2
M=3
99 TEMR=GUE (1)
TEMI=0.000
00 100G I=14ni
TEL1=TEMR®AXR-TEMI*AXI
TEMI=TEMI*AXKR+TEMR*AXI
150  TEMR=TE1+400: (I+1)
HELL=TEMR
. BELLE=TEMI o
42 TF(N4)102,103,102
102 00 131 I=1,N&
TEM1=AXR-ROOTR(I)
TEM2=AXI-ROOTICT}
TEL=TEMLI*TEML+TEM* TEMR
 TE2=(TEMR*TEML+TEMI®*TEM2) /TEL
TEMI=(TEMI*TEMLI~TEMR*TEM2) /TEL
a1 TEMR=TE?Z
103 G0 TO (11,12,13,15,33,3%) ,M
. ND
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SUARCUTINE MULTICA,ZERO,DENQ,NZ,NP)
DIMENSION ZEROQ(NZ),DENO (NP}

COMPLEX A(40,2),B(20,2)

MULTIFLY QUT ROCT LOCUS OR BODE INTO POLYNOMIAL FORM
Bll,10=A(1,1)+A(2,1)

B(1,2)=A(1,2)+A(2,2)

4y

403

40k

410

412

413

41y

B{2,1)=B(1,1) +A(3,1)
B(2,2)=8(1,2) +A(3,2)
BU3,1)2B12,1)+A(k,1)
HU3,2)=8(2,2) +A(4,2)
Ay 1) =B(I,1) +A(5,1)
A(4,2)=B(3,2)+A(5,2)
(5 ,112R{4,1) +A(6,1)
3(5921=C(%,2) +A{6,2)
3(6,21=B(5,2)+A(7,2)
B(Liy11=AL1,1)%A(2,1)
3(10,2)=4(1,2)%8(2,2)
B(11,1)=B(10,11%A(3,1)
3(11,2)=B{10,2)¥A(3,2)
B(12,11=B{11,1) *A{4,1)
8012,2)=B(11,2) *A(4,2)
B(13,11=B(12,1)%A (5,1}
B(13,2)=B(12,2) *A4(5,2)
B(14,1)=B(13,1)%A(6,1)
Bl14,2) =B{13,2) %A (6,2}
BU15,2)2B(14,2) *A (7,2}
IF(NZ.EQ.1} GO TQ 410
IF(NZ.EQ.2) GO TO 402
IFINZ.EQ.3) GO TO 403
IF(NZ.EQ.4) GO TO 404
ZERG(1) =REAL (B(1,1))
ZERC(2) =REAL(B(10,1))
60 TO 410

ZERO(1) =REAL(R(2,1))
ZERG(Z)=REAL(D(1U,1) +AC3,1)%B(1,1))

ZERD(3) SREAL(B(1141))

60 TO 416

ZERD(1) =REAL (A(341))

ZERO(2) =REAL(BIL0,1) ¢A{3,4) ¥B {1y 1)+A (4,13 ¥B(2,1))
ZERO(3) =REAL(B(11,1)+Atl,1)%(B(10,1) +A(3,1)*B(1,1)))
ZERO(4) =REAL{B(12,1))

GO TO 180

IFU(NPLEQ.L) GO TO 420

IF(NP.EQ.2) GO TO 412

IF{NP.EQ.3) GO TO 413

IF(NP.EQ.4) GO TO 416

IF(NPL.EQ.5) GO TO 415

JEND(1) =REAL{B(1,2))

DEND(2) =REAL{8(10,2))

50 TO 420

DENO(1} =REAL(B{2,2))

DENO(2) =REAL(B(10,2) +A(3,2)%B(L,2))

DENO(3) =REAL(B(11,2))

GO TQ w20

DENO{1) =REAL (BL3,2})
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DENC(2) =REAL(B(i0,2) +A(3,2)%B (15 2) +4 (4,21 %8 (2,2))
DENO(2) =REAL (B(11,2) +A(4,2) % (B(10,2) +A{3,2)%B(1,2)))
DENG(4) =REAL (B(12,2))
G0 TO 20
415 DENO(1)=REAL (B(4,2))
DENO(2) =REAL (B{10,2) +A{3,2)*B(1,2)+A(4,2}*B(2,2)¢AL5,2)%8(3,2))
DENO(3)=REAL (BUL1,2) +ACh, 23 % (B(10,2) +A(3,2) ¥B(10,2) ) +A(5,2) *
1(B(L10,2)+A (3,2} %¥B (10,23 +A(4,2)%B(2,2)))
DENO(4) SREAL (B{12,2) #A(5,2) *{B(11,2) +A{4,2) *(B(10,2) +A(3,2) "
181(1,2))))
DEND(S) =REAL (B(1342))
G0 TO 420
420 RETURN
. END
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SUBROUT INE QUTPTZ
DIMENSION RESPNY(11,902),TIMEX(902),A1{902),A2(902),VECT3(4)
COMPLEX A{4(,2)
COMMON/HEA/ A,IOPTL,ZERG (22} 0ENO(22) yN14NILy ML, MIL,TFK,COEF (22},
1ANG{22) 4JOG,R{22),ROTR(2)4ROTI(2)
COMMON/QUTT2/K1y NUMBER, SIZEX s STZEV, TIHE,CHT4(5) ,CMT2(5) ,CHTI(5),
1CMT4(5) wIDPTZ2,I0PT3,0MEGA,PHI 4 AMPL
KS=K1+%
KG=NUKBER+1
DELT=TIMKE/Z90D.
DO 19 I=1i,10
. 19 RESPNY(I,1)=0,
DO 10 I=1,900
IF{T.EQ+1) TIMEX{I)=0.0
IF(I.GT.1) TIMEXUI}=TIMEX(I=-1)+DELT
IF(IOPTZ2.£Q.01) RESPNY{1,I1)=1.
IF(IQOPT2.EQ.02) RESPNY(1,1)=0.10
. _IF(IQPT2.E0,03) RESPNY(1,DI)=FVIMEX(I)
IFLIOPT2.EQ.04) RESPNY{1,I)=TIMEX{I)**¥2/2.
IF(IOPTZ2.E0.05) RESPNY{1,I)=AHPL*SIN(OMEGA*TIMEX(I) +PHI)
RESPNYIKS, 1) =0.0
DO 12 J=1,M1
N=R{J}=-1.
e NFACT = s
IF(N.LT.2) GO TO 8
00 9 L=1i4N
NFACT=NFACT*L
9 CONTINUE
8 CONTINUE
L IFAT1.EQe1) TRY=348 .
IFtIEQail1ANDR(JYGTele) TRI=0.0
IF{I.6T.1) TRU=TIMEX(I}*¥(R(J}=1.)
B=COEF(J)*TRJ
C=EXP(-REAL{A(J,2))*TIMEX(I))
O=COS{ATIMAG(A(J32) I *TIMEX(I)~ANGL(J)/57.2957)
_ E=FLOAT(NFACT) __ . .
RESPNY (KS, I} =RESPNY{KS5,1)+8*C*0/E
12 CONTINUE
10 CONTINUE
IFIK1.NENUMBER)GD TO 18
WRITE{6,100) (CMT1(I),I=1,5)
o WRITE(B,101) (CMT2CI),I=1,5)  _ .
100 FORMAT(1H1,5456)
101 FORMAT(1H ,5A6)
WRITE(b41032) (I,1=1,10)
102 FORMAT(LIH Ju4X,4HTIME,4X,SHINPUT,4X, 1G(SHCASE ,I2,4X) /7]
0C 20 I=1,900412
o WRITE(5,103) TIMEX(I}, (RESPNY(JyL),J=1,K4)
103 FORMAT(412(F9.3,2X))
20 CONTIMUE
CALL PLOT{D.0,0.0,4-3}
CALL SCALE(TIMEX,SIZEX,900,1)
IFLIOPT3.NE.O1) GO TO 15
 GALL POLYS(RESPNY,K&  ,902,SIZEY) , _
CALL AXIS(Uay0ey 12HTIME-SECONDS s ~32,SIZEX0,, TIMEX(901) ,TIMEX (S0
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121

CALL AXIS(Dey04yCHTIZ30,STZEY 13D .4RESPNY (1,901) ,RESPNY({1,902))

00 14 K2=1,K4

DC 13 K3=1,900

A1 (K3I)=RESPNY (K2,K3)}

13 CONTINUE

A1{3901)=RESPNY (1,301)

A1{902)=RESPNY{(1,902)

Ji1=10

Je=u

IF(KZ2.L6Te1) Ji1=45
. GALL LINE(TIMEX,AL,900,1,J1,42)

14 CONTIHUE
GO TO 18
15 DO 16 K2=1,NUMBER
ANJMAX=0(.0
ADJMIN=0.1
DO 17 K3=1,900
AZ2IK3}I=RESPNY (K2+1,K3}
A1(K3)=RESPNY (1,K3)
IF(AL(K3) J 6T ADJMAX) ADJMAX=AL1(K3)
IF(AL(K3) o LTLADJMINY ADJMIN=ALIKI)
IF(AZ(K3) GT.ADJMAX) ADJMAX=AZR2LIKI)
 IF(A2(K3) W LT, ADJMIN] AOJMIN=AZ (K3)
17 CONTINUE

VECTZ(1)=ADJMAX

VECTI(2)=ADJNRIN

CALL SCALE(VECT3,SIZEY2,1)

A1{901)=VECT3I{(3)

A1(902) =VEGT3(4)

A2LQ01L)Y=VECTI (3

AZ(90U2)=VECT3 (4}

GALL AXISt0ey ey i2HTIME-SECONDS,=12,SI7EX 0., TIMEX{901),TIMEX{Q0D

121}

CALL AXIS{Usy04yCMT3,30,SIZEY,90.,A1(901),A1(302))
o GALL LINECTIMEX,A1,9C0,s150,4)
CALL LINE{TIMEX,A2,90041,4544)
i6 CONTINUE
18 X1=SIZEX+4.0

CALL PLOT{X1,-1,,-3)

RETURN 4

CEND
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14

SUBROUTINE POLYS(RESPNY,NROW,NCOLMN,SIZEY}
DIMENSIGN VECT2(4) ,RESPNY(11,902)

ADJMAX= 040

AGJKIN=D,.0

NCOL = NCOLMN-2

00 14 I=1,NROW

2C 10 J=1,NCOL

IF(RESPNY (I,J) 46T, ADJMAX) ADJMAX=RESPNY (I,.}
IF{RESPNY{IyJ} «LTLADJHIN) ADJMINSRESPNY(I,J)
CONTINUE

VECT2 (1) =ADJMAX

VECT2(2)=A0JMIN _ .

CALL SCALE (VECT2,SIZEY,2,1,104.)

NN=NCOL  +1

RESPNY(1,NN) =VECT2(3)

MMzNCOL  +2

RESPNY (1,MM) =VECT2 (&)

RETURN

£ND
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SUBROUT INE PMPY

—PURPOSE _
MULTIPLY TWO POLYNOMIALS

USAGE
CALL PMPY(Z,IDIMZ,yX,I0IMX,Y,IDIMY)

DESCRIPTION OF PARAMETERS

i

Z - VECTOR OF RESULTANT COEFFICIENTS, ORDERED FROM
SMALLEST TO LARGEST POWER

IDIMZ - DIMENSION OF Z (CALGULATED)

X - VECTOR OF GOEFFICIENTS FOR FIRST POLYNOMIAL, ORDERED
FROM SMALLEST TO LARGEST POHER

i
i
1

f
|
i

|

N OO0 NONNOoODoNaOO00N00a000O0000DON000
‘ | i !

!

i
1
|
i

_ 10 I0IMZ=u

20

30

40
20

_..METHOD

DO &0 J=1,I0IMY

IDIMX - DIMENSION OF X (DEGREE IS IDIMX-1)

= VECTOR OF COEFFICIENTS FOR SECOND POLYNOMIAL,
_ _ ORDERED FROM SMALLEST TO LARGEST POMWER
IDIMY -~ DIMENSION OF Y (DEGREE IS IOIMY-1)

REMARKS
£ GANNOT BE IN THE SAME LOCATION AS X
Z' CANNOT BE IN THE SAME LOCATION AS ¥
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE

DIMENSION OF Z IS CALCULATED AS IDIMX+IDIMY-1
THE COEFFICIENTS OF Z ARE CALCULATED AS SuM OF PRODUCTS

OF COEFFICIENTS OF X AND Y , WHOSE EXPONENTS ADD UP TO THE
CORRESPONDING EXPONENT OF Z.

RN R N N R N RN I E NN N R

SUBROUTINE PMPY(Z,I0IMZ, X, TOIMX,Y,IDINY)
OIMENSICN Z{1),X{(1),Y (1)

IFCIDIMX*IDIMYY10,10,20

101020 e e . N
IOIMZ=IDIMX¢IDIMY=1

00 30 I=1i,I0IMZ

Zth=g,

00 40 I=1,IDIMX

K=I+J-1

ZUY =X 1YY (J) +Z KD
RETURN

END
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SUBROUTINE OUTPUTY
GOMPLEX A(40,2)
COMMON/HEA/ A,IOPT1,ZERQ(22) ,0ENO(22) yN1,N1L, ML, M1l , TFK,COEF (22),
1ANG (22) yJ0G,R(221 yROTR{Z2) 4ROTI(2)

GOMMON/ADZ JTIJyILIP,IPL,IPIP,IPPI,IPPIAsKA KB ,KCsKDyKEyKF4KG,KHyKI
oNZ=NL
NZL=N1Ll
NP=M1
NPL=M1L
AKK=TFK
I0PT=10PT1
L HRITE(H,6)
D0 10 I=1,NP

R(I)=1,.0

WRITE{G41)1
HRITE(6,2) ANG(I)
HRITE (6,51 GOEF(I)
e MRITENG,3) .
IF(J0G.EQ.1) GO TQ 25
GO TO 17
25 IF{I,GE.2,AND.KA.GE.I) GO TD 190
IFII.GE.KF.AND.KB,GE.I) GO TO 190
IFIT.GE.KGAND.KC.GE.I) GO TO 190
C_IF(I.GE.KH.AND.KD.GE.T) GO TO 190
IF(I.GE,KE+ANDKE.GE.I} GO TO 190
NUMB=T1IP
IF(I.GT.IIP) NUMB=IPI
IF(I.GT,KB) NUMB=IPIP
IF{I.GT.KC) NUMB=IPPI
LIF(I,GT.KD) NUMB=IPPIA
IF{ILGT.JIJ) NUMB=1
60 TO 30
130 NUMB=NUMB-1
30 RUI)=NUMB
WRITE{B,15) HNUMB
17 WRITE(6,4YA(L,2)
10 CONTINUE
WRITE(6,11)
00 100 I=14NP
X1=ATIMAG(A{I,2))
IF{ABS(X1} ,LT,0,00001) X1=0.0
o L IFOX4)100,102,383 e
102 IF(ABS{ANG(I))=1.8)104,10%,4105
105 IF(ABS{ANG(I))-181,)106,106,107
107 IF(ABS(ANG(I))=361.)304, 104,109
109 WRITE(6,7)
RETURN
106 X2=-COEF(I}
110 X3=-REAL(A(I,2))
IF{I.GE42. ANDWKALGELI) GO TO 45
IF(IGEKFANDLKB.GE.I) GO TO 45
IF{I.GEKG+ANDJKCGELI}Y GO TO 45
IF{I.GE.KH.ANO.KO.GE.I} GO TO &5
IF{I.GE.KIJAND.KE.GE,I) GO TO 45
NUMPE=IIP-1
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IF(I.GT.IIP} NUMBE=IPI-1
IF(I.OTWKS3) NUMBE=IPIP~1
IF(T.GT.KC) MUMBE=IPPI-1
IF(I.6T.KO) NUMBE=IPPIA-1
IF{1.GT.JIJ) GO TO 26
_.._. .80 10 33
45 NUMBE=NUMAE-1
IF(NUMBE.LT.1) GO TO 20
29 NUMBER=NUMBE=-1
IF(NUMBE.LT.2) NUMBER=1
TJKL=NUMBER® NUMBE
_AHCDE=FLOATLEJKL)
Xe=X2/ABCDE
WRITE (6,18) NUMBE X3,X2
GO TO 100
20 WRITE(B,8) X3,X2
G0 TG 14
104 X2=COEF (1)
GO TO 110
103 X2:2.*COEF (I}
X3=-REAL(A(I,2))
WRITE(B,9) X3,X23 X1y ANG(I)
100 CUNTINUE
RETURN. . .
FORMAT(1H ,3HTERM NO. ,I2/2X)
FORMAT (1H 425X, tH{,F12.652H}J)
FORMAT(1H 410X,B(6H**%¥¥¥))
FORMATCLH 410Xy5HIS + ,F12.643H + ,F12,642HJ) 7/2X)
FORMAT{1H 410Xs1HE,F12.642HI1E)
FORMAT(1H1,25X,32HPARTIAL FRACTION EXFANSION TERMS)
FORMAT(1HD s 3STHCANNOT INTERPRET ANGLES ON REAL ROOTS)
FORMAT(LHO $2X/7/23Xs1H(4F12.6,3H*T} 7 10XsF12 464 1HE)
FORMAT (1HU p2X/ /723Xy 1H{,3F12.643H¥T) /10X, F12.6,1HE s 16X 4HCOS(43F12.5
C 1,5H®T = JF12.641n))
11 FORMAT(1HL,25X,17HTIME DOMAIN TERMS)
15 FORKATULH 44X 3IH(,11,1H)} L o
18 FORMAT(1HU »2K/ /723X 1H (s Ty 1H) 31X slH (4,F12.6,3H¥T) /10X sF124651HT,3X
1, 1HE)
END

DO NN E W N
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APPENDIX III

THRUST ESTIMATE FOR A PROPROTOR AT ANGLE OF ATTACK

The thrust produced by the proprotors of the Bikorsky
stowable rotor configuration during fransition was needed to
determine the thrust-to-weight ratic for the stowable rotor con-
figuration so that comparisons could be made with the T/W required
by the ejector wing configuration. The collective pitch angle and
the rotor shaft tilt angle schedules are shown in Figures 14 and 15.

The thrust was determined by the analysis given below.

Momentum considerations end bl;de element theory are used
to derive the thrust produced by & propeller, rotor, or proprotor
operating under steady flow conditions and at large angles of attack
relative to the forwerd flight speed. The following assumptions were
made:

1. 'The flow through the propeller disk plane is
nonviscous and incompressible. Similarly, the effects of com-

pressibility upon blade CL end C, aerodynamic characteristics

D
are not significant.

2. No coning, flapping, and lead-lag modes of blade
motion occur, nor do torsicnal deflections along the blade alter
the blade twist schedule significantly.

3. Two-dimensional isclated or cascade airfoil data

are applicable provided the C, coefficient at a blade spanwise

L
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station can be represented by CL = CL + Cp o The retention of
o] o *
only the first-order term In angle of attack means that stall effects

are not accounted for by this 1lift representation.

4. Linearization of flow angles at a blade section or ¢b

and ub ghown in Figure 59 is permissible.

5. The effect of swirl in the slipstream can be ignored in
estimating the thrust of the propeller, rotor, or proprotor. This
means that the analysis should not be applicable to heavily loaded

propellers where disk loading exceeds approximately 20 psf.

6. The thrust of the propeller is positive and the analysis
does not apply to the vortex-ring state which is characterized by
large recirculation effects and the absence of a clearly defined slip-

stream.

7. The regions of reverse flow on the blade retreating side
during edgewise forward flight are not large relative to the area of

the propeller disk.

8. The propeller is operated outside of the influence of a

ground plane.

This analysis is an extenslon of the one given in Reference
14 for rotors at angle of attack to the forward flight speed vector.
The extension consists of including nonuniform in-flow into the rotor
disk plane where the rotor blade's spanwise distribution for chord,

twist, camber and airfecil section are arbitrary; the rotor blade
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ANNULUS IN
DISK PLANE

Veos cfp
{b} Annulus Representation

T

|

PROPELLER

/DISK PLANE

Veos tfp cos\p,
(C) Forward Flight Speed Vectors
{a) Angle Of Attack And Downwash Parallel To The Disk Plane
dL dT
db
&
PROPELLER ap,
DISK PLANE l |
Ud ¢b Xp= l'p/Rp
p = SPANWISE POSITION (ft)
Rp=PROPELLER RADIUS (ft)
(d} Inflow Angles At A Blade Segment £l =ROTATIONAL SPEED (rod/sec}

Figure 59. Schematic for Proprotor Analysis
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characteristics must be specified a priori for input to the analysis.
In addition, small angle approximetions are not used in considering
the angle of attack ap of the disk plane relative to V. As a result,
the analysis is applicable through transition to the proprotor mode

of flight {Figure 59 and Reference 1k).

The net wvelocity perpendicular through the propeller disk

plane at a point T Tb is taken to be

U (rp, ¥

N b) =V sinap - u(rb)(l + KXPcos ¥, cosup) (kL)

vhere v(rb)(l + KXPcosybcosaP) is the induced velocity through the
disk plane, Xp is the nondimensional spanwise position elong the
blade (XP = rp/RP), and ?b is the azimuth position of the blade as

shown in Figure 59.

Experimental and analytical studies suggest thet the in-
duced velccity increases between the leading and trailing edge of
the disk plane during edgewise flight. This increase is reflected
in the KXP cos Wbcosap term in Equation 44, Coleman (Reference 15)
obtained fair agreement with experimental blade-motion data for an

articulated rotor when K=0.5 and ap was small.

Assuming the slipstream swirl velocity component is

negligible in comparison to the rotational speed of the rotor blade,

UT(TP,LPb) = VCOS&PSin‘Pb + 8 I'p (145)
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The quantity UT is the velocity of fluid flow relative to
a segment of the rotor blade at rp and at the azimuthal position wb.
This velocity vector is perpendicular to the blade segment and lies
in the propeller disk plane as shown in Figure 59. Now, the angle of
attack of the propeller blade at spanwise section rp and at azimuth
position Wb is given as

af{r) = 0 (r) + 8
b p o'p +I5R +
UT(rp,¢b) (46)

when small angle approximations are used in defining blade angle of

attack. This approximation is valid according to assumptions 3 and 4.
The twist schedule Go(rp) is the spanwise distribution aslong the blade
where Bo(.Tst) = 0 or where the twist schedule passes through zero at

T5Ry

= .TBRP as shown for a nominal transition for the Sikorsky

the T5% R spanwise station. The quantity 6 is the collective

angle at rp

stowable rotor configuration in Figure 15.

Bb(rp) = ﬁo(rp) + 0 -75Rp (46a)
and is the total sngle between the blade segment chord line and the
propeller disk plane as shown in Figure 59.

Applying blade theory at any blade spanwise station gives

1 2 Ug(rps¥y)
dL = i-pUT(rp,¢b)c(rp)[CL (rp)-i-CL (rp)(eo(rp)+8'75R e x )]drp
o o P T ' p''b
Now 47
dT = b(dL + ¢, aD) (48)
from Figure 59, where
cos¢b =1,
31n¢b = ¢b
b = the number of propeller blades.

Assuming that ¢b ap/dL << 1, the incremental thrust produced in an
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annulus of the propeller disk plane beccmes

pbe(r 2,
"= p){[CLo(‘p)+CLm(rp)(eo(rp)+9.75Rp)]UT“p'wb)+CLu(rp)UT(rp’wb)
Ud(rp,wb)}drp (49)

Let the mean incremental thrust produced within the annulus
of the rotor disk be given by
— 1 2n
dT= 5T dTdyy, (50)
o
Then
ar = 22260 f1e (r)4ep (r.) (8. (o )+ 2 cos®ay 2 2)
5 Lo P La e R0 U Y 7sp y (v 228 % iy
2 (51)

+ CLa(rp)pr(Vsinmp—v)}drp

where Equation 49 is substituted in Equation 50 and the integration

with respect to Yy 1s performed.

By teking Xj = rp/Rp and dﬁi = aT/pl RSVTE vhere Vp = QRp, we

obtain a nondimensional expression for Equation 51 which is

dc,.
T v

Eﬁ; = A -~ B(;;) {(52)
where
a2l o (e yae, () (6 (x )40 N (Gy2eosey 5

2MR,, L p L p o p .75Rp Vo, 5 +xp)+cLa(rp)
v
Xp(vEﬁsinap}
(53)
_ bc(rE)

c. (r )X
ZHRP Lu PP

and where the induced flow velocity v is unknown at this point in

the analysis.
T
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Using momentum theory, the mean momentum flux through an

annulus in the disk plane is

dT = 2pnrpi’(2v) (54)
where
/ 2 2 2
L - s
v V cos ap Ud (55)
or
V.= J/A‘+B’coswb+C‘coszwb {56)
with
- 2 2
AT = V' +2v sinap+v (57)
B = 2KX uzcosa ~2vKX sino coso
P P P P P
c” = 2.2 2 2

XKvcos o
P P

when Equation LY is substituted into Equation 55.
The arithmetic mean for V” about the azimuth within an annu-

lus is given by V" = %ﬁ f 2rL\J"d‘Fb and this form of averaging was used

o}
sbove in forming dT from blade element theory. The evaluation of V’,
however, leads to an elliptic integral solution whose form depends

upon the type of roots produced by the solution of C’c052W +B‘cos?b+A’=0.

b
This means that the downwash velocity must be known before A",B”, and

C” can be evaluated and the quadratic equation solved., Other parameters
in A", B”, and C” such as V, ap Xp and K are prescribed inputs. Yet

v is unknown at this point in the analysis; all that is known is that
the solution for v must be such that V° is real and positive when dT

is positive or that ¥V is real and negative when dT is negative. To

avoid complications In the programming of this analysis for the digital
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computer, an engineering simplification was made by taking

v - // %— ; 2HV’2de (58)
!-O-J

to form

v = / V2-2Vvsinap+v2(l+K2X 200820 )

2 (59)
when Equation 56 is substituted into Equation 58 and the integration
with respect to Wb is performed. The assumption permitting this
engineering simplification is that V” is primarily greater than zero
for 0° < vy > 360°, This means that this analysis is not applicable for
estimating the thrust for a propeller when significant reverse flow occurs

on the blade retreating side of the disk plane (i.e., ¥, > 180°) during

b

edgewise or near edgewise forward flight (reference assumptions 6

and T).
Substitution of Egquation 59 into FEguation 5S4 forms
55=4pﬂrpdrpv J/ V2—2Vvsinap+uz(l+K2X 2cosza ) (60)
— P ___ P

2
Nondimensionalizing this expression for the incremental

thrust from an annulus on the rotor disk plane produces

dc
d_XT' = 4X (,:;—) / (g—)zwz(%—)(‘\;—)sina +(—%——)2(1+K2X2c052u)

P Pr T T T Pr PR (61)
where Xp = rp/Rp and EE = ET/pHRpZV% are substituted into Equation 60.
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How, two expressions have been formulated for the nondi-
mensional spanwise variation in mesn thrust or dET/dXP. The firat
of these is given by Equation 52, which was developed by con~
sidering blade element theory, and the second in Equation 61, where
momentum considersations were used in deriving this expression.

Both of these equations for dET/d)(P are equivalent and a solution
for %IT can be obtained by meking the right-hand sides of these two
equations equal to each other. The result of doing this is

T b=V 3 —v . 2=V, =
ACH) B e (@) 4D (E)4E = 0
G G He D DG (62)
where

2.2

A= 16X!2,(1+XPK cos )
2

2.V
= 312X () sinx
p ) 51n%

ol
B

2.v .2 _2
16xp(v )“-B

T (63)

=1
1

2AB

_A2

=1
"

and A and B are defined by Equation 53.

Solving Equation 62 for % yields 4 solutions. Two of
these are complex and therefore not asppliceble, since it is known
that & solution for % must be real. Of the remeining two real
roots, one is positive while the other is negative. From momentum

congiderations, the positive root is the one of interest if the CL

at the blade segment is positive, and vice versa. And so, the correct
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value for v/VT can be obtained by testing each of the four roots.

Application of Equation 62 to several spanwise stations

Vp

be used in Equation 54 to obtain thrust. That is,

along the blade yields the variation of 2 with rp. These data can

2 2
T“‘H"R V f x ( ) 2(——)(—)51 o +(——) 2(1+ Koos 0y gy ¢
Vp 2 P (64)

where some numerical scheme is used to perform the integration, where
Xh is the nondimensional spanwise position for the radius of the hub

or spinneryand Xe is ss discussed below.

There are tip losses assoclated with the formation of the
vortex at the blade tip. Here, alr flows arcund the tip from the
high pressure region below a lifting blade to the low pressure region
gbove the blade. The following expression is suggested in Reference 14

to approximaste this tip loss

CHORD AT BLADE TIP
X, =1- 2Rp (65)

The integration in Equation 64 is performed up to the X, nondimensional
spanwise position. The profile-drag torque expression, on the other
hand, is integrated out to the blade tip inasmuch as drag exists even
when there is & loss in thrust. The expression for torgue has not
been included in this analysis or in the digital computer program
below since it was not necessary to the evaluation of thrust to

weight ratic for the stowed rotor V/STOL.
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The abhove analysis was used to calculate the thrust produced
by the Sikorsky proprotor in hover. The blade geometry, twist, chord,
and airfoil sections used can be found in Reference 8. The results
correlated to within 3% of data generated by an analysis used to pro-
vide Sikorsky stowable rotor mission profiles for Reference 17.

More correlations, especially with test data, will be required before
any confidence can be placed in the analysis, and these correlations
are expected to be performed in the near future. In addition, future
analyses will include computation of torque and horsepower required
by the proprotor. Correlation with test data will then be performed
for Figure of Merit in hover and efficiency in the propeller mode of
flight when the wind vector is coaligned with the shaft axis. Also,
correlations with test data will be performed for propeller or rotor

performance at large angles of attack.

2. PROPROTOR DIGITAL COMPUTER PROGRAM

This section is provided to aid the user of the digital
computer program for the proprotor analysis. The program was
written for use on the CDC 6600 computer at WPAFB. The inputs to the
program and the listings for the program itself are discussed here.

The format of presentation 1s concise.

The general format in preparing the input cards for the com=-
puter program is summarized as follows. Data card input is achieved
by using the NAMELIST capsbilities of the CDC 6600. The input set for

a thrust computation at a test point must be in special form. Each
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data card must be blank in the first column with the first data card

of each data input set containing the characters § INPUT starting in
column 2 and followed by at least one blank. This is followed by the
propeller input codes given below. The character 5 signifies the end

of a data Input set for ocne case. The major advantages of the NAMELIST
input procedure are that the ordering of the input variables may be as
desired to the program user and that singular modifications can be

made to inputs in back to back casesg without input card preparation

for all of the other imitiating variables to the analysis. An illustra-

tion of the above 1s now given

CASE #1
CARD 1

$ INPUT GEN=-—,~=,  ,——,X=-=,-=, ,—=,C=—m,-=,  ,—-,
CARD 2
CLP=——,~=,  ,==,CLA=—=,—=, ==, CDff=— ,~,  ,--,
CARD 3

CDA=——,~=," ,——,TWI§T=—-,-=,  ,==$

This completes the first input case to be run through the anmalysis via
the digital computer. If the follow-up case requires only a modifica-
tion to GEN(1), say, where these input codes are discussed in full

below, another run through the analysis 1s performed by adding

SUBSEQUENT CARD
$ INPUT GEN({1)=--%

behind the above cards. This procedure can be continued for as many
back to back cases as required. One is referred to the appropriate

manuals for programming on the CDC 6600 digital computer.
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The input codes are now given. The various parameters in
the dimensioning of these input codes are given in floating point

format and in the nomenclature of the above proprotor analysis. These

are
GEN(1) = o (DEG)
GEN(2) = V. (FPS)
GEN (3) = VT (FPS)
GEN(4) = 8 ,op (DEG)
D
GEN(5) = b (N.D.)
GEN(6) = p  (SLUGS/FT°)
GEN(7) = Rp (FT)
GEN(8) = K (N.D.)
GEN(9) = 0+ (This location is prepared for rotor horsepower.
This analysis has not been included in the program)
Also

(I} = xp, where spanwise station is ordered from hub to blade tip
(N.D.)-- I=1,10
€(X¥) = C, where chord distribution corresponds to xp locatlons
(FT)—-1=1,10
CL@#(1) = CL s where zero gy blade 1ift distribution corresponds to
X(§) locations (N.D.)--I=1,10
CLA(I) = CL s where blade lift slope corresponds to X(I) locations
(/;AD)——I=1,10
CDA(J)} = 10*%0.; blade drag characteristics have not been included
in the proprotor analysis above.

TWIST(I) = eo(rp), where blade twist distribution corresponds to X{(I)

locations—T1=1,10
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The input preparation is complete for one test run through
the analysis given above via the digital computer. If the next case
required a change in forward flight speed to 90 psf, for example, the
following input card would be added to the above input cards.

SUBSEQUENT CARD
§ INPUT GEN(2)=90.$%

The user may add as many cases as he wishes behind Case 1.
The listings for the FORTRAN language used to reflect the proprotor

analysis are now given.
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PROP-ROTCR PROGRAM
G.KURYLCWICH

INTERNAL CIMENSIONS

PROGRAM MAINC{INPUT,OUTPUT,TAPE E=INPUT,TAPE £=0UTPUT)

CDIMENSION TH(L10) ,UNVT (4,100, SUMCL),CTXUH,10),CTC4),T(A)

DOUBLE PRECISION COE{%),RO0OTR{4),RO0TIC4),DUNVT (4,10}

NAMELIST DIMENSICNS

DIMENSION X{10),C{10),CLO(10),CLALL0),CDOL10),COALL0) ,GEN{T),

O ATHISTOLOY

NAMELIST/INPUT/GENyX,{,CLOy CLA,CDO,COR, THIST

Pl =3.14159265
TPI =2,%P1
DETRA=, 017453295

"1 READ(S, INPLT)

DC 1D 11,10

DC 11 J=1,4
ROOTR(JY=0,0000
RCOTI(JY=0,0000
DV¥N¥T(J,1)=20,8000
VNVT (J, 1) =0.0
CYN(J, I0=0.0

CT{3¥=0.0

o Ywn=0.0
11 CONTINUE
.10 GCNTINYE

IDENTIFY FARAMETERS

S

ALPHA=GEN(1) PDETRA.
V=GEN{2)
. VT=GEN(3)
TH?S=GEN (&)
e BZGENLE)
RHO=GEN(E)
. R=GENLT)
A=GEN(8)
L MIISGEN(D)
GET TWIST OF BLADES TN RADIANS
D€ 2 I=4,110

2 TH(IY=0ETRAT(TWISTII)+TH7S)
~ _COMPUTE RELEVANT DATA OR PARAMETERS

B2PR=B/(TFI*R)
VOVT=V/VT

T VONTS=VOUTRY

CSA=COS(ALPHA)

SNE=STN (ALPHED
CSAS=CSA**2
SNAS=SNAF¥2

__BKS=AKwS2

Ai=,5¥CSAS*VOUTS
A2=VOVT¥SNA

ALz=-32, FWOVT¥SNA
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A5=16.%V0VTS
C  SOL®N FCR INDUCED INFLOW NOW PERFORMED
00 3 I=1,10
N . XS=X(I)**2
AR=B2PR¥*C{TI* ({CLOCII +CLA (I *THCTII)® (AL+XSI4CLACI) *A2¥ X(I))
BB=C (1) *B2PRP*CLA(II*X(I)

€ OMULR COEF. NOW OBTAINED
ACOE=XS*16,% (1.+,5%XS*AKSPCSAS)
 COE{1)=0BLE(1.80}
COE(2)=0BLE(XS*A4/ACOE)
COE(3)=DBLE( {XS*A5-BB¥*2) 7ACOE} B
COE(4) SDBLE (2. *AAYBA/ACOEY T T e e e e e
COE(5) =DBLE(-AR**2/ACOE)
T MRITE(6,101) A1,A2,A4,A5,XS, AR, BB,ACOE
101 FCRMAT(8F12.6}
WRITE(6,102) (COE (K} yK=1,5)

192 FORMAT(%D15,7)

C SOLVE FCR ROOTS,REAL ROOTS IN ROOTRUJY,J=t,5 7
€ IMAGINARY ROOTS IN ROOTI(J) ,J=1,b
¢

CALL DMULR(COE,4,RO0TR,ROOTI}
“WRITE(6,100 (ROOTRCIY sROGTICI) 5I3=1,4)
100 FCRMATE8DAS.T) R
DT 500 J=1,4 '
 IF(ABS(ROOTI(JI).GT,1.D~10) ROOTR (S =0,000
IFIROOTR(J),LT.0,000) ROOTR(JY=0.0000
1F(RCOTR{JILGT.0,000) VNVT{1,I13=RCOTRIJ}

500 CCNTINUE

J=i
S70 CTX(d, 1Y=AA-GR*VNVT{J, T}
3 CCNYINUE -
€T T SET SUMERS TO ZERG

5 suMmiN=t.
e "EOMPUTE INTEGRATED CT AND THRUST

c
TTTTTTTTTT T TTTTIP LOSYE FACYOR FROM FG.201 OF GESSOW E MYERS(B=1-CT/2R)

TIP =.5%C(10}/R

T bg r 1=1,9

S 7 SUMCJYSSUMGU) 4.S¥(CTX (Jy I41) #0TX (S 1D ¥ X (TH1)=-X{I))
T TN T SUR M) =S (CTX (I, 9 +CTX LY, 100 ) *TIP

c CT CCRRECT FOR TIP LOSSES
B TCIVSRHCFP IS (R¥F2Y* (yTF42) 26T (D
€ OUTPUT CF CATA

WRITE(6,800) GENyX4,C,CLO,CLA,COD,COA, THIST

800 FCPHlT(IITE,‘INPUT CATA//T6,*ALPHA(DEG)* 45X, *V(FPS)¥,5X,

T ULFUTU(FPS)I®y 5X, *THTS (D) *, S X3 *B*, SX . *RHO% 45X, *R(FT) ¥,5%,

2¥K{INFLCH FACTY*/T6,9F10.6//TH,*%=R/R STATICN®*/TE,10F10.6/776,

_FCH'G'RD'"IETSTQ'("FT“)""'I'TG."iD’FiU.6/176,"01.0 DIST‘IT&’,!BFM.GIITE, B

G*CLA DISY{1/RAD}*/TE,10F10.6//TE,*C00 DIST*/T6,10F10.6//TE,

U BRC0A DIST(L/RADZIF/T6,10F10.67 /76, THIST DIST.(DEC)Y*/T6,10F10.6)
c ALPHA AT X=.765 ESTIMATED WITH IN=0.1F + T=2#4,1iF - T=-,

T ALPTS=THZG5 +Y*SNA/ (L 75 ¥VT*DETRA}

WRITE(6,801) ALP7S

A01 FCRMAT (/7T€, *COMPUTATTONAL OUTPUT*//TE,
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1¥ALPHTS5 (DEG) NOW ESTINATE FOR VN=0.THRUST IS POS WHEN THIS NUMBER
215 POS.*/T6s"ALPHATS=%2X,1F10,6)
c FORNMAT STATEMENTS FOR ROOT SOL’NS
HRITELG6,.802)d . B
802 FORMAT (/7/76, *RO0OT SOLUTION=®,2X,12)

WRITE(6,803) (UNVY (JyT),T=3,10) 5 €CTX{J,1)5T1=1510),T )

803 FCRMAT(//V6, *SPANNISE VN/VT DISTRIBUYION FOR ABOVE X STATIONS*/TE,
110F10.6//T€,*DCT/OX ALONG SPAN_FOR ABCVE X STATIONS®/T6,10F10.6//7
26, *THRUST IN LBS =*1F20.86)

c
¢ 60 BACK FOR NEXT CASE

6o T 1t N e
c
¢ e e o
c

END
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SUBROUTINE DMULR (COE ,N1,RO0TR,ROOTI)

c

c"“""""’!'""'!l'.I"l¥'¥."..'."‘¥!‘¥¥“.¥F!"!l'll'l'.'!“‘l

¢

POLYNCHIAL FROQOT FINDER SUBROUTIME eeass.

c
C
€ .. _ITERATIVE METHOD FCR FCLYNOMIAL EGUATICNS s
G
c

e @ THIS METHOD APPROXIMATES THE FYNCTION F(Z) BY A QUADRATIC
C WHICE MAY ,IN GENERAL, HAVE COMPLEYX COEFFICIENTS ANO DOQES NOT
C_REQUIRE A KNOWLEODGE OF THE DERIVATIVE OF F{Z) THOUGH

C THE FUNCTICN F(2Z} MUST 8E EVALUATED ONCE PER ITERATION +...

e e e e }
c THIS SUAROUTINE FINOS REAL AND COMPLEX ROOTS CF A POLYNOMIAL
C__MITH REAL COEFFICIENTS owss
Cc
o]
[

USE OF MULLER SUBROUTINE ....
C_ 1. CALL DMULR (COE N1,RO0TR,RO0TI) eeve
€ 2. LCOE IS THE TAG OF THE ARRAY OF COEFFICIENTS,
c THE COEFFICTENTS MUST BE ORDERED FROM HIGHEST DEGREE

c T0 LOWEST DEGREE .

C_ 3. N1 IS DEGREE OF THE POLYNOMIAL o R

C 4. RCOTR IS THE TAG OF THE ARRAY WHERE THE REAL PARTS

C____OF THE COMPLEX ROOTS ARE STORED .

C 5. ROOTI IS THE TAG OF THE ARRAY WHERE THE IMAGINARY
T _ __PARTS OF THE COMPLEX ROOTS ARE STORED sess

c

c ALL ARITHMETIC IS IN THE COMPLEX MODE sus. o

C  THEREFORE UNDIER-FLOM IS NORMAL FOR REAL ROOTS aeu.

c

[ MULTIPLE ROCTS DECREASES ACCURACY OF THIS SUBROUTINE .

€ WHEN MULTIPLICITY IS FCUR THE ACCURACY DECREASES TO

TABOUT Tuo PLAGES seue

c
LY e e e e
C  DEGREE SOUARED OIVIDEG BY TWENTY ...

C__ _FOR DEGREE ELEVEN 1T TAKES SIX SECCNDS eess

c
— s
e
ClIl"‘.l"‘¥‘%F";I"'i'l"#"#"‘*"1"}lll‘lll""""lll"‘l!l'¥‘!
3
S
c
DOUYBLE PRECISION ROOTR,ROOTI,AXR,AXI,ALP1R,ALF1I,TEM
DCUBLE FRECISION BETiR,BETLI,ALP2R,ALP2I,RET2R,BETZI
OOUBLE FRECISION TEMR,TENI,ALP3R,ALP31,8ET3R,BET31
DEUALE FRECTISION ALF&R,ALPRISTEML, YENZ HELLBELC ~ 77" ™
_____DOUBLE PRECISION TEL,TE2,TE3,TE4,TES,TE6,TE?,TEB,TEY, TEL0
OCUBLE PRECISION TE11,TE12,TEL3,TE14,TE15,TE16,0E15,0616,C0¢
c
T DIMENSTCN TOECIY, ROOTR{1),RO0TT (1) -
c

KZ=Ni+1
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R 1) =1
o I=Nist
19 IFICQELINIS 7,49
T Na=NL+1 .
RCOTRCNK}=0. 000
ROOTI{N4)=0,000
I=1-1
IF(N4L=-N1)19,37,19
9 CCNTINUE
c
i0 AXR=0,80D0
AXI=0.000
L=1
N3=1
ALP1R=AXR
ALP1I=AXI
M=1
.60 70 99

¢

11 BETLR=TEMR
BETLI=TENMI
_ AXR=0.8500
ALP2R=AXR
ALPZI=AXI

=z
_&ov1099

¢
_.32 BET2R=TEMR
BET21=TEni
AXR=0,900
FUPIR=AKR
ALPIT=AXT
AL
... B0 YO 98
¢
13 BET3R=TEMR
BETII=TERT '
14 TE1=ALP1R-ALP3R
T T R ALP AT ALPIT
TES=ALP3IR-ALP2R
U TEE=ALPII-ALPET
TEM=TESSTES4TEE¥TEE . . .
TEI=(TETF FES s TESVTEGY /TEN -
TE4=(TE2*TES-TEL*TEG) /TEM
TE7=TE3+1. 000
 TEO=TEI*TE3-TEL*TE4
TTTE{0=2. 0DOPTESSTEY
QE45=TE7*BET3R-TEL*RETII

DET6=TE7SBETITFTEL¥BETIR 7"~

TEL1=TEI*RETZR-TEL*RET2I+BETIR-DELS
TELZ=TEI*RET ZT+TELFHET2R¥BET LI -DE1SE
YE7=TE9-1.,000
TEL=TES*BETZR-TEL1J*RET2T
TEZ=TEQ*BETZI+TEL10*BET2R

TE13=TE{-BETIR~-TE7*BETIR4TELO*BETIT
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TELY=TE2-BET1I-TE7*BETII-TEL10*BET3R
TE15=DE15*TE3-NEL6®*TEL e e e
TE16=DE1S*TEL+DEL16*TE]

SIEA=TEAICYELI-TEAW*TE14-4,0D0* (TELL*TELS=-TEL2¥TELEY . . . .
TE2=2.000*TE13*TELL~L,.OD0O*{TEL2*TELS+TEL11*TELE)
TEM=DSGRT{TEI*TEL+TE2Z¥TE2)
IFITEL) 113,113,112

113 TEL=DSQORT (0. 500% (TEM-TEL))

TE3=0.5D0FTEZ2/TEL
_.. 60 T0 111

¢

112 TE3=DSQRT(0,500* (TEM+TEL))

IF(TE2) 110,200,200
110 TEI==YE3 . .
200  TE4=0.500%VE2/7E3
A1y YEP=TEAISTEI .
TEB=TE1u+TEY

TE9=TE13-TE3

TEL0=TEL4-TEL

TE1=2,000*TE15

TE2=2.000%TE16
 IF(TET*TE7+TES*TES-TEQ*TEQ-TELD*TELD) 204,204,205
204 TE7=TEQ

TES=TEL0 e

205  TEM=TE7*TE7+TEBSTES
_TE3=(TEI®TE7+TE2*TESB) /TEN
TEU=(TEZ¥TE7-TEL¥TES) /TEM
AXR=ALPIR+TEI¥TES-TEL*TES
AXI=ALPIT+TEI*TEE+TEL¥TES
ALPGR=AXR
ALPRIZAXT

G0 T0 98

éiltliﬁsiiil!lli PRSP FELFLFEFFF PP LT F IR RN RN F AR FFEFF TR R F AR FRF R IR E IR AL
38 IF(DABS (HELL) +DABS(BELL} ~1. 0D=-20148,18,16 ‘
16 TE7=DABS (ALP3R=-AXR) +DABS (ALP3II~A¥I) =
T T IR UTET / (DARS {AXRY +DABS [AXIN ) -1.0D0=-7)18,18,17
c!lllli"'¥¥l¥¥0l¥ BENSSVSEN VS L EFFEFE R ENRF LTSI FLFSFERERRRERLFFERERN¥
YT TUNR=N3e
ALPiR=ALP2R
AUPLF=ALPZT
_ALPZR=ALP3IR
ALP2T=ALP3T
BLP3R=ALP4R
ALPIT=ALP4T
BETLR=BET2R
BETIT=BET2T
SETZR=BET3R
T BETII=BETII
~ BET3R=TEMR
EET3II=TEMI
IF(N3-100)14,18,18
18 TRL=NL¥L
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ROOTRENM) =ALP4R
ROOTICNGI=ALPYT N
N3=0

41 IF{N4-N1)30, 37,37 _

37 RETURN

c* SELEUNCE NSNS R FUN PRV B LS VRN PRR RV S USRS SRS TS SRS FRIBAS RIS IF L SRIRL AR

3b
31

IF(DABS (ROOTIA(NG) ) ~1,0D-5)10,10,31
60 TOQ (32,10),L

a2

AXR=ALPLIR
AXTI=-ALPII

ALPLI=-ALP1]
H=5

33

GO T 99
BETAR=TENR

BETLI=TENI
AXR=ALPZR

A¥Iz-ALP2I
ALP2I==ALP2I

[ ET]
GC To 9¢

BET2R=TEMR

BET2I=TEMI
AXR=ALP3R

AXT==ALF3I
ALPIT=-ALP3T

L=2
H=3

3%

TEMR=COE(1)
TEMI=0.0D0

DO 100 T=1,N1i
TEA=TEMR*AXR-TEMI®AXI

100

TENI=TENI*IXReTENR®ANT T
TEMR=TE1+CCE (141}

HELL=YEWR
BELL=YENMI

he
102

TFIR&Y 102,10, 102
D0 101 I=1,NK

TERLzAXR=ROOTRAYY
TEM2=AXI-RCOTI(I)

TELZTERTITENLFTENZ®TENZ -
TE2=(TEMR*TEML1+TEMI*TENZ2)/TEL

101

I3 6T TT (11,12,13,15,33,38) M

T z 7TeL
TEMR=TE?

END
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