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FOREWORD 

This report presents the results of aerodynamic testing of 

a 7-foot-diameter Rotor/Wing model in the 30-by-60-foot 

wind tunnel at the NASA Langley Research Center, Hampton, 

Virginia, and may be considered an interim report in the 

developing technology of the Rotor/Wing concept. The tests 

reported here are the sixth in a series investigating the ex- 

ternal aerodynamics of an aircraft of this VTOL. concept 

that can operate in three steady-state flight modes -- heli- 

copter, autogyro, and airplane -- and whose rotor can also 

start and stop in flight. Three Rotor/Wing planforms were 

tested through these modes. Investigations of the conver- 

sion maneuver, in general and through the low rotor rpm 

range of conversion in particular, indicated that no special 

problems are encountered. Data for the same model from 

a smaller tunnel, where conventional airplane model wall 

corrections were included, are compared with data from 

this large wind tunnel that has no tunnel wall corrections; 

the data are shown to be equivalent --at least for this par- 

ticular aircraft configuration. Analytical methods for pre- 

dicting performance of full-scale Rotor/Wing aircraft are 

shown to be well founded on the experimental data. 
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LIST OF SYMBOLS AND DEFINITIONS 

ROTOR/WING 

A Rotor cyclic pitch angle;  see classic blade pitch equation below, 

degrees 

A Second harmonic cyclic pitch angle;  see classic blade pitch equation 

below,   degrees 

B Rotor cyclic pitch angle;  see classic blade pitch equation below, 

degrees 

9 Rotor collective pitch angle;  equal to  A     in classic blade pitch 
equation below,   degrees 

Ji Rotor azimuth position,   measured from downwind position in the 

direction of rotation,   degrees 

Classic Blade Pitch Equation: 

9    =   A    - A    cos i - B    sin t  - A2 cos Zij/    - B2 sin 2'| .    .    . 

MODEL 

6 Horizontal stabilizer incidence,   positive nose-up,   degrees 
ri 

A 6 Differential horizontal stabilizer incidence,   positive  right side nose- 
down,   to produce right rolling moment,   degrees 

a Model angle of attack,   degrees (see note,   page 36) 

g Model yaw angle (zero for this test series),   degrees 

N Model rotor speed,   revolutions per minute 
R 

R Rotor radius    =    3. 57 feet 
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QR Model tip speed,   feet per second   =  0. 374  NR  for this model 

(i Model advance ratio   =  V/QR 

e Wing span efficiency factor 

2 
TTR Disc area 

For an explanation of the preceding Rotor/Wing  Test Series,   see pages 3 
and 4. 

For a description of the Series VI model,   see pages 

TUNNEL 

V Tunnel wind speed,   feet per second 

p Tunnel air density,   slugs per cubic foot 

q Tunnel dynamic pressure,   pounds per square foot   =   pV  /2 

FORCES AND MOMENTS 

L = Lift 

D = Drag 

Y = Side force 

£ = Rolling moment 

M = Pitching moment 

N = Yawing moment 

T = Thrust 

Q = Torque 
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Lift CL    ^ 
:    L/qnR 

Drag CD 
=    D/qnR2 

Side F orce CY 
=    Y/qrrR2 

COEFFICIENTS 

i 2        2 
CT     =   L/p(aR)    TTR 

i 2 2 
CD    =   D/p(nR)    T-R 

CY    -   Y/c^R)2 nR2 

3 i 2 2 
Rolling Moment        C       -   i/qnR C£    =   X/pUm)     TT R 

3 i 2 3 
Pitching Moment      C        -   M/qrrR CM   =   M/p(tiR)     n R 

3 ' ,„23 
Yawing Moment C        -   N/qnR CN    =   N/p(uR)      nR 

Thrust CT    =   M2CL/2 =   T/p(uR)     TTR 

Torque C        =   |a    Q/2qnR =   Q/p(OR)      TTR 

2 
Note that all test data coefficients are based on the rotor disc area TTR as 
the reference area, and on the rotor radius as the reference length. In the 
Analytical section, the part dealing with airplane performance uses lift and 
drag coefficients based on the area of the wing plus two blades,   thus: 

C^    ~-   L/4SW 

CD    =    D/4SW 

where    S,.,    denotes the planform area of the wing plus two blades. 
W 

SHAFT AND BLADE BENDING MOMENTS 

±M Shaft bending moment,   about axis parallel to blade  spar,   inch 
I pounds 

±M Shaft bending moment,   about axis perpendicular to blade spar, 
II inch pounds 

±M Blade bending moment,   chordwise,   inch pounds 
H 

±M Blade bending moment,   flapwise,   inch pounds 
v 
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Blade and shaft bending moments are half the peak-to-peak values measured 
from the oscillograph records; units are inch-pounds.     Coefficients are de- 
fined by the following formulas: 

±M   =   ±M/12p(nR)    nR3 

±M    =   ±M/12LR    =   ±M/12CTqnR3 

\ 

il 
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SUMMARY 

Wind tunnel tests of a 7-foot-diameter Rotor/Wing aircraft model were con- 

ducted in the 30-by-60-foot full-scale wind tunnel at the NASA Langley Research 

Center (NASA LRC) to further the investigation of the Rotor/Wing concept. 

These tests were designated Rotor/Wing Series VI,   in a continuing program 

of aerodynamic evaluation.     Previous tests of this model in a smaller wind 

tunnel had demonstrated the feasibility of the Rotor/Wing concept,   including 

the all-important conversion maneuver. 

The purpose of the tests reported here was threefold: 

1. To check the validity of the data obtained from a model that was 

quite large relative to the tunnel in which it was tested. 

2. To examine more closely the very low rotor rpm region of the 

conversion. 

3. To compare the aerodynamic characteristics of Rotor/Wings of 

three different planforms. 

The tests showed that the data obtained from both tunnels compared well when 

the rotor advance ratio was 0. 15 or higher,   and when conventional airplane- 

type tunnel wall or jet boundary corrections were made to the data from the 

small tunnel. 

Conversion tests showed that except for the first or last 1/2 revolution as the 

Rotor/Wing starts or stops in flight,   conversion is a straightforward maneuver 

that can be easily accomplished.     During the critical  1/2-revolution time 
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period,   these tests with the rigid Concept Model showed that the rotor develops 

a pitch-up and rolling tendency,   but these are of a magnitude that can be bal- 

anced by the elevons. 

Tests of the three Rotor/Wing planforms showed the trisector wing v/ith 

straight blades and the triangle wing with tapered blades to have approxi- 

mately equivalent performance,   whereas the tricusp wing with tapered blades 

was noticeably inferior for the helicopter flight modes. 

An analytical procedure for predicting Rotor/Wing performance and flying 

qualities is shown to be applicable through comparisons of theoretical and 

experimental data. 
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INTRODUCTION 

The Rotor/Wing high-speed VTOL concept is based on a dual-purpose lifting 

device that is a powered rotor for hover and low-speed flight,   and a fixed- 

wing lifting surface in the high-speed flight mode.     Power,   in the form of gas 

generator exhaust,   is piped to the Rotor/Wing blade tips where it exhausts 

through tip nozzles to drive the rotor during the helicopter flight mode; alter- 

natively,  this exhaust may be piped to a conventional turbojet nozzle at the 

rear of the fuselage,   where its energy is converted to the thrust necessary 

to propel the aircraft in the   .utogyro and airplane flight modes.    The trans- 

fer of power for the different flight modes consists of simply operatiixg a 

pneumatic valve to divert the hot gas from one path to another. 

The various flight modes appropriate to the Rotor/Wing concept are shown 

schematically in Figure  1 and are summarized below. 

1. Helicopter 

Hover and low-speed flight mode where the rotor is powered by 

Hot Cycle propulsion system.    Aircraft control is by conventional 

helicopter collective and cyclic rotor blade pitch.     No reaction to 

main rotor torque is present,  but a small yaw fan is required for 

directional control. 

2. Autogyro 

Intermediate flight mode,   where power is diverted to conventional 

turbojet nozzles and the Rotor/Wing autorotates at a low collective 

pitch setting.    Aircraft control is by rotor blade cyclic pitch,   aug- 

mented by the horizontal tail elevon action and the rudder on the 

vertical tail. 
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3. Airplane 

The stopped Rotor/Wing is locked to the fuselage,   and retractable 

fairings and seals are in place.     Propulsive force is supplied by 

the exhaust through the turbojet nozzle.     Control is by tail surface 

deflection only.     In this configuration,   the aircraft is capable of 

flight into the high subsonic speed regime. 

4. Conversion/Reconversion 

The  rotor is stopped and started in flight,   using aerodynamic torque, 

with some assistance from a brake for final stopping.     Small con- 

trol motions which combine the rotor cyclic pitch controls and the 

elevons are used in a straightforward manner to effect the conver- 

sion and reconversion. 

Since  1962,   Hughes  Tool Company  - Aircraft Division has  been actively en- 

gaged in a program of research and model testing of the Rotor/Wing concept. 

These tests,   covering the speed range from hover to Mach = 0. 9,   are sum- 

marized below: 

10-HO knötrt 

c 

180-170 knot^ 1100 - «90 knot» % 

H*Ucopt*r Flight v -A- 
Conv«rilon 

R«conv«r«ion 
V    AirpUn« Flight    \ 

Figure 1.    Rotor/Wing Flight Modes 
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Rotor/Winj> Si-ries I W'hirlstand 
Tost, May 1963

Initial tosts of Rotor/Winj> concept at 
HTC-AD whirlstand facility; deter­
mined ft?asibility of the large center- 
body in thi- hover flight mode. Tests 
inc luded variation of planform shape's, 
pneumatically-drivc'n by tip-jets. *T

Rotor/Wing Sc>ries I Wind Tunnel 
Test, October 1964

First wind tunnel tests in the subsonic 
wind tunnel at the Navy Ship Research 
and Development Center (NSRDC) Aero­
dynamics Laboratory (then David 
Taylor Model Basin), to determine 
loads with the rotor in various azimuth 
positions. Two planforms tested in the 
stopped-rotor mode without a fuselage. 
Tests reported in Reference 1.

Rotor/Wing Series II and III Wind 
Tunnel Test, March and June 1965

Extensive tests in helicopter, autogyro 
and airplane flight modes in NSRDC 
subsonic wind tunnel. Proved ability 
to start and stop the rotor and trim the- 
aerodynamic forces. Only one plan- 
form tested; the trisector. Tests re­
ported in References 2 and 3.
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Rutor/Wing Series IV Wind Tunnel 
Tests, January 1966

Low-speed tests in the Douglas Air­
craft Corporation wind tunnel in the 
airplane flight mode determined in­
fluence of nose configuration and low- 
horizontal tail posititjn on longitudinal 
stability and drag. Extensive tuft 
photos of triangular wing with tapered 
blades were obtained.

Rotor/Wing Series 11 Whirlstand 
U-sts, March l‘t66

Additional hover ti-sts at the HTC-AD 
whirl test facility of three Rotor/Wing 
planforms. Deterniim>d performance 
and control power availabU' and pro­
vided extensive model checkout.

%

Rotor/Wing Series V Wind Tunnel 
Tests, April 1966

Determined high-speed performance 
and stability parameters in airplane 
flight mode. Tested at NSRDC in the 
transonic wind tunnel up to M - 0. 90.
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The test series described in this report was conducted in the full-scale 30- 

by-60-foot wind tunnel at NASA Langley Research Center (LRC) (Reference 4) 

in September  1966.     These tests are designated Rotor/Wing Series VI Wind 

Tunnel Test. 

The purpose of this test was: 

1. For the same Rotor/Wing model,   compare the test data from the 

full-scale tunnel with data previously obtained in the small NSRDC 

wind tunnel (Rotor/Wing Series 1,   II.   Ill),   where the tunnel walls 

have an unknown influence on the validity of the test.    (This influence 

would be expected to be greatest at low tunnel speeds and high rotor 

speeds.) 
2. Evaluate the complexity of the conversion maneuver,   particularly 

in the very low rotor speed range. 

3. Evaluate the aerodynamic characteristics of three planform shapes 

applicable to the Rotor/Wing concept in all flight modes. 

Figures 2 and 3 show the model installed in the wind tunnel. Figure 2 shows 

general views taken during helicopter flight mode tests. Figure 3 illustrates 

the three planforms tested. 

This report includes the results of the Series VI tests,   and where logical 

comparisons with the data from previous tests can be made,   these are in- 

cluded.     The test data are presented in the following order: 

Powered-rotor hover (V = 0) 

Powered-rotor helicopter mode 

Autorotation mode 
Conversion/Reconversion (including powered-rotor pseudo-conversion) 

Airplane mode (locked rotor) 
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DESCRIPTION OF MODEL 

GENERAL 

In  1962,   Hughes  Tool Company - Aircraft Division designed and built a series 

of Rotor/Wing models,   and conducted whirlstand tests to determine their 

hovering performance.     The optimum model configuration from this test 

series was chosen as the Rotor/ Wing for the complete wind tunnel model 

sponsored by the Office of Naval Research and the Naval Air Systems Com- 

mand (at that time the Bureau of Naval Weapons).     This configuration,   the 

trisector wing with straight blades,   was tested in the 8-by-10-foot subsonic 

wind tunnel at the Naval Ship Research and Development Center (NSRDC) (at 

that time the David Taylor Model Basin - DTMB).     The results of that test 

and the first whirlstand test are summarized in Reference  2. 

For the present test series in the 30-by-60-foot wind tunnel,   two additional 

Rotor/Wings were supplied that could be mounted on the existing model chas- 

sis.     These were the triangle and tricusp planforms,   both with tapered blades. 

The new Rotor/Wing configurations were tested,   along with the existing tri- 

sector planform,   in the hover flight mode at the HTC-AD whirlstand facility. 

This second whirlstand test served the purpose of model,   instrumentation, 

and systems checkout prior to this wind tunnel test. 

The three-view drawing of Figure 4 shows the general arrangement of the 

Rotor/Wing Concept Model.    It consists of a fuselage,   empennage,   miscel- 

laneous  small fuselage fairings,   and the three Rotor/Wing planform 

configurations. 

11 
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FUSELAGE 

The fuselage was basically a structural box built of aluminum plate and covered 

with mahogany to provide the external contours.     Located within the box were 

the rotor support bearings,   hydraulic driving motor,   rotor control mechanism, 

instrumentation and model-mounting structure.     Detail drawings,   essentially 

unchanged from previous tests,   are shown in Reference 2.    Photographs of 

these components are shown in Figure 5. 

EMPENNAGE 

The vertical tail surface was bolted to tbe top of the aft fuselage structure and 

was in place for all testing because its weight relieved a nose-heavy model 

situation that would have seriously limited the range of testing. 

The horizontal tail was attached to the aft fuselage tail cone instead of near 

the top of the vertical tail,   as in the previous tests with this model,   because 

tests with other models had shown this low position to be preferable from an 

aerodynamic as well as a structural standpoint.     The tail incidence could be 

set manually,   both sides together for pitch control or differentially for roll 

control.     Empennage dimensions are given in the table on Figure 4. 

ROTOR/WINGS 

The three Rotor/Wings tested had equal diameters  -- 86.7 inches -- and the 

same ratio of blade root radius to tip radius --59 percent.     The trisector 

wing and blades were tested previously and were not modified for this test. 

The triangle wing was adapted from the triangular configuration used in 

Series I whirlstand tests.     The tricusp wing was new for this test and was 

constructed in the same manner as the previous models:   mahogany,   covered 

with fiberglass. 

12 



ROTOR/WING 

Diameter 
Disc area 
Wing span (rotor locked) 
Wing area (hub + Z blades) 
Aspect ratio (hub + 2 blades) 
Collective pitch 
Cyclic pitch 

Lateral 
Longitudinal 

Blade chord,   root 
Blade chord,   tip 
Blade thickness  ratio 
Blade airfoil section 

HORIZONTAL TAIL 

Span 
Area 
Root Chord (Theoretical) 
Aspect  rat'o 
Taper  ratio 
Leading edge sweepback 
Tail length (to (^ rotor) 
Airfoil section 

Root 
Tip 

VERTICAL TAIL 

Trisector       Triangle     Tricusp 

85.90 in. 
40. 30 sq ft 
77. 00 in. 

- 10 to +20 degrees 

±15 degrees 
±15 degrees 

1 5 percent 
Modified circular arc 

54.00 in. 
4. 17 sq ft 

12.00 in. 
4. 50 
0.83 

20 degrees 
52. 41 in. 

NACA 0015 
NACA 0012 

13.87 sq ft 
2. 98 

12.48 
3, 29 

11. 11 
3. 72 

6. 66 in. 10.65 10.65 
6.66 in. 6.30 6. 30 

Span 25.00 In. 
Area 2. 88 sq ft 
Root chord 21.20 in. 
Aspect ratio 1. 50 
Taper ratio 0. 57 
Leading edge sweepback 5 degrees 
Tail length (to «i rotor) 50. 57 in. 
Airfoil section 

Root NACA 0019 
Tip NACA 0012 

FUSELAGE 

1.      Tandem cockpit forwar d of 
blade tip; leading edge fa ired 
Into fuselage. 

2.      Tandem cockpit forwat d of 
blade tip; open for blac e 
clearance. 

- ■ '♦ÄÜWart-^Äii ■ -tf.^r-^-t^iJWiÄ^i^^ ^imm-mmgmäm^ääUI&ßSIBBB'^^ 
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Figure 4.     Goneral Arrangement Drawing 
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[y

Model Structural Box

Rotor Mast and Drive Motor

C'yclic and Cadh-ctive 
Control System

f

Fuselage Assembly

Figure 5. Model Components

The straight blades, used only on the trisector wing, were not changed for 

this test series. The tapered blades were new, being built of balsa wood 

covered with fiberglass for light weight. There was a metal rib at the blade 

root and at the blade tip to transfer torsion loads to the tubular blade spar. 

The blade tip, outside the metal rib, was mahogany. The new tapered blades 

and the old straight blades had circular arc airfoils with parabolic leading 

and trailing edges, and were double-ended uncambered sections, completely
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symmetrical about the mid-chord point of the chordline.     Figure 6 presents 

the blade and wing planform geometry of each configuration for comparison. 

The photographs of Figure 7 show these planforms mounted on the model chas- 

sis for the Series II whirlstand test. 

After the tests were completed,   measurements were made of the airfoil con- 

tours of the Rotor/Wing.    Figure 8 shows the template locations of the airfoil 

sections and Figure 9 shows the sections of the three Rotor/Wings.    For scale 

comparison,   the rectangular bar above each model's profile is 12 inches long. 

BLADES STRAIGHT TAPERED 

Tip chord 6.66 6. 30 in. 
Root chord 6.66 10.65 in. 
t/c tip 0. 15 0.152 
t/c root 0. 15 0.141 
Span 17.79 17. 79 in. 
Planform area 
(each blade) 118. 50 151. 0 sq in 

Rotor/Wing dia = 86. 7 in. 
Blade root radius =25.6 in. 

WING ALONE 

Radius of edge in planform 
Planfcrm area 

TR1SECTOR 

48. 52 
1630.0 

TRIANGLE 

1483.0 

TR1CUSP 

-50. 0 in. 
1300 sq in. 

Figure 6.    Model Geometry 
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Mb

I risector wing with straight blades. 
This configuration was tested previ­
ously during the Rotor/Wing Series I 
Whirlstand test.

Triangle wing with tapered blades. 
This configuration is similar to that 
proposed for CRA application.

; fe C--

«.! &

--b.

Tricusp wing v. ith tapert‘d blades. 
This configuration has a higher 
aspect ratio during stopped-rotor 
airplane flight.

Figure 7. Planform Configurations
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STATION 3 m 
STATION 4 4

STATION ^

STATION <? ^

STATION 10

TRISECTOR

STATION 8

STATION 7

STATION i 

STATION ?

STATION 11

STATION 10

STATION 7 STATION 9

STATIONS

TRICUSP

STATION J

STATION 2 
STATION 3 
STATION 4

STATION 12

STATION 11

STATION to

triangle

Figure 9. Rotor/Wing Airfoil Sections
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ROTOR/WING DRIVE SYSTEM 

The hydraulic motor and diive  system are unchanged from the description 

given in Reference 2.     The motor is a Vickers Model MF 40-3918-30Y-4 

whose displacement is 2. 349 cubic inches per revolution.    A roller chain 

drive connects the motor to the Rotor/Wing,   providing a gear reduction ratio 

of 1. 5294 to  1. 0.     The chain drive was  removed for autorotation tests to min- 

imize mechanical and hydraulic restrictions to free rotation. 

A variable-displacement hydraulic pump supplied the power to drive the 

model.     This pump was the same unit,   described in Reference 2,   that was 

used at NSRDC.     The hydraulic lines between this pump and the model were 

arranged to minimize their influence on the strain gage balance system.     A 

schematic of the hydraulic circuit is shown in Figure  10. 

Pr«iiur« hin» 

Raturn Lina 

Motor Caia Drain 

(Varlabla 
Diaplacamant 

Pump) 

Figure  10.     Schematic Hydraulic Circuit 
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ROTOR/WING CONTROL SYSTEM 

The control  system was unchanged from that described previously,   Reference 

2,   and shown in the photograph of Figure  5.     Schematically,   the system is 

shown on Figure   11. 

Lower 
(Nonrotating) 
Swashplate 

Bj Cyclic Pitch e Collective 
Actuator Pitch Actuator 

Mixing Table 

A,  Cyclic Pitch 
Actuator 

Figure  11.     Schematic  Control System 

The swashplate used for most testing was the   A2 = 2. 5^  configuration.     This 

swashplate,   shown in the upper photograph of Figure  12,   was built with a wave 

in its track,   such that the followers  riding in the track caused the blades to 

cycle 5 degrees,   double amplitude,   twice each revolution of the rotor.     This 

is equivalent to an    A2 = 2. 5°  blade-feathering motion in the classic blade 

pitch equation below; 

6    --   A    - Aj cos V  -  Bj sin V  - A., cos 2.  - B2 sin 2.   -  .   .   . 

The    A2      0°   swashplate is similar in construction and operation except that 

the wave is,   of course,   omitted. 

21 
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Strain-gage balance system, used to 
measure six component forces and 
moments imposed on the model. This 
is the property of NASA, 1-angley 
Research Center.

!i M f

A^ -2.5 swashplate, provides 
2. 5 degrees of cyclic pitch, twice 
1‘ach rotor revolution.

Control panel, providing full cyclic 
and collective blade pitch control.

Figure 12. Test Components
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The blade pitch for each of the Rotor/Wings was controlled remotely by elec- 

tric actuators that positioned the swashplate.    Aj   and    Bj    cyclic pitch in the 

equation above    was controllable between ±16 degrees; collective pitch,   6, 

was controllable between -11 and +21. 5 degrees. 

MODEL MOUNTING 

The second photograph of Figure  12 shows the strain gage balance used to 

measure forces on the model.     This component,   the property of NASA-Langley 

Research Center,   was mounted between the model and the model mast in the 

wind tunnel.     The balance measured the conventional six component forces 

and moments about the balance center,   located in the middle of the flat sur- 

face at the top of the balance.     Figure  13 shows schematically how the balance 

was installed and located within the test setup.    All forces applied to the model 

above the balance were measured,   and the balance  signals were  recorded by 

one of several modes. 

(£. Rotor 

Moment Reference Center 

Figure  13.     Schematic Model Mount and Systems 
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The lower portion of the balance fitted into a steel cylinder welded to the hy- 

draulic knuckle that was the model pitch axis.     Thus,  the balance system 

sensed forces and moments in the model axis reference system.     The model 

mounting-mast was stayed to the tunnel's ground plane by three steel cables. 

The tension in these cables was tuned to avoid mechanical resonance when the 

Rotor/Wing was at its primary operating speed.   600 rpm.     The total height 

of the mast,   hydraulic knuckle balance,   and fuselage placed the Rotor/Wing 

13 feet above the ground plane.     This location was nearly in the center of the 

tunnel's open-throat test section. 

MODEL OPERATION 

The console shown in the lower photograph of Figure 12 was used to operate 

the model's control system and angle of attack. The console provided indi- 

cations of collective pitch, cyclic pitch, and angle of attack. A tachometer 

gave an indication of rotor speed. Manual control of the model through this 

panel was made for all tests,   including conversion. 

DATA RECORDING 

Besides giving an indication of the operator's control panel,   the  signals from 

the potentiometers that sensed control position were also recorded by anlS- 

channel oscillograph.     In addition,   this oscillograph recorded signals from 

two accelerometers mounted in      e model fuselage,   two rotor  shaft   bending 

strains,   the inlet and outlet pressures of the hydraulic motor,   and two blade 

spar-bending  strains.     A rotor azimuth signal was also recorded,   and when 

compared to the paper's timing lines,   indicated rotor speed. 

The signals from the six-component balance system were recorded manually 

from digital readout equipment and on magnetic tape for steady-state data 

points.     Data from the transient tests (conversion to and from the stopped- 

rotor mode) were recorded on a second oscillograph.    A high-speed electronic 
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digital computer was used to convert the magnetic tape data to meaningful 

aerodynamic coefficients. 

Each data point was assigned a run number and a test-point number.     A sum- 

mary of the run numbers and test-point numbers  is shown in Table  1; more 

details may be found in Appendix A. 
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MODEL TEST PROGRAM 

The program followed in the Series VI wind tunnel tests of the Rotor/Wing 

Concept Model  is presented in  Table   1.     Detailed run sheets may be found in 
Appendix A. 

Table   1.     Rotor/Wing 

(NASA Langley Resei 

Wind Tunnel 

rch Center 30-by 

Series VI Test Schedule 

■60-Foot Wind Tunnel) 

Model 
Configuration 

Triiector - A?  - 2. 5' 

Tail-Off 

With Blade Fairing 
Without Blade Fairing 

Tricusp - A    =   2. 5" 

Tail-Off 

Bladea-Off 

With Blade Fairing 

Triangle  - A    =   2. 5' 

Tail-Off 
Tail-Off 
Tail-On 
Tail-Off 
Tail-On 
Tail-Off 
Tail-On 

Triangle  - A     =   0' 

Tail-Off 

Blades-Off 

fuselage Alone 

Flight 
Mode 

Hover 
Helicopter 
Autogyro 
Airplane 
Airplane 

Hover 
Helicopter 
Helicopter 
Autogyro 

Airplane 

Hover 
Helicopter 

Autogyro 

Airplane 

Hover 
Helicopter 
Helicopter 

Run 
Number 

4 
5-36 

37-S6 
57 

143 

62 
63-83 

216-219 
60-61 
85-90 
59 

96 
97-117 

151-168 
132-143 
169-176 
178-179 
180-186 

187 
188-209 
211-214 

210 

Teat-Point 
Number 

86-290 
291-574 
576-782 
828-836 

1807-1822 

984-1001 
1002-1146 
2705-2724 

946-953 
1192-1215 
897-905 

1337-1354 
1355-1467 
1920-1991 
1656-1806 
2047-2090 
2151-2168 
2169-2213 

2320-2332 
2333-2456 
2632-2652 

2522-2582 
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MODEL TEST RESULTS 

This  section describes the results of the Rotor/Wing Series  VI wind tunnel 

tests. 

This  was the first test for ths  strain gage post balance in this wind tunnel, 

and the first test for the magnetic tape recording equipment.     A number of 

problems resulted in a delay of nearly seven months following the conclusion 

of the tests before all the test data were finally available for analysis.    Hence, 

discrepancies that are sure to arise with new equipment were not discovered 

until much too late to repeat the tests.     Areas where there are problems in 

data analysis because of this procedure are pointed out in the discussion. 

Aerodynamic tare and support interference tests were not made for this model 

because the use of the post-balance support minimizes most tare effects and 

because of the inconvenience of measuring tares in this particular tunnel.     It 

is known that a drag component of unknown magnitude is included in the test 

data because a portion of the hoses supplying hydraulic power to the model 

were in the metrical  system and were exposed to the airstream.     A number 

of different methods were used in trying to correlate the Series VI drag data 

with that from previous tests of comparable configurations,   but no consistent 

pattern could be established.     It is concluded that because of this lack of con- 

sistency,   it is preferable not to show any drag data in this report. 

Rotor blade root bending moments and rotor  shaft bending moments were 

measured during all the running-rotor testa.     These are a good measurement 

of the aerodynamic loading on the Rotor/Wing,   except for the few cases in 
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conversion where model resonance interfered.     The values measured here 

must be used only for indicating trends,  not absolute levels,   for an actual 

aircraft because the model was heavy,   stiff,   and dynamically similar to 

nothing but itself.    More accurate measurement of applicable structural loads 

must await the testing of a dynamically-scaled Rotor/Wing model.     The lighter 

and more flexible Rotor/Wing of the dynamic model or a full-scale aircraft 

is expected to experience a lower level of moments,   than this heavy,   stiff 

concept model. 

POWERED MODEL - HOVER MODE 

One of the discrepancies mentioned in the previous  section occurred during 

tests in the hover mode and concerns the rotor-torque measurement.     Rotor 

torque was related to the hydraulic pressure difference between the input and 

outlet side of the rotor's drive motor.     These pressures were measured by 

transducers and recorded on both the magnetic tape and oscillograph records, 

and the rotor-torque was calculated using the appropriate constants,   tares, 

and calibration factors.     The results were not very realistic and seemed to 

show a general increase in the torque required to drive the rotor as time 

progressed.     Quite possibly the friction in the drive system changed as the 

testing progressed as a result of wear and tear on the model,   in which case 

no accurate comparisons between rotor configurations can be made. 

Fortunately,   these rotors w-re previously tested in the hover mode at the 

Hughes whirlstand in Culver City.     These tests are  reported in Reference   17, 

and the appropriate data are repeated here in Figure  14. 

Figure  14 presents the performance comparison of the three planforms,   out 

of ground effect,  with the   A2   =  0   swashplate.     The triangular and tricusped 

wings,   with the same tapered blades,   sustain the parabolic nature of the 

curves to higher thrust coefficients than does the trisector wing with its 
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narrow,   straight blades.     The coefficients shown on the figure are based on 

total disc area,   but,   since all three configurations have the same swept an- 

nulus area,   coefficients based on this parameter will present the same rela- 

tive picture.     For the three configurations to produce equal thrust,   the tri- 

sector blades,   which have lower solidity,  have to operate at a higher blade 

lift coefficient,   and,   as thrust is increased,  these blades will stall earlier 

than the tapered blades.     This is suggested by the break that occurs in the 

trisector curve (circle symbols) of Figure  14 above   Cj.   =   0. 012. 

The following comparison among the three planforms will be restricted to the 

region of the curves below blade stall.     Figure  14 shows that the tricusped 

Rotor/Wing performs slightly better than the triangular shape in the hover 

flight mode.    At all torque coefficients,   the tricusped wing exhibits 4 or 5 

percent more thrust for the same power.     The maximum figures of merit of 

the two model rotors are 0. 502 and 0. 480,   again in favor of the tricusped 

planform. 

An empirical method of extrapolating model hover data to full-scale charac- 

teristics was developed during the Rotor/Wing Series I whirlstand tests. 

Essentially,   the correction is the product of the measured whirlstand data 

for the Rotor/Wing blades and the ratio of full-scale data using NACA 0015 

blades to model test data with the same blade sections.     Additional small 

Reynolds number corrections apply to the torque required to drive the wing. 

The figure of merit plot of Figure 14 shows the triangular wing extrapolated 

to full-scale where the maximum  M   equals 0. 63.     The tricusp and trisector 

rotors will show essentially the same full-scale relationships to each other 

as they do in model-scale. 

As tested,   both the tricusp and triangle wings are significantly better than 

the trisector planform with its straight,   narrow-chord blades.     A more re- 

alistic comparison is shown in Figure  15,  where the model data for the 
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0. 016 

0. 014 

0. 012 

0.010 

0. 008 

0.006 

0. 004 i U1 

0. 002 

Tricuep 
Triangle 
Trisector 

(Corrected to Equal 
Blade Solidity) 

0.001        0.002 0.003        0.004        0.005 

TORQUE COEFFICIENT,   C^ 

Figure  15.    Rotor/Wing Hover Performance 
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trisector wing has been corrected for blade solidity so that differences in 

performance are due to wing planform only.    Again,   the tricusp planform is 

4 or 5 percent better than the triangle and some  12 to 13 percent better than 

the trisector planform.     This difference in hover performance is attributed 

directly to the torque required to drive the wings,   which,   in turn,   is related 
to the wing's area. 

While the tricusp planform exhibits superior hover performance compared 

with the other planforms tested,   other factors such as the wing area required 

to support the aircraft during transition must be considered before a final 
planform selection can be made. 

There can be no direct comparison with the hover data obtained in the DTMB 

7-by-10-foot tunnel,   because the model in that tunnel was less than one di- 

ameter from the tunnel ceiling; additionally,   the tunnel   wall  constraints in- 

duced a considerable airflow around the tunnel circuit. 

The control power in hover for pitch- and roll-cyclic-control inputs is plotted 

in Figure 16.     The pitching- and rolling-moments for 5-degree cyclic-pitch 

inputs are almost identical for the three rotors. 

POWERED MODEL - HELICOPTER MODE 

TEST DATA COMPARISON - SAME MODEL IN TWO WIND TUNNELS 

It has been shown by several studies,   such as that reported in Reference 5, 

that the testing of conventional rotor models may be accomplished satisfac- 

torily in relatively small wind tunnels if the rotor does not span more than 

about 70 percent of the width of the test section,   and the rotor advance ratio 

is 0. 15 or higher.    Under these conditions,   conventional airplane-type tunnel 
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T riaector

T riangle

V—
V B. ■

T ricuap

PITCHING MOMENT COEFFICIENT, C^* ROLUNC MOMENT COEFFICIENT, C^' 

Figure 16. Rotor/Wing Control Power in I6)\er
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wall corrections may be used.    The Rotor/Wing model tested in the 8-by-10- 

foot NSRDC Aerodynamics  Laboratory wind tunnel was just at the boundary 

of this limitation; therefore,   a major purpose of the present tests was to 

compare data obtained from the same model in the two tunnels. 

Comparisons of the data are made for the trisector planform Rotor/Wing for 

three rotor advance ratios:    0. 15,   0. 25,   0. 35. 

At u = 0. 15,   Figure  17,   a point-by-point comparison is not possible,   because 

comparable test conditions were not measured in both tunnels; however,   the 

comparison by inference outlined below shows good agreement.    At NSRDC, 

Series II,   the model had to be operated at 1000 rpm because of a tunnel speed 

limit; at LRC,   Series VI,   the rotor speed was held to 600 rpm to avoid reso- 

nances in the model support.    NSRDC tests were nnade with a 2-per-rev cyclic 

input of 0 degrees while the tests at LRC were made only for 2. 5 degrees of 

2-per-rev cyclic pitch.    Examining Figure 26 for the aerodynarr; ; charac- 

teristics of the triangle wing at u = 0. 15,   it is seen that the effect of A?   is 

negligible on the external aerodynamic characteristics of the Rotor/Wing, 

and the implication then is that the difference in A?   for the two tests shown 

in Figure 17 may also be considered negligible.     The differences would then 

be attributable to rotor-speed or tunnel-wall effects. 

The effect of rotor speed would be expected to influence the rotor-torque co- 

efficient to the greatest extent with the slower-turning LRC rotor having the 

greater torque coefficient because it operates in a lower Reynolds number 

environment where the blade section drag coefficients should be higher.     The 

lift of the blades would not be appreciably changed by Reynolds number in the 

range involved.     This,   indeed,   is the result of the comparison:    little change 
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0.03 

0.02 

0.01 

Trisector Wing 

jiO. 15,   Aj = 0° 

Tail-Off 

o i icr-i 

0.004 

0. 002 

Oe 
□ e 15l 

Open    LRC Series VI 
A2   =   2.5°,  600 rpm 

Solid     NSRDC Series 11 

A2    =   0°,  1000  rpm 

Ot- DEGREE 

Increase a for Series VI by 3 degrees. 

Figure  17.     Helicopter Flight,   Trisector Wing,   p  = 0. 15 
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in lift coefficient,   but a large increase in torque coefficient at the low rotor 

speed. 

The data thus appear to agree fairly well except for a shift of the LRC Series 

VI data in the negative angle of attack direction.     There appears to be a con- 

sistent discrepancy of approximately 3 degrees in the model angle of attack 

in the 30-by-60-foot tunnel.     Confirmation of this condition could not be in- 

vestigated,   because it was discovered long after the model had been removed 

from the tunnel.     The same angle shift shows up throughout all the test data 

where comparisons may be made:   powered rotor and unpowered rotor,   both 

autorotating and stopped (the specific comparisons will be pointed out below). 

The data appear to be consistent within the Series VI tests,   but include this 

fixed angle of attack incident. 

NOTE 

All angle of attack values given for the Series VI tests 

must be increased by 3 degrees from the plotted values. 

Direct comparisons are made of the aerodynamic test data for the trisector 

Rotor/Wing from the two tunnels for advance ratios of 0. 25 and 0. 35 in Fig- 

ures  18 and  19.     Here the tests were conducted at rotor speeds of 600 rpm 

and it is seen that good agreement exists for lift,   torque,   pitching moment, 

and lateral cyclic pitch control,   except for the negative 3 degree shift in the 

angle-of-attack  values of the LRC data,   as compared with the NSRDC data. 

A comparison between the control power measured in the two tunnels is shown 

for the trisector configuration in Figure 20.     Here,   for a condition near level 

flight at  (i =   0. 25,   5-degree inputs of  Aj   and   Bj   cyclic pitch from the basic 

trim condition are applied.     The pitching and rolling moment data are quite 

comparable. 
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Aj • 0   ,  A2 = 2. 5",  Tail-OH,   Run»  34 to 35 

Solid Symbols from Series III Tests (Reference 2) 

LATERAL CYCLIC PITCH, 

Bj  -DEGREE 

TORQUE COEFFICIENT,  C 

A*—k *ii A 
»II -ma—» 

Q       0.002 

g - -*4- - A - - ^- - ^ 

PITCHING MOMENT 

COEFFICIENT,   C., 

LIFT COEFFICIENT,   C, 

-8-' -4048 

ANGLE OF ATTACK, a   -   DEGREE 

Increase a   for Series VI by 3 degrees 

Figure   18.     Helicopter Flight,   Trisector  Wing,   M   =   0.25 
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Al    =   0°,  A2   =   2.5°,  T.U-Qfr,  Run. 28 to j«, 

Solid SymboU from S.ri.. m T..t. ,Reference 

LATERAL CYCLIC PITCH. 
B,  - DEGREE 

TORQUE COEFFICIENT,  C 

PITCHING MOMENT 
COEFFICIENT,   C M 

LIFT COEFFICIENT,  C 

-0.04 

0  2 

12 16 

Incre«,« a for Serie. VI by 3 degree. 
ANGLE OF ATTACK,   a  -  DEGREE 

figure  19.    Helicopter Flight.   Trisector Wing.  M  =  o. 35 

38 





HTC-AD 67-3 

Another comparison between data from tests in the two tunnels is with respect 

to the  blade root and rotor shaft alternating bending of the trisector Rotor/ 

Wing moments.     Figures  21  and 22 show these moments made non-dimensional 

by dividing by rotor lift and rotor radius.     The moments were not measured 

at   u  =   0. 15,   but at the higher advance ratios,   the data from the two tests fall 

within the expected scatter bands.    It should be pointed out that in these plots 

the cyclic pitch angle,    A, ,   was held at zero degrees because the only com- 

parable data from the NSRDC tests were for this same condition of Aj  =0°. 

Therefore,   there is included a large  1-per-rev component of moment in the 

shaft bending moment that would not normally be present in trimmed flight. 

These data are presented only to bolster the comparison of data between the 

two wind tunnels and should not be taken as indicative of actual Rotor/Wing 

flight conditions.     For a comparison of Rotor/Wing moments with  Ai   and   Bj 

trimmed,   see Figures 34 and 35. 

Therefore,   the two test  series  confirm that the 8-by-10-foot NSRDC subsonic 

wind tunnel is satisfactory for testing this particular powered rotary-wing 

configuration in models up to 86 inches diameter at advance ratios of 0. 15 or 

greater when regular airplane type boundary corrections are applied.     This 

reaffirms the observation of Reference 5 that powered rotor models that span 

no more than 70 percent of the test section and operate at advance ratios of 

0. 15 or more may be tested satisfactorily,   using regular boundary corrections. 

TEST DATA COMPARISON -  THREE MODELS IN LRC 30-BY-60-FOOT 
WIND TUNNEL 

The trisector,   tricusp,   and : riangular Rotor/Wings were tested in sequence 

in the LRC full-scale tunnel at rotor advance ratios from 0 (hover) to 0. 35 

(maximum helicopter flight speed).    All tests were made at a constant rotor 

speed of 600 rpm and the airspeed was varied to accomplish the desired ad- 

vance ratio.    For these tests the  A, =   2. 5°  swashplate was installed; Ao  = 0° 
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was tested in the triangle Rotor/Wing only.    The horizontal tail was off for 

the basic tests,   and the model's pitching and rolling moments about the model 

moment center were trimmed to zero by application of A,   and   B,   cyclic 

pitch for most of the test points. 

Figures 23 through 25 show the aerodynamic characteristics of the three 

Rotor/Wings.     There is little difference between the performance of the tri- 

angle and tricusp rotors; both produce approximately the same lift for a given 

rotor torque at equivalent collective pitch and angle of attack.     The trisector 

rotor produces less lift at the same angles of collective pitch and angle of at- 

tack,   but also requires less torque.    On a basis of (thrust coefficient/torque 

coefficient) for steady 1 g flight at the design gross weight condition,   all three 

Rotor/Wing planforms are nearly identical. 

The effect of second harmonic cyclic-pitch input on the aerodynamic charac- 

teristics is shown 

only very slightly. 

teristics is shown in Figure 26 for  A2 =   0°   and  A2 =   2. 5°.     Lift is affected 

Control power in pitch and in roll throughout the helicopter flight speed range 

is shown in Figures 20,   27,   and 28 for the three rotors,   beginning from a 

point near trimmed level flight.     Little cross-coupling between pitch and roll 

for this rigid model that is held rigidly on the support strut is evident,   and 

there is practically no change in the level of moment per degree of cyclic- 

control input over the advance ratio range from  n =  0 to 0. 35; there is es- 

sentially no change in the control power going from one configuration to the 

others. 

Tests were made with the trisector Rotor/Wing to ascertain the effects on 

rotor characteristics when the  A,   cyclic pitch was adjusted to trim the lon- 

gitudinal pitching moment to zero,   or was set at zero cyclic pitch.     Figure 

29 shows the comparison.    When the pitching moment was trimmed to zero. 
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the Rotor/Wing developed greater overall lift,   but also required the input of 

higher torque. 

The effectiveness of the horizontal tail was measured in forward flight for 

the triangle Rotor/Wing.    Figures 30 through 32 show the results of these 

tests for M = 0. 15,   0. 25,   and 0. 35,   respectively.     The tail effectiveness in- 

creases with advance ratio as would be expected.    In comparison with thr tail 

effectiveness measured in the Series U and III tests at NSRDC,   the present 

tail is about 20 percent more effective than the tail mounted on the top of the 

vertical tail,   and about 30 percent more effective than a smaller horizontal 

tail mounted near the mid-span of the vertical. 

Peak-to-peak rotor shaft bending moments and blade root bending moments 

were measured for the three Rotor/Wing configurations.    These moments 

are made non-dimensional by dividing the moment by rotor lift and rotor 

radius.    Because the lift can go through zero for some combinations of a and 

0 ,  the non-dimensional moments can appear quite large; however,   these con- 

ditions are never reached in normal flight.    In a similar vein,  the non- 

dimensionalized moments tend to decrease with increasing collective pitch 

and/or angle of attack because of the increase in lift for these conditions. 

This means that although the moments increase with a and   6 ,  they do not 

increase as rapidly with these angles as the lift does.    A more meaningful 

assessment of rotor shaft bending moments is presented in Table 2 where 

harmonic analyses are reported for Rotor/Wing steady level flight cases.   In 

these,   a better idea of the actual moments to be expected inflight may be had. 

All rotors incorporated the A2 =  2. 5° cyclic pitch input,   and the triangle 

Rotor/Wing was also tested with A2 = 0° for comparison.    In comparison. 

Figures 33 through 41 show that the rotor shaft oscillating bending moments 

are quite comparable for all three rotors when A2 =  2. 5°.    For all conditions 

the model rolling and pitching moment was trimmed to zero by cyclic pitch. 
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Since the fuselage and vertical tail contribute a certain moment by them- 

selves,   this zero model moment does not mean the  rotor shaft first harmonic 

moment is zero.     The blade  root inplane bending moments are similar for 

the triangle and tricusp rotors,   and both average about 25 percent higher than 

those measured for the trisector rotor.     Flapwise bending moments cannot 

be compared in all cases,   because a broken  strain gage on the trisector blade 

spar prevented measuring this parameter.     Flapwise bending moments for 

the triangle and tricusp rotors ire comparable. 

Figures 42 through 44 show the blade and shaft moments for the triangle 

Rotor/Wing and the   A? T 0 '  cyclic pitch input.     When compared with Figures 

33 through 41 for the   A^  -   2. 5°  rotor,   each case shows the shaft bending 

moments and the blade root bending moments are significantly reduced when 

2. 5 degrees of second harmonic cyclic pitch is introduced. 

When going to an actual aircraft or a dynamically-scaled model,   the flexibil- 

ity of the Rotor/Wing and its supports to the fuselage are expected to account 

for a significant reduction in the rotor moments.     Values of A^   second har- 

monic cyclic pitch other than those tested will also contribute to reduced 

moments. 

Harmonic analyses have been made of the rotor shaft bending moments meas- 

ured during the powered-rotor tests of the triangular Rotor/Wing.     The data 

were taken near a condition representing level flight:    specifically,   the collec- 

tive pitch was  15 degrees,   fuselage angle of attack was about level,   and the 

cyclic pitch was trimmed to zero rolling and pitching moments.    Table 2 pre- 

sents the harmonic content of the shaft bending moment (made non-dimensional 

by dividing the total lift and rotor radius) for two moments mutually perpen- 

dicular to each other,   whose orientations are: 
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and for the root mean square of these moments: 

V^T +   M 
11 

The moments were measured in the rotating rotor system.     Since moments 

transfer into the stationary fuselage-based reference system at a frequency 

of one-plus or one-minus the harmonic in the rotor,   the two rotor-based har- 

monics of most interest are the first and second. 

The first becomes a steady moment in the stationary system,   and would havt; 

been zero if the rotor moments alone were zero; however,   the model condi- 

tion set was model-minus-horizontal tail moments trimmed to zero,   so the 

fuselage moment contribution had to be balanced by the rotor -- hence,   the 

one-per-rev shaft moment. 

The second harmonic moment would transfer into the fuselage as a 3-per-rev 

moment.     The second han 

plate,   as indicated by the 

moment.     The second harmonic moment is quite large for the  A? =  0°  swash 

V M +   M    2 

s, s -L 11 

values.    When the  A^ = 2. 5°  swashplate is installed,   these bending moments 

reduce by a factor to two.     This fact was also shown in the NSRDC Series II 

and III tests of the trisector Rotor/Wing. 
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HELICOPTER MODE --  BLADES OFF 

The triangle Rotor/Wing model was tested with the blades off over the same 

advance ratio range tested with blades on,   or more specifically,   the rotor 

rpm/tunnel speed ratios were the same.    Figures 45 and 46 show the results 

of these tests.     The rolling moment data are in question,  first because of the 

magnitude which is about 10 times greater than calculations indicate,   and sec- 

ondly,   because the sense of the moment is in the wrong direction.     Series III 

teats of the trisector wing alone (Reference Z,   Figure F-9) and calculations 

indicate a low level of rolling moment for the wing alone,   and this should be 

a rolling moment to the left (-C~). 

If rolling moment were plotted versus rotor advance ratio,   as in the sketch 

below,  for the wing alone (also for the complete Rotor/Wing with zero cyclic 

and collective pitch),   it should be zero at (j = 0 (high rpm .   .   .   zero airspeed) 

because there is no dissymmetry of flow from side to side; it should also be 

zero at n = « (high airspeed .   .   .   zero rpm) because again there is no dis- 

symmetry of flow.    At intermediate p's there should be a rolling moment to 

the left because of the familiar condition of high relative airspeed on the ad- 

vancing side and low relative airspeed on the retreating side,   thus: 

+ 

This is indeed the pattern measured in the Series III NSRDC tests for the tri- 

sector wing alone.     The Series VI LRC data for the triangle wing appear to 

contain an uncompensated steady right rolling moment that was not eliminated 

by weight tare corrections.    If a constant moment is subtracted from the 

Series VI data,   they,   too,   show the anticipated trend of  C*  versus  |i. 
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Rotor shaft bending moments measured in the blade-off tests of the triangle 

Rotor/Wing have  been harmonically analyzed in Table  3 for an angle of attack 

of  14. 6 degrees,   approximately the angle encountered in autorotation and in 

conversion.     The moments are nondimensionalized by dividing by the wing 

lift and the rotor radius to the blade tip.     This table  shows a one-per-rev 

moment that is quite  steady with increasing advance  ratio and a two-per-rev 

moment that decreases quickly with increasing  advance ratio.     Undoubtedly, 

this  2-per-rev hub moment is a large contributor to the moments that will be 

described later for the autogyro case. 

The one-per-rev moment can be mostly accounted for by the simple procedure 

of calculating the aerodynamic center of a triangle.     It can easily be shown 

that for a wing of equilateral triangle planform,   the quarter-chord of the MAC 

is  3/8 of the root chord forward of the centroid of the wing,   whether one point 

of the triangle points  into the wind or away from it.     Since the MAC equals 

2/3 of the root chord for the symmetrical positions of the triangle,   the quarter 

chord of the MAC is 25 percent of the distance from triangle centroid to tri- 

angle tip forward of the center.     The tip of the equivalent triangle falls at 82 

percent:;; of the model  Rotor/Wing radius; hence,   in terms of the M   coefficients 

this contribution to the one-per-rev shaft bending should be: 

♦Vl 
= R 1 /\/CpforVl M    =   0. 25r   x   0. 82   —   x   ^ / ^f v 

^   =   0.205 /    <L-XcPforV2 

♦ V
2 

The difference between this value and that shown for the first harmonic in 

Table 3 is attributed to the effect of truncated tips of the triangle,   camber 

in the wing,   and nonuniform flow around the rotating wing. 

•'cBlade root radius equals 59 percent of tip radius. 
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This analysis indicates that a sizable one-per-rev will always occur in the 

shaft because of the forward offset of the center of pressure, regardless of 

the wing planform shape. A way to avoid the moment arising from the for- 

ward center of pressure appears to be the use of considerable camber in the 

wing. The nose-down moment created by the camber would compensate for 

the lift vector offset. Tests have been proposed to investigate the effect of 

camber. 

AUTOGYRO MODE 

Autorotation tests were made with the rotor drive chain removed and the 

Rotor/Wing autorotating freely.     The trisector and tricusp models were tested 

at one collective pitch setting:    6 = 2"  (Figures 47 and 48); the triangle model 

was used to investigate the effect of collective pitch setting from 0 to 2 degrees 

as plotted in Figure 49.     Two rotor speeds were tested,   nominally 600 and 

500 rpm.    A comparison of test data for the trisector model in autorotation 

obtained in the NSRDC and in the LRC tunnels is shown in Figure 47.    Reason- 

ably good agreement again indicates the small NSRDC tunnel is satisfactory 

for testing rotary-wing models. 

Autorotation tests were made with the steady rolling moment trimmed to zero, 

by adjustment of the lateral cyclic pitch.     Longitudinal cyclic pitch,  Aj ,   had 

to be held to zero degrees because application of A,   to trim out the steady 

pitching moment  resulted in greatly reduced rotor rpm that could not be tol- 

erated.     Hence,   all the  autorotation data show a steady nose-up pitching mo- 

ment of a magnitude that may be easily trimmed out with the horizontal tail. 

This  Ai   effect on rotor speed,  when the rotor cyclic pitch is coupled to the 

elevon controls,   must be evaluated in the Rotor/Wing dynamic model tests. 

All models were tested tail-off; the triangle model was tested in conjunction 

with the tail to determine tail effectiveness in the autogyro mode.     Figure 50 
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shows that the tail effectiveness measured in helicopter flight (see Figures 30, 

31,   and 32),   is only about 85 percent as effective as in the airplane mode (com- 

pare with Figure 73). 

There is little to choose between the three Rotor/Wings as far as lift,   pitch- 

ing moment,   control,   and angle of attack characteristics are concerned. 

Figure 51 pr- sents the half-amplitude values of the peak-to-peak rotor shaft 

bending and blade flapwise and chordwise bending data for the trisector con- 

figuration.     The loads measured in the Series III tests at NSRDC are shown 

for comparison. 

Table 4 shows the results of harmonic analysis of the shaft bending moments, 

M-     and  M      ,   and also the root mean square of these for the triangle Rotor/ 
I s|| 

Wing.     This table shows the moments to be higher in autorotation than in the 

powered-rotor condition (Table 2),   especially the second harmonic at the 

lower advance ratio.     The level decreases rapidly with advance ratio,   ap- 

proaching the values measured in the lower rpm's of conversion (Table 5). 

Tests with the trisector model at NSRDC (Reference 2) showed  A2  to have 

little influence on the rotor loads in the autogyro mode,   so the moments shown 

here are representative of the loads associated with A,   values in the zero to 

2. 5 degree range.     The first harmonic in the shaft bending is due to the wing 

contribution discussed previously,   and to the fact that  A.   was zero for these 

tests and could not aid in reducing this component. 

CONVERSION 

Conversion tests were made with all three Rotor/Wings:    trisector,   triangle, 

and tricusp.     For each,   the  A, =   2. 5°  swashplate was used; no tests were 

made in this series with A, =  0°. 
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PSEUDO-CONVERSION TESTS 

Tests were made for each Rotor/Wing in the pseudo-conversion mode to de- 

termine model control programs as a function of rotor speed that may be used 

in the actual conversion tests,   where only aerodynamic forces start or stop 

the rotor.     The technique here was to power the rotor,   select a rotor lift force, 

and for a series of rotor speeds from 600 rpm down to about  100 rpm,   find 

the combinations of model angle of attack,   collective pitch,   and lateral cyclic 

pitch that maintain constant lift and zero rolling moments.     Longitudinal cyclic 

pitch was held at zero for all the pseudo-conversion runs.     Initial tests showed 

that the longitudinal control power deteriorates rapidly with decreasing rotor 

speed at constant airspeed,   and below a rotor speed of approximately 500 rpm 

even full nose-down cyclic pitch of 15 degrees could not balance the nose-up 

pitching moment of the wing at the angles of attack needed to maintain lift. 

This is due to the small chordwiiie velocity vector across the blades when 

they sweep the forward and aft sectors of the rotor disc (the region where the 

blades create a rotor pitching moment),   and the resulting small blade lift 

components created.     It was observed that the horizontal tail was capable of 

trimming the resulting Rotor/Wing moment; therefore,   to simplify testing, 

Aj   was held at zero degrees throughout. 

Figures 52, 53, and 54 show the control position maps established for the 

three Rotor/Wings at the design lift force, which is 50 pounds. Zero torque 

boundaries are plotted on these maps fur the triangle and tricusp planforms. 

Because of an obvious zero shift in the recorded hydraulic pressure data, no 

boundaries are shown for the trisector wing. Inside the boundary, an accel- 

erating torque is created; outside,   a decelerating torque exists. 

FULL CONVERSION TESTS 

The conversion tests were run twice for each configuration:    once,   through 

the rpm range up to about 520 rpm,   which is 85 percent of design helicopter 
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rpm -- the rpm selected for autogyro flight while recording the strain gage 

post balance data on an oscillograph; and a second time through the 0 to 100 

rpm range while recording the strain gage output on a digital magnetic tape 

at a reading rate of 30 times per second. 

Time histories of the conversions,   as read from the oscillograph,   are plotted 

in Figures 55,   56,   and 57 for the three Rotor/Wings.     That the lift,   pitching 

moment,   and rolling moment were not exactly on schedule is not considered 

of too great importance,   because  by very small changes  in the control inputs, 

the rolling moment and lift could have been brought to the  required condition 

of zero rolling moment and constant lift.     The pitching moment excursions 

are well within the balancing capability of the horizontal tail. 

A comparison of trisector Rotor/Wing conversion in the two wind tunnels is 

shown in Figure 55.    The data are similar. 

The blade root and shaft bending moments are shown in Figures 58 through 

60.    Figure 58 shows that the measured moments are similar for the trisector 

model in both the NSRDC and the 30-by-60-foot tunnel.     Tests to observe 

resonances in the model and support showed that these occurred at approxi- 

mately 250,   350,   and 500 rpm; hence,   data points near these  rotor speeds 

are not shown. 

The magnetic tape data were recorded 30 times per second,   and from this the 

six-component coefficients were calculated on a basis of averaging over 10 

data points and over 60 data points.     Trial plots of the  10- and 60-point data 

showed little variation in curves plotted versus rotor speed; therefore,   the 

60-point data are  shown in the plots of Figures 61,   62,   and 63.     In all three 

of these figures,   the lift,   drag,   and side force are shown to be quite constant 

over this critical 0- to 100-rpm range.     The mean rolling moment is near 

zero,   and mean pitching moment is relatively constant,   as shown in the 
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oscilloßraph data of Figures 55, 56, and 57. The RMS values shown for lift, 

roll, and pitch are a measure of the amplitude of these coefficients from the 

mean.      They are  calculated from 

2 2 

total mean 

The lift RMS amplitude is equal to about  1/20 of the mean lift in Figures 55, 

56,   and 57,   and indicates an almost uniform ±0. 05 g acceleration across this 

rpm. 

Generally,   the magnetic tape  recorded data are considered a better record of 

the conversion maneuver,   because the oscillograph record was too sensitive 

to be  read accurately.     Six-component balance oscillograph data are used for 

indicating trends only. 

The pitching and rolling moment oscillations are more easily visualized in 

Figures 64 through 66,   where the pitching and rolling moments are combined 

with the lift to indicate the location of the center of pressure in the fuselage- 

oriented,   nonrotating coordinate system,   as it makes a 3-per-rev excursion 

in a more or less elliptical pattern centered on the longitudinal axis of the 

aircraft and somewhat forward of the rotor center.     This center of pressure 

is for the Rotor/Wing alone; the fuselage moments have been removed from 

the data.     Figures 64 and 66 show that there is little basic change in the pat- 

tern,   whether accelerating or decelerating (with or without a brake),   for the 

trisector and triangle Rotor/Wings.     The tricusp Rotor/Wing,   though,   ex- 

periences almost three times the fore-and-aft excursion of the center of pres- 

sure,   compared with the other two,   as shown by Figure 65. 

A time history of the rotor shaft bending moments  --  during the first three 

revolutions as the rotor starts turning --is shown in Figure 67 for the 
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triangle Rotor/Wing. These moments* are in the rotating coordinate system 

of the rotor. Figure 68 shows these shaft moments transferred into the non- 

rotating fuselage-oriented coordinate system. 

A time history of the aircraft response to these moments has been calculated 

using the size,   inertia,   and aerodynamic damping of the HTC-AD/USAAVLABS 

Composite Research Aircraft.     Figure 69 shows the calculated motions of the 

aircraft as the rotor starts turning.     These aircraft motions assume that the 

pilot trims out the mean moments,   but makes no attempt to compensate for 

the oscillating moments.     In actual practice,   the pilot (or an auto-pilot) could 

compensate for the rotor inputs at the very low rotor speeds by deflecting the 

elevons to maintain straight and level flight. 

The rotor moments considered here are based on those generated by the rigid 

concept model.     The more flexible Rotor/Wing of an actual aircraft is not ex- 

pected to develop such large moments.     This will be demonstrated in the 

forthcoming Rotor/Wing dynamic model tests. 

Rotor shaft bending moments ware measured during the pseudo-conversion 

and conversion tests.     Table 5 shows the results of a harmonic analysis of 

the   M^   and  M^   moments for the triangle wing,   made nondimensional by 

dividing by lift and rotor radius,   and also for the root mean square of these 

moments: 

=   2 =2 
M +   M 

8± 8II 

these moments are measured in the rotating coordinate system of the Rotor/ 

Wing.     The first harmonic moment is principally due to the forwardly located 

^The moments here are of the opposite sense to those reported in Figure 37  of 
Reference 2,   and Fxgures 4 through 8 of Reference 3.    It has been found that 
3 'm !Tr °CCUrred in Plotting the data of the Series II and Series III tests 
and that the aforementioned plots  should have the  signs changed in both pitch' 
and roll. 
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lift vector that acts mainly on the wing and causes a steady nose-up moment 

that would be  reacted by the horizontal tail in an actual aircraft.     The  second 

harmonic of shaft bending would be felt as a 3-per-rev moment in the fuselage. 

Table 5 shows that,   in the lower rotor rpm range,   the second harmonic  root 

mean square moment is  relatively constant,   and very nearly the same as that 

measured in powered rotor flight (Table  2).     These data are for the  A-,  =   Z. 53 

swashplate.     No tests were made with  AT  =   0',   but the Series II and Series 

III Rotor/Wing tests (Reference 2) showed that for the trisector wing,   the 

second harmonic  shaft bending moments were slightly lower when the AT  = 2. 5 ' 

swashplate was used. 

It must be remembered that the moments were measured on the rigid concept 

model,   and that they are not necessarily the same as those expected on a more 

flexible aircraft.     Other factors -- besides the  rotor support flexibility that 

would alleviate the  rotor shaft bending moment problem -- are variation of 

A^  or   B^   second harmonic cyclic pitch and wing camber,   as discussed pre- 

viously.    A better indication of the true situation should be given by the forth- 

coming Rotor/Wing dynamic model program. 
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Figure 67.     Rotor/Wing Shaft-Bending Moments, 
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Figure 68.    Rotor/Wing Rolling and Pitching Moments, 
Triangle Rotor Start-Up 
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Figure 69.    Full-Scale Rotor/Wing Aircraft Response, 
Triangle Rotor Start-Up 
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AIRPLANE MODE 

The model was tested in the various configurations indicated in Figure 3. 

The Rotor/Wing was locked and  sealed to the fuselage,   a fairing block was 

sealed between the top of the fuselage and forward rotor blade,   and a second 

fairing block was sealed between the wing and the aft portion of the fuselage. 

As described previously on page  36,   there is an angle of attack shift between 

the data measured in the  Langley tunnel and in two different tunnels at NSRDC. 

Figure 70 shows a comparison of the concept model data for the trisector 

Rotor/Wing in the LRC 30-by-60-foot tunnel and in the  8-by-10-foot subsonic 

NSRDC tunnel.     There is a  shift in angle of attack of approximately -3 degrees 

for the  LRC data,   going from conditions of equal lift and pitching moment. 

Figure 71  shows a similar shift in the test data for triangle Rotor/Wing models 

when going from the NSRDC 7-by-10-foot transonic tunnel to the  LRC 30-by- 

60-foot tunnel. 

The lift and pitching moment characteristics of the three Rotor/Wing configu- 

rations are compared in Figure 72. 

Tail effectiveness,   that is,   the lift and pitching moment increments developed 

by the horizontal tail in conjunction with the triangle Rotor/Wing,   is plotted 

in Figure 73.     Figure 74 compares the effective tail lift coefficient 

[it^   x    CLT] 

with values measured in Series III,   IV,   and V tests.     All are quite similar. 

The downwash angle at the horizontal tail is also shown in Figure 74. The 

downwash angle is a little greater than measured previously, but the slope 

with angle of attack is smaller;  thus,   the tail is more efficient. 
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The effectiveness of the horizontal tail in functioning as a roll control device, 

through differential deflection of the two sides,   is shown in Figure 75.     The 

roll control effectiveness increases with increasing angle of attack; this trend 

is the same as measured in the Series V transonic tests with the low-mounted 

horizontal tail,   and just opposite the trend measured in the Series III tests for 

a high-mounted horizontal tail.     A favorable yawing moment occurs with dif- 

ferentially deflected elevons on this low-mounted tail,   rather than the more 

conventional adverse yaw that accompanies elevons on the  T-tail or wing- 

mounted ailerons. 

Figure 76 compares the yawing and rolling moments developed by differential 

horizontal tail deflection at a corrected fuselage angle of attack of +2 degrees. 

The tail effectiveness is  similar for all cases except for the adverse yaw of 

the T-tail of Series III,   and the Series  VI yawing and rolling mc-nents  recorded 

at zero elevon deflection.     This latter effect is thought to result from an error 

in the data recording,   because with zero differential elevon deflection,   the 

model was nominally symmetrical and could not develop moments of this mag- 

nitude.     The adverse yaw for the  T-tail and favorable yaw for the conventional 

tail differential deflection is explained by the positive and negative pressures 

that the deflected elevons develop.     These are created in the presence of the 

vertical tail and act on the vertical tail in a manner to create the observed 

yawing moment. 

An attempt was made to obtain tuft photographs to visualize the flow patterns 

on the three Rotor/Wings,   but trouble with camera focus and exposure pre- 

vented obtainment of any meaningful pictures.     The visually observed patterns 

for all three Rotor/Wings were quite similar to those reported in Reference 2 

for the trisector wing. 

108 



HTC-AD 67-3 

Series VI,   1/6-Scale Model.   LRC  (Open Symbol) 

Series III,   1/6-Scale Model,  NSRDC (Solid Symbol) 
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Figure 70.     Comparison in Airplane Mode,   Tail-Off,   Trisector Wint 
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Series VI,   1/6-Scale Concept Model,   LRC   (Open Symbol) 
Series V,   1/15-Scale Transonic Model.   NSRDC   (Solid Symbol) 
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Figure 71.     Comparison in Airplane Mode,   Tail-Off,   Triangle Wing 
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Figure 73.    Tail Effectiveness,  Airplane Flight,   Triangle Wing 
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ROTOR/WING AERODYNAMIC ANALYSIS 

HTC-AD has studied the application of analytical methods for predicting aero- 

dynamic performance and flying qualities of Hot Cycle Rotor/Wing aircraft, 

and has adopted methods that basically follow the classical methods estab- 

lished for conventional airplanes,  helicopters,   and autogyros,  with special 

consideration given to the unique features of the Rotor/Wing.    These methods 

are substantiated by the Rotor/Wing model test data available. 

HOVERING POWER REQUIRED 

Hovering power required for the aircraft is computed according to the method 

of Reference 6,  but modified to handle the large centerbody of the Rotor/Wing. 

The method has been verified by whirlstand tests of model Rotor/Wings and 

of a conventional rotor.     The calculation procedure has been programmed for 

an electronic digital computer.    Figure 77 outlines the entire procedure. 

FUSELAGE DOWNLOAD 

The fuselage download arises from the impingement of the Rotor/Wing slip- 

stream determined by net Rotor/Wing thrust concentrated in an annulus de- 

fined by an inner radius equal to that of the blade root and an outer-radius 

(less tip loss) of 0. 97-percent radius.    It is assumed that full slipstream 

velocity has been achieved at the fuselage surface.     These Rotor/Wing slip- 

stream characteristics have been generally confirmed by unpublished wake 

survey measurements made of the Rotor/Wing during the Series I whirlstand 
tests. 
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The calculation procedure for fuselage download is as follows;

Wake Velocity and Dynamic Pressure

First, assume the download is, say, five percent

percent download \
T = GW 11 + 100

Calculate the slipstream velocity in the wake

'"wake ■ ^ ^/ 2p^j^2J-^y ZdttF

and the dynamic pressure in the wake

Svake
tt(R^ - e^

The Rotor/Wing downwash impinges on a segment of the fuselage near the 

nose and on another near the tail in the region spanning the annulus swept out 

by the contracted slipstream, thus creating the hovering download. In these 

areas, the fuselage is generally a smooth rectangular box with rounded cor­

ners. The drag coefficients for the two segments are estimated from Refer­

ence 7, using the appropriate fineness ratio, corner radius, and Reynolds 

number, where RN is based on the fully-contracted slipstream velocity and 

the equivalent height of the fuselage segment:

RN,
(h . )(V , )equiv wake

The download is based on this drag coefficient, the dynamic pressure in the 

slipstream, and the projected area of the fuselage in the slipstream:
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"•w. r DL-q.^.rC Sfwd+CD0        S*£t 
fwd aft 

Thia download,  expressed as a percentage of rotor thrust,  is used to verify 

the originally estimated download. 

ROTOR INDUCED TORQUE 

The Rotor/Wing configuration haa a large centerbody that ia equivalent to a 

large root cutout in a conventional rotor.    In order to correctly account for 

this cutout, the induced torque must be integrated from the blade root radius, 

a s e/R, to the effective tip radius,   BR, instead of the usual range from 0 

to BR,   where   B ia the tip loaa factor.    The derivation of the induced torque 

equation uaed in the Rotor/Wing hover analysis is described below; it follows 

the procedure of Reference 6. 

b «      2     3 , 
T  =     r     b T    £1    R   a X    (6    - 0   ) Rcdx     equation 20, Reference 6 

• _ 2 t        t a 

Integrating this equation: 

.2      2 
i pn2R3a(et-»t)c lB   '*   j   = CTTT R2p (OR)2 _      _ _ _ _.2 

T  = b 

where ¥ = (blade root radius/tip radius) ratio 

^ 0  SSR 

Then 

C T        _ oa   ,a . 
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<W 
4CT 

oa 

and 

(B2 ^) 

et = 0t + 

4CT 

oa(B    -a   ) 

From equation 15,   Reference 6 

0      =X0     and 0     ■ X 8    .   a««uming ideal twist 
t X I A 

Then 

'. =^(-'*V'+v^) 
substitute for 6     in terms of CT 

/ (32) (4) C 32 

2    2 2    2 .,,.  . 'a a   a    (32) ^ t /o^a2 (32)(4)CTo    a g   * 
0t +  if   = V2^"  + (U)2 a2 a2 (B2 -* ^   +      oa (16)2 

squaring both sides and cancelling terms 

2      2"0t     a2a2 „2^2 CT aa^ 
+ ;—5- + 0t    +-T6— +  (16)2     =    (16)2        2(B2-X2) 8 
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* - ^^~6:^ 

According to equation 24,  Reference 6. 

Q.     - /_B b ~P U 2 R4 a x (0 t - Tt) ^t cdx 

•i 
Q.     =  b | p n " R' a (B'- -a  ") (üt - 0t ) 0t cdx   =  CQ   n R" p( / R)^ R 

(R2 -- 2> 
C._     =    ' ." '    C a  (!.     - •■('     ) rp 

Q. 4 t t       t 

•ubstituting for (et - CPt)  and  9t  above 

»2-r2» / 4C,,.      v f      C 

Qi * ia(B2-r2); 
T 

2 (B2 -7 2) 

canceling terms 

CT2 
C 1 

^'TTP -' •i      J 2   J B    - a 

Thi» value of induced torque is derived assuming ideal twist or taper.    The 

table on page 96 of Reference 6 presents a correction factor to be used to 

correct the induced torque for combinations of taper and the lack of twist. 

Typical Rotor/Wing blades have a 2. 3:1 taper ratio,   thus a factor   C   of 1. 04 

is added to the induced power,   resulting in: 
3 3 

C   C    2 C. C   2 

i    T i    T 

B2 
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or,   in another form: 

s 
CiCT 

3/2 /B/2 

Figure 78 presents a plot of the ratio of induced torque as derived above for 

a Rotor/Wing to the induced torque for a standard rotor. 

BLADE PROFILE TORQUE 

The determination of Rotor/Wing blade profile torque is based largely on test 

data from model and full-scale rotors.    The profile torque was determined 

by subtracting the induced torque (and for the case of the Rotor/Wing model 

the wing torque) from the total measured torque -- the induced torque being 

computed in the manner described above and the model wing torque being 

measured from blades-off whirl tests.    Figure 79 shows the hovering profile 

torque determined from three rotor tests: 

1. A small-scale Rotor/Wing model having circular arc blades 

2. A small-scale helicopter rotor model having NACA 0015 blades 

3. A full-scale helicopter rotor having NACA 0015 blades (Reference 8). 

Model test data from the conventional rotor and Rotor/Wing show that both 

have essentially the same blade profile torque,   compared on a blade-loading 

basis.    This indicates that the circular arc blades used on the Rotor/Wing 

have very nearly the same profile drag characteristics as the more conven- 

tional NACA 0015 blades. 

The full-scale data were obtained from a NASA Langley Research Center 

tower test of a conventional helicopter rotor having NACA 0015 blades.     Be- 

cause the model Rotor/Wing exhibits the same profile torque as the conven- 

tional rotor model,   it follows that the full-scale Rotor/Wing should have a 
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U 

O    Mod«! Rotor.  Conventional Configuration, 0015 Airfoil 

D     Model Rotor/Wing,  Circular Arc Airfoil 

A    Full Scale Rotor. Conventional Configuration.  0015 Airfoil 
2.0 

0.5 

fW 
Figure 78.    Hovering Performance,  Induced Power 
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Figure 79.     Hovering Performance,   Profile Power 

profile torque characteristic similar to that of a conventional rotor.     How- 

ever,  for initial conservatism with the novel Rotor/Wing,   the full-scale Rotor/ 

Wing profile torque is increased slightly above that of the conventional rotor 

as indicated in Figure 79. 
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WING HOVER TORQUE 

Hovering torque for the wing portion of the Rotor/Wing is derived from whirl 

tower testing. 

The analysis is based on the assumption that the wing may be considered to 

be made up of a combination of a circular disc centerbody with three blade 

segments attached,   as indicated in Figure 80. 

Mean Clmnl,  C 

Sc-gmont Arfii, S 

X = Number of Segment! 

Figure 80.    Dimensional Characteristics, 
Triangular Model Wing 

Torque for the circular midsection is calculated using rotating disc theory 

and data of Reference 9 where Reynolds number based on disc radius is an 

important parameter. 

Disc Reynolds number,   RN 
2n r   nr c      c 

Using the equation and terminology of Reference 9 for full turbulent flow,   the 

torque coefficient varies with RN    : 
c 
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c 0-146 

c (RNr   ) 
c 

from which the disc contribution to centerbody torque is: 

Qc   =   CQ    I'^c'^c3 
c 

The segment drag coefficient,   and consequently the segment torque,   is a 

function of the turbulent flat plate drag of the segment: 

QD    = x   C_.    q      S    r 
s Dn   r      s    s 

0      s 

and CQ is determined by the Reynolds number of the segment, as defined 

by the length of the mean chord of the segment and the rotational velocity of 

the midpoint of the mean chord: 

il r    C 
RN_  =     

S v 

Comparing model   CQ     calculated in this manner with the minimum turbulent 

section drag coefficient data from Figure 66 of Reference  10,   shows the model 

Cp     to be 2. 05 times greater than the classical drag coefficient.     This mul- 

tiplying factor of 2. 05 is then used in computing the full-scale Rotor/Wing 

wing hover torque. 

Whirl tower test data for two Rotor/Wing models are shown in Figure 81.   The 

model data were obtained at the   r/R  values indicated by the data point; the 

curves were calculated by the above method. 
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Figure 81.    Variation of Wing   CQ   with   r/R, 
Hovering Conditions 

YAW FAN 

The Rotor/Wing al.o drives a yaw fan for directional control in the running- 

rotor flight modes.    Inasmuch as the Rotor/Wing is tip-driven,   the yaw fan 

thrust during steady flight only counteracts the torque for seal and bearing 

drag,   accessory drive,   and the yaw fan itself.     By estimating the yaw fan 

power,  the necessary thrust can be computed.    The yaw fan power is esti- 

mated to be approximately one percent of Rotor/Wing power,   assuming a 
mechanical drive efficiency of 95 percent. 

The yaw fan may be considered to be a conventional rotor that is amenable 

to analysis by classical rotor performance calculation methods such as that 

of Reference 6.     The yaw fan induced power is computed from the method of 

Reference 6.  using an annular area obtained after applying a three percent 
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radius tip and root loss to the blades.    The blades are untwisted and untapered, 

so the correction factor for twist and taper from Reference 6 is applied to the 

induced power. 

The yaw fan profile power is computed using equation 33 on page 83 of Refer- 

ence 6.     The blade loading is based on a thrust-weighted solidity with a tip 

and root loss of three percent,   and the torque is based on a torque-weighted 

solidity over the entire blade.    A drag divergence factor derived from flight 

test is used when appropriate. 

GROUND EFFECT 

Whirl tests of the model Rotor/Wing indicate that the ground effect is greater 

than that of a conventional rotor as indicated in Figure 82.    Rolling takeoffs 

at elevated gross weight are made in the helicopter mode flying close to the 

ground and taking advantage of this ground effect. 

VERTICAL CLIMB 

The vertical climb rate is computed using equation 36 on page 83 of Reference 

6,   modified to apply to the Rotor/Wing configuration.    In this method,  the 

total power required for climb equals the sum of the profile power,   induced 

power reduced to account for the vertical inflow into the Rotor/Wing,   and 

power required to lift the aircraft at the climb velocity.    The increased down- 

load on the fuselage and elevens is also accounted for. 

The profile power computation method is unchanged from the method used 

during steady hovering flight.     The induced torque coefficient is computed by 

the following equation,  which is consistent with the steady hovering analysis: 
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Figure 82.    Ground Effect Te«t Result« 
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2 C„ 

('^) 

2  \QR/ 

where   CT   is based on total rotor thrust,   including the effects of download. 

WHIRL TOWER MODEL SUBSTANTIATION OF HOVERING 
PERFORMANCE COMPUTATIONAL METHOD 

The calculation of overall power required for the model,   compared with whirl- 

stand test data as shown in Figure 83,   demonstrates that the above method of 

determining the power required for hovering is satisfactory.     The effect of 

going to full scale is also indicated. 

'0,0004        0.000»       0.0012        0.001t 
TORQUE COCrriCIENT.  C. 

0.00Z0        0.0024 

Figure 83.     Comparison,   Typical Full-Scale Rotor/Wing 
Hover Power and Model Test Data 
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AIRPLANE FLIGHT POWER REQUIRED 

The power required for flight in the airplane mode is determined in the clas- 

sical manner of establishing the drag polar of the aircraft and then converting 

drag and airspeed into power required: 

HP reqd 325   CDqSwV(knot8) 

The discussion presented here is specifically for a configuration shown sche- 

matically in Figure 84; the drag for any other basic configuration,   such as  a 

twin tailboom arrangement,   would be determined in a similar manner,  but 

with appropriate allowances made for features of the specific configuration. 

Figure 84.    Typical Rotor/Wing Aircraft Configuration 
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For flight in the airplane mode,  the aircraft is assumed to be in the "clean" 

condition; that is,  landing gear retracted,   Rotor/Wing locked and faired to 

the fuselage,   yaw fan doors closed,   engine inlet in the airplane configuration, 

and all seals in place. 

The approach used in determining the airplane drag polar is to compute a 

polar using classical methods,  match it to data obtained in wind tunnel tests, 

and then extrapolate to full-scale,  using accepted Reynolds number corrections. 

DRAG ANALYSIS 

In the airplane flight mode,  five increments of drag are summed to find the 

total drag.    These are: 

1. Parasite drag 

2. Induced drag 

3. Drag increment due to leading edge vortex separation 

4. Trim drtg 

5. Mach number drag rise 

or in equation form: 

CD   =   CD0   +CD.   +   ACD +   aCD +   ACD 0 l »ep trim ^M 

The first three items are graphically depicted in Figure 85,  which is the low 

speed lift-drag curve for Hot Cycle Rotor/Wing Aircraft depicted in Figure 

84.    The fourth j« an induced drag increment resulting from the horizontal 

tail lift required to balance the aircraft,  while the fifth drag item is the fa- 

miliar increment of added drag at the higher Mach numbers,   beginning around 

M = 0. 7,   and is a function of both Mach number and angle of attack. 

A solid footing for the full-scale Rotor/Wing drag estimation process has 

been achieved through the Hughes/Office of Naval Research Rotor/Wing 
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Figure 85.    Rotor/Wing Full-Scale CRA Lift-Drag Estimate 
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research program using several different models in a number of wind tunnels. 

The data from ten series of tests are used as the basis for drag correlation 

and for extrapolation to full scale.    The following sections describe this proc- 

ess which is founded on well-established methods. 

Parasite Drag 

The estimated full-scale parasite drag is based on wind tunnel test data ob- 

tained for the various Rotor/Wing models tested to date.    The parasite drag 

coefficient is corrected to a akin friction drag coefficient based on the wetted 

area of the model,   and this in turn is compared with the classical skin friction 

drag coefficient of an equivalent flat plate in turbulent flow.     The Reynolds 

number used in the comparison is a weighted  RN   in which the   RN   of each 

component (wing,   fuselage,   and so forth) is weighted according to the ratio 

of its wetted area to the total wetted area of the model. 

Figure 86 shows the available model test data compared with flat plate data. 

A factor of 1. 23 applied to the flat plate data conservatively fairs the test 

data.    A further allowance of 15 percent is added to account for the effects of 

leakage,  protuberances,   manufacturing irregularities,   and so forth that are 

not simulated in the models.     Thus,   the full-scale skin friction drag coefficient 

based on aircraft wetted area is estimated to be 41 percent greater than a flat 

plate of the same wetted area and at the same equivalent Reynolds number. 

The skin friction drag coefficient for a plain flat plate is: 

C     =  (Reference 10) 
f (RN)1/m 

The equivalent equation for the Rotor/Wing aircraft is: 

1.415K 
C 

fR/W    "   (RN)1/m 
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K and m are taken from Reference 10 and are found to equal 0. 3 and 7. 0, 

respectively, in the Reynolds number range of 10^ to 10^ that is expected to 

be applicable to the full-scale Rotor/Wing aircraft. Therefore, the drag co­

efficient to be used with the wetted area of each component is:

0. 425

R/W (RN) 1/7

and the parasite drag coefficient is:
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/ Swet \ 
:n     =   Cf x   li ) 

0 R/W \ wing/ 

The effective Reynolds number to be used in this equation for the various 

components is based on the length of the fuselage for fuselage parasite drag 

and on the mean aerodynamic chord of the horizontal tail,   vertical tail,   and 

Rotor/Wing. 

Induced Drag 

The induced drag is a function of the aircraft lift,   the wing's aspect ratio, 

and span efficiency factor.     It is calculated in the well known manner: 

C    2 
C D. rrARe 

i 

Lift coefficient and aspect ratio are easily measured quantities; the span effi- 

ciency,   e ,   is calculated from model test data: 

2> 

TTAR \ dCD / 

where the derivative   (dCL
2/dCD)   is the slope of the lift coefficient squared 

versus drag coefficient curve of the model. 

All the Rotor/Wing model test data,   and delta-wing model data,   too,   show 

that the   CL,2   versus    CD   curve is made up basically of two straight-line 

elements,   one up to   CL - 0. 3,  and another at the higher    Cjjs,   as shown in 

Figure 87,   which is taken from Rotor/Wing Transonic Wind Tunnel Tests at 

a test Mach number of 0. 4.     This break in the curve occurs near the   CL  at 

which the leading edge vortex of the swept,   cranked wing should separate 

from the wing as described in the following section. 
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The span efficiency factor,   e .   for the Rotor/Wing is defined as being based 

on the   CL2 ^ CD   curve slope at lift coefficient values below the point at which 

the curve breaks; this is also in the   CL   region that includes the maximum 

lift/drag ratio and cruise flight lift coefficient (see Figure 87). 

Another way to determine span efficiency from model test data is to make use 
of the equation: 

(L/D)max    =   0-886b   J^Tt (Reference  11. 
page  164) 

The maximum L/D ratio: wing flpani b. and equivalent flat plate drag ^^ 

f. are easily determined quantities from the wind tunnel test data. There- 

fore,   e   may  be easily calculated. 

Figure 88 is a plot of span efficiency,   e ,   determined in the two ways from 

model tests,   with  e   plotted against a Reynolds number based on the leading 

edge radius of the wing.     The solid symbols denote   e   calculated from the 

CL    ~ CD   curves in the   C^   region below the break in the curve; the open 

symbols denote   e   calculated from   (UD)max   and flat plate drag area.    Note 

that both methods give substantially the same value of span efficiency,  indi- 

catmg the validity of determining   e  from the   C^. cD   curve in the   C, 

range below the point where the break in the    C^ ~ CD   curve occurs. 

These experimental values of e  follow a trend that increases with increasing 

Reynolds number when the Reynolds number is based on the leading edge radius 

of the wing.     This trend matches very well the trend predicted by Reference 

12 xn the Reynolds number range covered by the Rotor/Wing model tests      The 

span efficiency for full-scale Rotor/Wings is fully anticipated to fall on the 
trend curve predicted by Reference  12. 
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Figure 88.     Reynolds Number Effect on Rotor/Wing 
Span Efficiency 

This value of   e   may be conservatively applied for variations of blade root- 

to-tip radius ratios between 0. 55 and 0. 65 as demonstrated by the model test 

data.    Since all the Rotor/Wing configurations currently under  study have 

similar planforms and similar leading edge radius Reynolds numbers,   and 

since they all fall within this blade root radius range,   it is anticipated that 

the value of   e  = 0. 895   is applicable to all. 

Drag Increment Due to Leading Edge Vortex Separation 

One of the most predominant features of flow around a highly swept wing  -- 

such as the Rotor/Wing in its cruise flight mode  --is the development of a 

strong vortex along the leading edge of the wing.     As lift coefficient increases 

this vortex remains attached to the wing up to a certain value of  C^; then it 

detaches and flows above the wing surface.     When it detaches,   the lift-curve 

slope usually increases,   and a drag increase occurs over and above the drag 

that would be expected from only the sum of parasite and induced drag. 
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An empirical method has been established to determine the drag increment 

due to leading edge vortex separation. Test data from the numerous wing 

models discussed in Reference 12 show that the curve of lift coefficient 

squared versus drag coefficient is basically made up of two straight line seg­

ments. The ratio of the slopes of these two segments, called ele---, is a 

function mainly of the Reynolds number based on leading edge radius and wing 

aspect ratio. Figure 89 is a plot of e/e* for these test data. Also included 

in Figure 89 are data from the Rotor/Wing test program. The Rotor/Wing 

has an aspect ratio in airplane flight that is very close to three; therefore, 

the predicted e/e* curve for the Rotor/Wing closely follows the AR = 3 

line for the wings.

The drag increment due to leading edge separation is calculated for lift coef­

ficients greater than where the slope of the - Cq curve changes,

by the equation:

Figure 89. Rotor/Wing Span Efficiency Ratios at Lift Coefficients 
Greater than 0. 3 and at Mach Numbers Less than 0. 6
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•ep 

 break 
nARe x   (e/e* -  1) 

where   CL   is the wing lift coefficient (based on the area of the wing plus two 

blades);   Cj, is the lift coefficient at which the slope of the  C, ~ versus 

CJJ curve changes (Rotor/Wing model tests conservatively indicate the use of 

CL,, v = 0" 3'; ^■^ " t^le a»Pect ratio of the wing plus two blades; "e" is the 

span efficiency of the wing in the   CL  range below C^ ,   and  e/e* is de- 

fined above. 

Trim Drag 

The parasite drag of the aircraft includes the drag of the horizontal tail set 

at zero incidence.    When the craft is pitched up to achieve a variation of lift, 

the resulting wing and fuselage pitching moments must be balanced by hori- 

zontal tail lift.    This generation of lift produces an induced drag term,  called 

trim drag,   that must be included in the overall drag estimation.    Tests with 

models to date have shown the trim drag to be negligible (see Figure 90); this, 

of course,   must be re-verified if any significant changes in configuration 
occur. 

Mach Number Drag Rise 

All high-subsonic-speed aircraft suffer an increase in drag coefficient as the 

flight Mach number goes beyond approximately 0. 7.     The specific point at 

which this occurs depends on the configuration of the airframe.    Tests with a 

Rotor/Wing model in a transonic wind tunnel have shown that the Rotor/Wing 

drag rise begins at  M = 0. 7.    Figure 91 shows the results of these tests.   The 

ACQ      increment to be added to the low-speed drag coefficient is shown to be 

a function of both Mach number and angle of attack. 
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The model data may be checked by using an empirical method for determina- 

tion of drag divergence Mach number for the various portions of an aircraft; 

the method gives good correlation with flight test.     These equations define the 

drag divergence Mach number for airfoil and body: 

MD =  1.00- | 0.15+^- 0.15e-"vt'c' + 0.13CT   |(cos A)2 

wing 

MD =  0.98 
fuselage 

|o.l5+^-0.15e-20<t/c) + 0.13cJ 

|{f/d)J 

Where (t/c) is the thickness ratio of wing (thickest part) taken normal to the 

quarter chord: 

e - Z. 71828 

CT = operating lift coefficient 

A = leading edge angle of sweep,   degrees 

f = length 

d = maximum width 

Thus,   for a typical Rotor/Wing: 

(t/c) =   0. 213 (blade section) 
tTläX 

C. =   0. 1 5 (M  =   0. 75 at 30, 000 feet) 
s 

w 

M =   i.   10.15+5^1- 0.15x2. 71828-20x0-213 

D   . I 1.2 wing 

35 degrees 

-I' 
+ 0. 13 x 0. isl   (cos 35)2 

=   1  -  (0. 3448) (0.671) 

=   0. 769 
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For a typical fuselage: 

(l/d)       =   10.5 

MD =0-98-^4    =   0-91 

fuselage 
=   0.91 

For a typical horizontal tail: 

(t/c)       =   0. 15 

C =  0.035 (trim at M  =   0.75.   30,000 feet) 

Stail 

A      =   18 degrees 

f 0   15 -,»,«-20 x 0. 15 
M =    1 -   0. 15 +  i^   -   0. 15 x 2. 71828 

tail 2 
+  0. 13 x 0. 035 I (cos 18) 

=   0.754 

For a typical vertical tail: 

(t/c)      =  0.15 

CL      =0 

A       =17 degrees 

vt 
=   x. (0.15-^-0. 15x2. 7182820X015; 

(cos \1)Z 

(0.2675) (0. 915) 

0.755 

The critical Mach number is the lowest value calculated for the separate 

components; hence,   a typical aircraft drag divergence Mach number is 0. 754. 

Work on configuration optimization to study tradeoffs between weight and drag 

divergence Mach number must be done. 
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In Figure 91 it is noted that drag divergence does begin at  M = 0. 75.   as pre- 

dicted above.     Note that the model results are taken literally at   CD  greater 

than 0. 02 and that full-scale interpretation does not reflect the tendency of 

the test points to show a gradual drag increase over the Mach number region 

of approximately 0. 1.  just prior to the drag break.     This tendency is common 

to models tested at relatively low Reynolds numbers and is not typical of tests 

of full-scale airplanes.    In fact,   full-scale airplane drag tests normally show 

a decreasing   CDo   as Mach number increases toward the drag break as a 

result of the Reynolds number increase that accompanies the Mach number 
increase. 

It is believed that the satisfactory check of the drag divergence calculations 

method above - by the tunnel test -- is indicative that the method may b.      . 

plied with equal validity to all Rotor/Wing design studies. 

ESTIMATED DRAG POLAR-AIRPLANE MODE 

A drag polar has been estimated for a typical Rotor/Wing aircraft of the con- 

figuration shown in Figure 84 using the foregoing analysis,   and is presented 
in Figure 92. 

HELICOPTER FORWARD FLIGHT POWER REQirTRTTn 

The helicopter mode power required during forward flight is computed using 

the NACA helicopter performance charts of Reference 13,   modified to be ap- 

plicable to the Rotor/Wing configuration.     The wing and elevon download, 

which must be determined to compute power required,   is a function of fuse- 

lage attitude,   which is itself a function of power required.     Thus,   the com- 

putation requires  several iterations to determine power required during 

trimmed flight.     The procedure is summarized in Figure 93.     Determination 

of the elements required in the power-required calculation is described in 
following paragraphs. 
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LIFT AND DRAG OF WING AND FUSELAGE 

The Rotor/Wing aircraft in forward rotating-wing flight will have wing/fuselage 

seals open,   yaw fan doors open,   and landing gear up and locked.    The conser- 

vative approach to determine the drag polars for those configurations is to 

utilize the available Rotor/Wing wind tunnel test data with corrections to lift 

for wing size and to drag for trim,   open wing seals,   open tail fan doors,   and 

other specific modifications such as fuselage shape,   tailbooms.   and so forth. 

The    CL   versus    aF   curve is based on data from Reference 2.     This model 

test had the tail off,   the blades off,   and the wing rotating.    The ratio of a full- 

scale wing-to-disc area can be compared directly to the wing-to-disc area 

ratio of 0. 32^ in this test to obtain a multiplying factor for the fuselage-plus- 

rotating wing lift as a function of angle of attack.     This is possible since the 

lift contribution of the fuselage is quite small.    A   CL versus   aF   curve de- 

veloped in this manner is shown in Figure 94. 

The determination of the aircraft parasite drag is similar to the method de- 

scribed for airplane flight, but with modifications for the special flight con- 

dition.    Thus,   the fuselage drag becomes 

(cD)   =  i.iocf (-ipA + *cD 
V   D0' f \     w    / gap 

where the  1. 10 accounts for added roughness due to the open engine-inlet door, 

and   ACD due to the gap that opens when wing pylon seals are retracted. 

The   ACn
8aP   is computed on the basis of a proper drag coefficient of 1. 0 act- 

ing on an area equal in height to the wing/fuselage gap width times the pylon 

width. 

gap <■ 

ÄcD       =I.O|VPX
S
WPY^ 
w 
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Figure 94.     Typical   Cj^  and  Cp  Curves for Helicopter/Autogyro 
Mode 

Horizontal tail parasite drag is calculated in the same manner as for airplane 

flight.    Vertical tail drag is complicated by the cutout for the yaw fan: 

..•%.M-.„,. 
' cutout 

The net wetted area of the vertical tail with the yaw fan doors open is equal 

to the wetted area with doors closed,   plus two times the yaw fan disc area. 

The skin friction coefficient,    C*       ,   remains unchanged. 
»VT 
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A proper rfrap; coefficient of 0. 07  is applied to an area equal to the cutout 

area,   based on the data of Reference   10. 

0, 07 XTT R2 

• „                                                     yaw  fan 
AC =   ^  

VT w 
cutout 

Wins parasite draR has been estimated using the helicopter mode wind tunnel 

flata of Reference  2.     From these data,   it has been found that the blades-off 

Kotor/Wing draj;,   nonrotatinjji,   is  slightly higher than for the wing rotating 

M       0. 25.     Therefore,   it is conservative to use the nonrotating wetted area 

drag characteristic for the wing for the helicopter mode case. 

A typical final curve for the untrimmed lift and drag of the aircraft minus 

rotor blades  is  given in Figure 94. 

The elevon trim angles are obtained from the static stability considerations. 

Knowing the flow angles at the tail,   the lift and drag coefficients of the tail 

section can  bo obtained from plots  similar to that of Figure 95. ■'■'■    From the 

incidence of the tail,   the components of net lift and drag in the freestream 

coordinate  system are obtained.     The tail lift is down; hence,   this value must 

be added to the lift required by the Rotor/Wing blades.     In addition,   the tail 

drag must be added to fuselage drag.     The tail profile drag is included in the 

fuselage parasite area,   so only the induced drag must be added.     The induced 

drag is the difference between the drag coefficient at the  required angle and 

that at zero angle,   as shown on Figure 95. 

-When the elevon is stalled,   the lift coefficient is taken as  1.0,   and the drag 
coefficient is obtained from tests of an airfoil at large angles of attack 
(Reference   14). 
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Figure 95.     Estimated   CL   and   CD  for Elevon 

Blade Lift 

Knowing the angle of attack of the wing,   the lift or download of the wing por- 

tion of the Rotor/Wing is obtained by using a lift curve similar to Figure 94. 

For trim,   the download is obtained for the elevon.     The lift or download of 

the wing and elevon are subtracted or added to the weight to give the resulting 

lift that must be carried by the blades. 

Parasite Power 

The parasite power was obtained from a CD curve such as that shown in Fig- 

ure 94 and from the elevon induced drag obtained from trim equations. Using 

the method of Reference 13 for computing power, the parasite power to thrust 

coefficient ratio is given by 

152 



HTC-AD 67-3 

Cpp CDAqW 

T b 

wh ere    L.     is the lift required by the blades. 

Induced Power 

The  induced power is based on the annular area of the  rotor  swept out by the 

blades,   assuming a three percent tip loss on the blades.     The equation for the 

induced power coefficient to thrust coefficient becomes 

CT ,A mj <iM    -~     /   i MWM)' 

Profile Power 

The profile power is based on the NACA charts of Reference  13.    For each 

value of M ,   the profile power coefficient to thrust coefficient ratio (Cp./Cj.) 

can be read from charts,   knowing   (Cp  /Cj   +  C-p./Cf)   and   (ZCj/aa).    These 

charts are based on the NACA polar for the blade  section drag coefficient. 

As in the hovering analysis, the profile power coefficient is increased by six 

percent to account for the increased average thickness compared with that of 

a  12-percent airfoil represented by the NACA polar. 

The profile power penalty,   if any,   due to retreating tip stall and advancing tip 

drag divergence is obtained using the airfoil data of Reference  14. 

The values of CT-J for the retreating tip and the advancing tip are obtained 

from the data in Reference 8, modified to be applicable to the Rotor/Wing. 

Reference 8 presents the variation of synthesized rotor blade section profile 
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drag coefficient with angle of attack at various Mach numbers for an NACA 

0015 tip airfoil section.     The drag coefficients can be obtained from these 

data,   knowing the tip angles of attack and tip Mach numbers. 

The tip of the Rotor/Wing blade is the area that is subject to drag divergence. 

Because the tip of the airfoil may be relatively thick,   the Reference 8 data 

must be modified.    Airfoil test data  indicate   that the drag divergence Mach 

number is increased by 0. 01 for a one percent decrease in thickness ratio. 

Therefore,   when entering the drag coefficient charts of Reference 8 to deter- 

mine the advancing tip profile power penalty,   if any,   the effective Mach num- 

ber must be conditioned by this relationship. 

As in the hovering analysis,   it is conservatively assumed that the drag rise 

due to stall for the circular arc airfoil will occur at approximately one degree 

angl^ of attack earlier than lor an NACA 0015 airfoil.     Therefore,   when en- 

tering the drag coefficient chart of Reference 8 to determine the retreating 

side stall profile power penalty,   if any,   the retreating tip angle is increased 

by one degree. 

The maximum speed, as limited by initial blade stall, occurs at a retreating 

tip angle of attack of 12 degrees. Referring to Reference 6, a retreating tip 

angle of attack of 12 degrees is the lower boundary for blade stall; thus, this 

limit is conservative. 

Wing Torque 

Figure 96 presents a plot of the ratio of wing torque in hovering to the torque 

in forward flight.     The data points shown were obtained from Reference 2. 

This ratio was used in conjunction with the hovering wing torque to determine 

wing torque in forward flight. 
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Yaw Fan Power 

Conservatively,   the yaw fan power in forward flight is assumed to be the same 

as that in hovering (approximately one percent of Rotor/Wing power).     The 

yaw fan thrust required is essentially constant throughout the flight regime; 

thus,   the assumption of constant power is conservative.     The power required 

to overcome the drag of the very slightly deflected rudder is considered to be 

negligible. 

Fuselage Attitude 

The fuselage attitude is obtained from static stability equations,   knowing the 

induced velocity and collective pitch,  which were obtained from the power re- 

quired computations. 
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SUBSTANTIATION OF PERFORMANCE COMPUTING METHOD 

Figure 97 presents a comparison of the theoretical and measured torque co- 

efficient of the model wind tunnel tests (Reference 2).     The theoretical values 

of   CQ   were computed using the Rotor/Wing performance theory,   but includ- 

ing the increased profile power for model scale indicated by Figure 79.    Fig- 

ure 97  shows excellent agreement between full-scale performance theory 

corrected to model scale and model test data. 

AUTOGYRO FLIGHT POWER REQUIRED 

The autogyro power required is computed using the NACA charts of Reference 

15,   modified to be applicable to the Rotor/Wing configuration.     The wing and 

elevon lift must be determined in order to compate thrust required by the 

Rotor/Wing blade".    As the wing and elevon lift are determined from fuselage 

>■ 

§ 
x 
h 

o 
U 

MODEL 

Figure 97.    Comparison,   Performance Theory and 
Rotor/Wing Model Data,   Helicopter Mode 
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attitude,   which is in itself a function of thrust,   the computation requires 

several iterations,   as indicated in Figure 98. 

WING AND FUSELAGE LIFT AND DRAG 

Autogyro flight    C^   and    CD   for the wing and fuselage will be similar to 

those shown in Figure 94.     The elevon trim not lift and drag is computed in 

the same manner as in helicopter mode.     Because the induced drag of the 

wing and blades is computed as a combined lifting system in autorygo flight, 

the induced drag of the wing is subtracted from the drag curve of Figure 94 

when it is used in the autogyro mode. 

Rotor/Wing Drag 

The Rotor/Wing drag is determined using the NACA charts of Reference  15, 

with modifications to represent the Rotor/Wing configuration.     During auto- 

rotation,   both the wing and blades are contributing to the lift.     Therefore, 

the induced drag is the same as that for a conventional rotor.     The charts of 

Reference 15 are based on a solidity ratio of 0. 1; hence,   a correction for the 

Rotor/Wing solidity must be made,   based on pages 23 and 24 of Reference  15. 

In addition,   the six-percent correction factor for average thickness is applied 

to the profile drag. 

In order to obtain the proper value of profile drag,   the rotor lift coefficient- 

solidity ratio used to enter the curves of Reference  15 is based on lift of the 

blades.     However,   the induced angle and drag are computed assuming the en- 

tire Rotor/Wing combination is acting as a lifting body.     Therefore,   to cor- 

rect the Reference  15 chart values of rotor angle and drag,   the induced portion 

must be subtracted from the total drag solidity ratio and added again in the 

correct form,   as follows: 
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The induced angle is given by 

L \    a 
ai = n =    ,..2 

The correction to the rotor angle then becomes 

C 

Aa   = 
2M 

a 
2 

(f ,-0.,) 

The induced drag is given by 

c, 2 

2        S     ft) = 
CD.    =    T^    or      a ,2 

i 2 M 2 u 

The total rotor drag/solidity ratio correction for induced drag and the six- 

percent thickness correction to the profile power become: 

where 

W    =   gross weight 

T    =   lift required by the blades 

The charts of Reference  15 contain corrections for drag divergence on the 

advancing side,   assuming a 12-percent thick blade.     Test data indicate that 

the effect of airfoil thickness on drag divergence is equal to a change of 0. 01 

in Mach number for a 0. 01 change in airfoil thickness.     To account for tip 
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thicknesses greater than the chart value,   the cha.-t must be entered at a Mach 

number higher than the actual value. 

In autogyro flight,   the retreating tip is at a low angle of attack,   and therefore 

unstalled.     Thus,   the increase in drag due to stall of the circular arc airfoil 

at high angles of attack does not occur as it may in the helicopter mode. 

Wing Torque 

The wing torque used in autogyro flight is the same as that used in helicopter 
flight (see Figure 96). 

Yaw Fan Power 

As in the helicopter mode,   the yaw fan power in forward flight is conserva- 

tively assumed to be the same as in hovering flight. 

Fuselage Attitude 

As in the helicopter mode,   the trim fuselage attitude is determined from the 

static stability equations for the helicopter mode,   with the following additions: 

1. The angle of attack of the fuselage due to the Rotor/Wing induced 

flow,      £„ =0° 
FR+ 

2.       The term   T(Zt)   is added to the pitching moment equation,   where 

T   =   jet thrust required 

Zt    =   vertical distance from jet centerline to rotor. 

The derivatives used in these equations were obtained from wind tunnel tests 
Reference  16. 
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SUBSTANTIATION OF PERFORMANCE COMPUTING METHOD 

Figure 99 presents a comparison of the theoretical and measured drag coef- 

ficient of the model wind tunnel tests (Reference 2).     The theoretical values 

of   CD   were computed using the Rotor/Wing performance theory,   but xnclud- 

ing the increase in profile power due to model scale as indicated in F.gure 

70.     The figure shows excellent agreement between full-scale performance 

theory corrected to model  scale and model test results. 

0.08 

o 

O   0. 30 to 0. 40 
□   0. 40 to 0. 50 
A   0. 68 

Reference 2 

0. 10 

Figure 99.     Comparison.   Performance Theory and Rotor/Wing 
Model Data.   Autogyro Mode 
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CONVERSION FLIGHT POWER REQUIRED 

The conversion maneuver is the main determining factor in sizing the wing 

portion of the Rotor/Wing.    At the selected conversion speed,  the wing size 

is chosen to support the entire weight of the aircraft while flying at an angle 

of attack of no more than  10 degrees.    If necessary,   the area is increased 

further to reduce the total drag to be within the capacity of the available en- 

gine or fan thrust.    A check is made of the power required and available in 

both steady-state autogyro flight and airplane flight to make certain a speed 

overlap exists between the two.   as indicated in Figure  100 for a typical Rotor/ 

Wing aircraft,  thus assuring that conversion can be made in a level flight 
condition. 

During the low rpm portion of conversion,   the analysis assumes that all the 

lift is earned by ehe wing ana none by the blades.     Hence,   all the induced dr.g 

is created by the wing.     Wind tunnel tests of Rotor/Wings with blades off have 

been made with several models.     Data from Reference 2 and from the present 

tests give a base point for estimating a span efficiency factor,   "e" .   used in 

the classic induced drag equation 

c.     -^ 
Di nARe 

"e"   is calculated from the slope of the curve of lift coefficient squared,   ver- 

sus drag coefficient in the lift coefficient range applicaMe to conversion flight 

(both being based on the area of the wing),   and the aspect ratio is defined by 
the equation 

AR = -mm.2 
s 
centerbody 

*See Figure  101 for the definition of f , 
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REYNOLDS NUMBER BASED ON LEADING EDGE RADIUS 
AND ROTATIONAL SPEED AT (3/4 ? R)

Figure 101. Rotating Wing Span Efficiency During Conversion

"e" is plotted versus Reynolds number, where the Reynolds number is based 

on the leading edge radius of the wing and the rotational speed of a point on 

the wing three-quarters of the way out from the center of the rotor to the blade 

root radius station.

Figure 101 shows points derived from the Series III and VI rotating-wing, 

blade-off tests at full rotor rpm. Series VIll tests included blade-off rotating 

rotor tests at several rpm's. The overall level of drag measured in these 

tests is in question, but the slopes of the versus Cq curves are con­

sidered adequate for showing trends. Using this trend and the Series III/VI 

data, the "e” versus RN^£|^ curve of Figure 101 results. The full-scale 

RN££j^ is indicated.
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CONVERSION -- STABILITY,   CONTROL.   AND FLYING QUALITIES 

The  Rotor/Wing wind tunnel  research program has generated a considerable 

amount of data relative to the conversion regime,   and a study has been made 

to develop a mathematical model that matches this wind tunnel test data.    The 

mathematical model is then used to study the characteristics of full-scale 

Rotor/Wing aircraft with the assurance of correct results. 

The  analytical procedure consists of numerically integrating the aerodynamic 

forces on the blades,   using the lift-drag polar determined from tests of a cir- 

cular arc airfoil.    The aerodynamic forces of the wing and fuselage obtained 

from wind tunnel tests with the blades off are added to the calculated blade 

forces and moments to give the total forces for comparison with the model 

conversion data. 

The key to obtaining good agreement between the model data and the mathe- 

matical model has been found to lie in obtaining a good understanding of the 

induced velocity in the region of the Rotor/Wing.     Figure  102 shows sche- 

matically the induced velocity distribution determined in this study. 

At low values of rotor speed (u >  0. 9),   the wing centerbody provides the bulk 

of the lift,   and the blades operate in the upwash caused by the tip vortices of 

the centerbody.     Theoretically,   the upwash is e4ual to approximately one-half 

the downwash developed by the wing centerbody.     This assumed upwash value 

has been verified by using it to compute rolling moments due to blade pitch in 

the stopped mode.    Figure  103 shows that this theory gives excellent agree- 

ment with the test data.     The theory was further verified by theoretically 

duplicating the lifting and rolling moments obtained from wind tunnel tests of 

the Rotor/Wing at values of  \j,   greater than 0. 95.    In order to match the test 

pitching moments at high values of ^ ,   it is necessary to assume a variable 

induced velocity --up at front of the  rotor,   down at the back,   and varying 
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View at Rotor ^ .looking Right 

Fwd          Aft 

View at Rotor £ Looking Forward 

Left Right 

^ ^pm u>o.,. "in Lull 

0.65 <n< 0.95 

tub. 
0.35< u< 0.65 

Figure   102.     Rotor/Wing Downwash Distribution During Conversion 
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Figure   103.     Comparison of Rotor  Blade Rolling Moment from 
Mode!  Test and Theoretical Calculation 

linearly with radius and with the magnitude of the variable induced velocity 

being equal to two times the theoretical downwash average. 

At higher values of rotor speed (u <  0. 65),   the  Rotor/Wing has the character- 

istics of a helicopter  rotor,   and the standard method of computing downwash 

gives good agreement with test data values of lift and rolling moment coef- 

ficients.    A fore-to-aft variation in induced velocity,   equal to three times the 

167 



HTC-AD 67-3 

steady value,  matches the test pitching moment coefficient.    In this  \j.  rangu, 

the theoretical induced velocity is based on the rotor area   (v^QR   =  CJ/Z\J.). 

At intermediate values of rotor speed  (0. 65 < M  <  0. 9) .   there is a transition 

from lift acting over the total rotor disc area to lift acting on the wing only. 

In this rotor speed range,   it has been found that the ass\xmption of zero uni- 

form induced velocity at the blades,   and a fore-to-aft variation in induced 

velocity equal to five times the theoretical induced velocity based on disc area, 

matches the test data satisfactorily. 

Table 6 shows the comparison of theoretical and test values of lift and of 

pitching and rolling moments. 

The downwash distributions deduced from wind tunnel tests are applied to the 

full-scale Rotor/ «Ving configuration to obtain the rotor  stability derivatives. 

Then,   terms representing the eleven characteristics are added,   and the stick 

positions for steady,  trimmed flight at various values of rotor speed are de- 

termined.     Further,  the change in stick position required to produce a steady 

pitching or rolling velocity is computed. 
i 

Table 6.    Lift and Pitching Moment Comparison --  Theory and Test 

u 

TEST THEORY 

CL 
cx CM 

C
L 

cx CM 

1. 88 0.1609 -0.0062 0.0371 0. 1497 -0.0001 0.0334 
0. 95 0.0602 -0.0025 0.0402 0.1613 -0.0023 0.0411 

1. 87 0.1929 -0.0010 0.0471 0. 1992 -0.0059 0.0496 
1. 04 0.1661 -0.0021 0.0464 0.1653 -0.0029 0.0526 
0.76 0. 1884 -0.0067 0.0528 0. 1874 -0.0050 0.0529 
0. 25 0. 1752 -0.0055 0.0609 0. 1767 -0.0040 0.0587 
0.35 0. 1024 -0.0004 0.0291 0. 1025 -0.0008 0.0269 
0. 35 0.1466 -0.0038 0.0216 0. 1457 -0.0041 0.0254 
0. 42 0. 1677 -0.0007 0. 0489 0. 1610 -0. 0009 0.0449 
0. 42 0. 1694 -0.0004 0.0578 0. 1662 -0.0007 0.0540 
0.62 0. 1864 -0.0076 0.0510 0.1960 -0. 0051 0.0497 
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At values of M > 2. 0 (rpm < 18% of full rpm). the full-scale Rotor/Wing 

can be assumed rigio for purposes of aerodynamic analysis; at values of less 

than 2. 0, a modified flapping blade numerical analysis must be used to prop- 

erly account for the flexibility of the Rotor/Wing. A standard flapping-rotor 

aerodynamic analysis suffices, with the addition of a spring at the rotor cen- 

terline to simulate the stiffness of the hub. 

DYNAMIC STABILITY IN HOVER 

The hover-flight dynamic-stability-and-control response is calculated by as- 

suming that the rotor blades,   wing,   and pylon-fuse'.ag. combination can be 

represented by a concentrated mass-spring system (indicated in Figure  104) 

that represents six degrees of freedom: 

Pitch and roll of the fuselage as represented by mass   0 

Pitch and roll of the wing as represented by annular mass   0 

Pitch and roll of the blades as represented by annular mass   0 

Wing 

©    -Wr-     © 

Pylon 

/—Blade 

Figure  104.    Schematic Rotor/Wing Spring-Mass 
Representation 
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STATIC STABILITY IN HELICOPTER AND AUTOGYRO FLIGHT 

The Rotor/Wing is a nonarticulated rotor that is really rather flexible.     To 

properly account for this flexibility when calculating static stability,  the Rotor/ 

Wing is assumed to act as an articulated rotor with a large offset of the flap 

hinge.     The amount of this effective flap-hinge offset is determined by com- 

paring the dynamic response of the equivalent rotor-with-flap-hinge offset 

with that computed by the Rotor/Wing hover dynamic stability method described 

above.     Then,   using conventional rotor digital computer techniques for this 

equivalent articulated rotor,   the pitching and rolling moment terms are cal- 

culated to determine both trim and static stability in the helicopter and auto- 

gyro flight regimes. 

DYNAMIC STABILITY IN HELICOPTER AND AUTOGYRO FLIGHT 

The dynamic  stability of the aircraft during the rotor operating modes is 

studied by using the basic  six-dogrees-of-freedom system described in the 

Hover section above,   plus vertical and lateral degrees of freedom.     The aero- 

dynamic  load on all three  blades is computed by a strip analysis incorporating 

the downwash distribution deduced from wind tunnel tests,   and the  system is 

numerically integrated for each rotor azimuth.     Thus,   it becomes a Rotor/ 

Wing simulator that permits an analysis of the response of the vehicle to con- 

trol inputs.     The response includes first-mode vibratory motions as well as 

rigid-body motions. 

STATIC AND DYNAMIC STABILITY IN AIRPLANE FLIGHT 

In the airplane flight mode,   where the Rotor/Wing is locked and sealed to the 

fuselage,   it is planned to use conventional,   well-established analytical meth- 

ods,   such as those outlined in Reference  11 for determining the stability of 

the aircraft,   both statically and dynamically.    The information obtained from 

the extensive wind tunnel program conducted to date and the results of the 
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currently programmed dynamic model tests will be used as backup informa- 

tion for the aircraft  stability studies. 

To supplement the model test contributions  to the  analytical stability investi- 

gations,   maximum use will be made of appropriate published statistical data. 

An example of this is the method used to derive the equations for preliminary 

sizing of the tail areas for Rotor/Wing aircraft.     Figure  105  shows how the 

statistical data,   theory,   and Rotor/Wing model test results are combined to 

derive the equation for sizing the horizontal tail area.     For current opera- 

tional fixed-wing aircraft,   statistical data of tail volume (tail area times 

moment arm),    Sj,iH,   are plotted versus fuselage volume (fuselage length 
2 

times height,   squared,    'pHp    .   plus a wing volume term (wing mean aero- 

dynamic chord times wing area),   MAC Sw ,   showing a well defined relation. 

A Rotor/Wing aircraft that was the subject of an intensive preliminary design 

study had good longitudinal stability and control characteristics,   as substan- 

tiated by extensive analysis and model tests (neutral point at 68-percent MAC, 

well aft of the aft center of gravity at 36.6-percent MAC).     These are com- 

pared with the statistical data in Figure 105.     This particular aircraft required 

less tail volume for a given fuselage volume plus wing volume than current 

operational fixed-wing aircraft,   primarily because of the vertical takeoff de- 

sign requirements inherent for the Rotor/Wing aircraft.     The Rotor/Wing 

aircraft does not have to make conventional running landings and takeoffs in 

the airplane mode and,  hence,   the usually critical elevator requirements for 

flare in ground effect do not apply, thus,  it requires less horizontal tail area 

than is required by the conventional fixed-wing aircraft.    The equation to be 

used is one that passes through the Rotor/Wing design point,   parallel to the 

statistical data. 

The derivation of the equation for sizing the vertical tail is similar and is 

shown in Figure 106.     Model test results show that the required vertical tail 
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area for Rotor/Wing aircraft is approximately the  same as that of the conven- 

tional fixed-wing aircraft,   and therefore the  statistical trend for conventional 

fixed-wing aircraft is to be used for Rotor/Wing aircraft. 

100.000 

1 0, 000 

tf 

1, 000 

100 
100 1, 000 10,000 100,000 

[(LFHF
2] +  (MAC  x   Sw)] 

L,F    -   Fuselage Length -  Ft MAC   =   Mean Aero Chord - Ft 

Hp    =    Fuselage Height  -  Ft 

Sw    =    Wing Area - Ft2 3H 

Tail Length - Ft (0. 25C to 0. 50C) 

Horizontal Tail Area - Ft2 

Figure  105.     Horizontal  Tail Size  Statistical  Survey 
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100,000 

10, 000 — 

H 

> 
CO 

1,000 

100 
100 1,000 

L = Fuselage Length - Ft 

H_ = Fuselage Height - Ft 

L = Tail Length - Ft (0.25 to 0. 50C) 

S = Vertical Tail Area - Ft 

10,000 

|w2| 
100,000 

Figure   106.     Vertical Tail  Size Statistical Survey 
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RESULTS AND CONCLUSIONS 

DATA COMPARISON BETWEEN TUNNELS 

The principal purpose of the Series VI tests was to compare the test results 

of the 7-foot diameter Rotor/Wing model,   as measured in the 8-by-10-foot 

subsonic tunnel at Navy Ship Research and Development Center Aerodynamics 

Laboratory with those measured in the  30-by-60-foot full-scale tunnel at the 

NASA Langley Research Center.     All across the flight spectrum where com- 

parable conditions were tested,   good agreement was shown between the data 

from both tunnels,   when conventional airplane-type tunnel-wall or jet-boundary 

corrections were made.     This indicates that, at least this particular rotary- 

wing model may be tested in the 8-by-10-foot NSRDC tunnel with confidence 

in the rotor advance-ratio range from 0. 15 upward. 

ROTOR/WING CONFIGURATION COMPARISONS 

The basic Rotor/Wing model configuration for the tests was the trisector wing, 

plus constant-chord blades.     Other configurations with tapered blades,   and with 

triangle and tricusp wing planforms,   were compared.     The hover efficiency of 

the tricusp configuration was best,   followed by the triangle and trisector,   in 

that order.    In the forward-flight helicopter regime and in the autogyro flight 

regime,   there was little to choose between the three configurations. 

CONVERSION 

The overall characteristics of the three Rotor/Wings during conversion -- 

that is,   the control positions  required and the mean forces and moments -- 
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are all very nearly the same,   and include none that should make conversion 

critical.     Special tests in the final stages of conversion,   at the very low rotor 

speeds from  100 rpm (17 percent of the design rpm) down to zero,   showed 

that three times per revolution the center of pressure circled around an el- 

lipse located forward of the rotor center in the fuselage-oriented,   nonrotating 

coordinate  system.     This center of pressure excursion is of very nearly the 

same magnitude (for the triangle and for trisector rotor) and is independent of 

whether the rotor is starting or stopping.     Vibrations that arise at the pilot's 

location in a typical Rotor/Wing aircraft as  a result of this center-of-pressuro 

travel would be on the order of ±0. 30 g vertically and ±0. 15 g laterally.    Both 

are well within the  short time allowance of military specifications.     The tri- 

cusp Rotor/Wing experiences a center-of-pressure ellipse travel approxi- 

mately three times  as great as do the other Rotor/Wing configurations. 

At the very lowest rotor speeds,   as the  rotor first starts or as it comes to a 

stop,   pitching and rolling moments are developed that,   if uncorrected,   could 

result in fairly large pitching and rolling amplitudes; however,   the pilot (or 

autopilot) has the capability of trimming these moments through control of the 

elevons.    (Note:    Recent investigations have indicated that the use of about 

15 degrees of Bj cyclic pitch can substantially reduce these oscillating pitch- 

ing and rolling moments. ) 

ANALYTICAL PROCEDURES 

Analytical procedures for predicting Rotor/Wing performance and flying qual- 

ities that are based on the classical methods established for conventional air- 

planes,  helicopters,   and autogyros,   but with special consideration given to 

the unique features of the Rotor/Wing,   are shown to be applicable by substan- 

tiation with model test data. 
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PROPOSED AREAS FOR FUR™™ INVESTIGATION 

The proposed areas for further investigation include: 

I        A study of wing planform shape to minimize second and higher 

harmonic shaft bending at the high angles of attack encountered in 

autorotation and conversion 

Z       A study of wing camber effect to minimize the first harmonic shaft 

bending moments and fuselage pitching and rolling moments during 

conversion. 
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APPENDIX 

DETAIL TEST RUN SHEETS FOR SERIES VI TESTS 

DvtaiU'd U-st   run   sheets for the  Series  VT   Rutor/WinH tests  may bo  found in 

this Appendix      These supplement the summary of tests (jivi-.i in Table   1. 

TUN RUN 
Ntt 

mi 
Na a e A. a RPM % P CONFMUIIATION COMMCNTS 

Ar'4* -T '*" o 9 0 o u. O o fi :se.rt c 

akl«. 

ii.tr 2 
*•/#* J 
lm.»* (, 

i i A 
UJ*Mf u (Q 

m-M 
17, (+ 

l&l¥ /L 
(A 

at-m J4- 
fi-iU e 
lM..ltm 9 

iff ff 9 
tA-ito -f o 
lu.jU t< 9 
ML-lll 

- 
■ ~ Q -f 

ni-nf 9 *f 

_—, i_^ mtwt ■MWMB   

18J 



HTC-AD 67-3 
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7^9 iht '4 ft* V, 
77t lit ct fa ,»/ 
77/ lit I.J (f* «/ 
771, \r& H,f 7.r ff9 *^ 
IS* 11,1 tt oi M/ 
y/t l*-f. <,f> fX* ^ 
77<' i \ nS ■ 

1 
' 1.Z ** V 

L_ „.. 1  
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TPN RUN 
NOk 

ROU 
NO. a e A, B. RPM /v P CONFIGURATION COMMENTS 

77/ iV /*.' p <5 ^ * .2$' 
e«u« .♦ 7t4-7?'.'' 
Bremst Ott. srtrr» 
to« UM*lt*rH>t-. iJo 
oiiii.k.am»A*H» TAKiai 
f*t 77r- rta. 
Senf CevMimJ c*J 
TPAii 

171. v /S.S p t ^ 
777 ^ l}.S !f 12. ^<1 
17t ? /M li .<* 
VI ä ^ //.» >, /.•n Id •ff no 1, fir i a ,tf 
?tl S KT» k A ,?< 
7/fl w lit»' 5 f ^^ 

ej-i s? u -5r7 r? o o ö */ »« 
P29 'o O n.lml 
93> Hi A. 
til ft/ 4 
lil (, 
93i »*i t 
tJXL ■^ IX 

mr <j l(r 
esu 1 5: US 

1      1 I   l   l 1        1     1 

TPN RUN 
NO 

ROU 
NO a e A, B. RPM % P CONFIGURATION COMMENTS 

Uly^-j c nah ffrfi ''9^ Tkia-uSPeD 

TtiLerr 

Tkieatm.Ai'*' 
(piKM  Cavr3e»J 

AunetKM    Fir- 

#97 ff - + 0 <? 9 & 'V <? 

If/ «.bv 
P7? ^ p 
«*/> •^- f 
•*/ s? ^ 
<M2. *l n 
V* |y t* 
90Ä JL n 
lo-r T (14 
f-Ai 4o 7 11,4- 2 (? o S*3 ¥/ 
9*7 f if,i 1 i-3 Lm» 9/ 
9*f 1 <l ? 1 <e <ti at. 
V? f tii \ g,* rti «/ 

?/■(? c./ l/l 1,4 <ie J 
»r/ tt.f fj <*<■ nl 
?*a it.9 2,r ft-r K, 
91-^ wi 

1 
l.e S13 V 

    . 
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TPN   **•* Sfae A B. RPM ^  jJ  CONFIGURATION COMMENTS 

Egg Ja2*J. 
fff.-L. 

1    0     <?. 
3. 

0 --* ̂ - J. OB. _< > 8. fktcosPett.Ai'f 
_ fa*S* Q)*r set J m 4 

917 s- 
9tt _^_ 
9t? A 
9iB   ... to " 
9f/ 12 
992 /* - m r< ■— 

994. -   % 
■■ 

9K JL 
Jfh -.-         2A. - 997 /o (? o 

1 

1U -<• (? - ff9 > 0 
/tee 0 ,f ""* 
/mf ' ft -■r i ' 1 

— 

- 
_ 

TPN   «Jj NROU 
1. NO. a e A. B, RPM 

-1  
%, J   CONFIGURATION OOMMKMTS 

/#c ? . _L 
i-  '' 

-X 
t 

-"•fr 0 
JJ« ̂ _ 'äl^.ä 

1     (/«#«* <iHir gex J 
Hei.iet*i*t.   ratr 

At,' 5' ( A««>u. 
AB.-l-J 

//ff 4 -1< ? TZ/L' Off 
uuff /^ v <■ ^ 
/*#*   6' L -/ (O -/•<» o.<- 
t*7 -a -/.<" o.r 

_ 

t*e ?^ if 
(HT Yrf' a<\ 
,M,» -A^l - IO// ■ -/.<■ 
i»n~    T 4 ■ft *-k - '"* /« -It *■</ 

IUt  & -^ If ■ft 1.0 — 
(f,*- -l -IJ ' t 

- 

/'(k ■i" t-J. - Iff? 4- 
■ -i,7 <-3 

tat/ &, -I* t« -Jt,3 (4 
/«/i -fi -■?•■» l< 
JMt -* -?r 'f. 

" 
/fit / ■ ' -*7 fS i L 

1 ^mtm^m 
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TPN RUN 
HO. 

ROU  ~ 
NO.   *Jf e A, B, RPM !?V   JJ   C0NFI6URATK* COMMENTS 

im Cl /7 « ^ -t7,< o (öOO \/,.u\. 
Jei3 -2- -('.<' \e.<\ ' 

L /AtMim Ji # J J 
1034- 4 -2if ip,r _  TAIL-Orr 
mi' ' JO ? ? 1? <" 
loxt w -R /p VV cf 
ltJ.7 1 -i. -l.Z 1.4- 
lt?J ?Jf /•4 
Iftf -?,? /•^ 
lOiO -1,1 (,4- ~ 
/el/ ■J,i •}fr 
ie>ix 4 -?!(' ? ^ 
M33 1 ip ■4(7 ^.rt 
/PH. M -/■f /<• ■/■<■ ?* 
/nf -/? -?<? ? f? 

H 

/til. -z -?-i" 5.« 
lesi ^ -?.? ^? ~ 
/eia 70 -/4- Zf -?/ M 
/Ml -ft -.? i ^i ? - ID4* -z -^rf ^f 
104-/ ( 4 -rf.J <<? ' 

1      1 ̂ __ __ 

TPN RUN 
NO 

ROU 
NO. a e A, B. RPM %J J   CONFIGURATION COMMENTS 

/ä(7 7J. d -g r -/■e / J CoOO '/     ■ f£   TTk/dLisspeti  J tS* 
/o/f - 7. -it i,z MUM 1_   /«<//• £*ar 3ei ) 
/fff? 4 -3.0 '■? 
/tff* ^ 1 -+* 1-1 
/**/ 73 -* ,0 -tA ho 
/^i -?. -io * i' 
/^? M ?4 
'»»«■ -9,» 4(1 
/»fr -It If 
i»iL 

1 
-If ■>f 

1697 4 -4-1 ?.<? - /»•'.' /^ -i-.o 3.1 
«/f 7+ -/^U /r -i.(i f ^ 
ne« -fl i -i,,,' ;'/ 
lie/ -,* if i"'A 
llOi. \' 4 4? •j".b 

ne'i, 7* V* ^ö -*n (f-T 
ne*- -^ -3.2 1? / 
//o-r - 2. -i.y 7-<r 
'Vfc k ^ -<.f ?.? i ' 
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CONFIGURATION 

TÄn_. ore 

OSMMENTS 

A, 4 "ß, TlmHeö 

J  

TPN   ^ NO.   vX e A, B. RPM % |J   CONFIGURATION COMMENTS 
tff-r. Ha. 
//2f         j -a- 

"s^ &2. _i »j "/    ■ 2£ nztcvsntp <4tff 

/£*».     1 4 -rf< 4*- 
t/**      t it '' -^.o r-y ~ 
^/l/    ^^ -« /p t?,9 <i o 

~ ■" 

l/Sl. -i -?,/ 4,1 
■M 

HSi /•|2 iti 
'" 

u>f -rf/f 11 r- "" 
/isr   _ f,*' f? 

— — 
(• jfe. 1   ■ -/./ ■*■? 

— 

/IS? _       J- -«? ex - "*fi  ._ /* •4f 7,2. 
//J9   ^^ .      -14. z/' ' e 7/ ~ 
ii4t -B -i</ /•*' "" 
//// -      ^- -IX tf "" 
//A? -      3 •<.0 HI 

"" 
</« «,1 -      ^ a/? A4- 1/ ^ 
//¥/    i -e -1,7 Hi ~~ 
-^r I -x -u li* 

~ 
//«   t 3 ' -rj Ift 

1 — 

' 
~ 
"~ 

 1 1 
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TPN «UN 
NQ NO. a e A, B. RPM ^^  p   CONFIGURATION COMMENTS 

'"7 M 20 ■d 0 n <? <W) 0   Ic 'Ti.tAtjaur, J**** 

W pV« ISM-1S4« 

; C»M,-r.«i-rr^wt.e. 

7iv 2 (JUA *LA  £OMW    i**  I 
t33f * 
nt* r 
UU C 
/S4i, fi 
/U1 ff 
/i44. /* 
/ur 14. 
a4t /■r 
at? /a 
a+i* tt M' io 
/Sft 10 

' 
/a-/ -f p 
/ia. r p 
/sn (t •r 
/SJ-4. ♦ \ 9 -r f Ml 

TPN 
RUN 
NO 

RGU 
NO. a e A, B. RPM vo J   CONFIGURATION COMMENTS 

«.-v 17 P/ -? ■r -<?.<- e.» /n*n Sjiü* 0. C r*-i*>JG>i£', A.' »■"• 
■4 4 t, TkiHtiro 

A4, --  r > 

/ire -2. V« P (ASJSJ Cv^Zjl») 

an 4 ■lA <» TZiu- OPr 
lig-A \ 10 

1 
-1 g r? 

/3r^ n -fl ^ -c-f Of, 

IS(*> -i -// f.U 
/iLI J? *,* 
ISCi. -{,.1 e> i 
li&Z -/■I ft 
Ii<i4- -/■I -M 
UK 4 -if '■6 
13 bi. /0 ■/■4 CH 
/ii>7 w -^ />" -1.7 If 
11 kp -?? -If If 
IS&'i -^ -'! (,t 
/UO \ 4 -2Z. if 
Ii7/ /to -A zo -U e.i 
ti-jz. -A -/? Z,o 
Ii7*, -a -J>' z.o 

[ /S74- 4 -?-7 ?-,? 1 
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TPN RUN 
Na ^ a e A. B, RPM p CONFIGURATION COMMENTS 

/nr /et a/ -A ^ -/?./ i?,» Un ?)V> >fo 
(MSA CovhoiJ 4,4B, TiiuMtp /i7Ä -z -(■b o-r 

/i?7 1 4- ' -|,p P 
ii7g tot. 19 /* -J.6 0 
mf -ft -/ * i.T 
ago -2. -»« It 
nsi if (■9 
im -7Ä i-9 
nn -i ? <»■<* 

/igj i -22 -?, / 
rix-r 4 -?•? Z  i 
i-.y., 

1 
10 

^ 
-+l? ^.if 

:.i 7 wi -/•f /»- -/f ^•>' 
I'SS -fl rti? it 
nil -2. -?' 3,0 
/l 00 

1 4. 1 -?.^ }.P 
I'til /o4- -14. ^0 -?7 ?? 
/iiz - ft -f.i *,/ 
nti - 2 -?? te 
/1'/4- 4 -■^r r-f ■ 1 

/nr — /- •o - •/ — o - 

___ ,  

TPN RUN 
Na 

ROU 
Na a e A, B, RPM X P CONriGURATION COMMENTS 

/I« /*>* >^ -fl .»-* -W IQ InOO // ./r 
>, / *,   TiiHveD 

A*,- s'"") 
AA,'-f' ICotr-f^. 

**■' S-*{ A0""6- 

{if 7 -1 ■IU l,Q 3&I,BI 

139» ■ "# -IL 1« 
/191 » ^fl -H /,0 
i**a lOk -fl //? -ei* i.fi 
1*4/ -m 2fl 
MtMl 2,0 2.X 
i&l -»'< 2,7 
I4,J- -M 7,/ 
/4ir •i,a -2.2- 
l*o(. -# ■dr fr?- 
I4f7 /'<•' -{?, 7,2 
lUt 101 V4 /^ a ?,<• 
1*09 -fl -1.0 *r 
i4/B -a •M <(? 
14-11 4- 

1 
-r? *3 

l4l3. »2 -^ 20 -p.? G,4 
/«./i -/? -2.0 r,* 
{4l 4- -a -4.f H 
iHf 4- 1 -W u \ 
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TPN 

14-11 

RUN 
NO. 

BOU 
HO. a e A, B. RPM \)   CONFIGURATION COMMENTS 

n-n jc-L. ;LZ_ 

-2, 
5 v.* 

Z. 0 

tooo 

A, 4 B. Ti.MHcD 

AK-  S-'X 

ÄU,'-«-J A,"",- 

Hit % -i.t z, o 
li-ll 

1 
19 •rs 2.. o 

IA*0 lit -1 /fl -2 B 5 J. "" 
j4Si> -2- "?,? Ar 
i4>i. ?,? <i.r ■™ 

Ifii -f? 4>' ~ 
J4Ü: -?? ?<" '"■ 

H*< '   ' -■'i? -A»" 
"~ 

±4*4 4- 1 -V 4.2 
— H*l • <* 1 -*? 4.2. 

jm III -i+ '< '•^ n. 
lt?9 -K -l?-4 i.*- "■ 

1430 -2. -?<? 7.0 "" 
J&L 4- -f< 2|f - l*3-L m -/*■ t-0 o to 
i+n ♦ -R k -/. r %1 | 

— 

~ 
i+H- '/3 -i4 10 «f ?M 
/fir -a v-i ?!? 
l+ii -i -40 #7 ■—' 

tin ■ 4- 1 -<0 i/r 
1 "" 

_L —L.    1 

TPN RUN 
NO. 
7T 

BOU 
NOL (X e A, B, RPM 

rty 
P   CONFIGURATION COMMENTS 

l*}1 
/4-4a 

UT M- -? 
-a | -2.1. 

is fi_ *1 TZHtt&t-e;/! 'C 
_  (M45J <U~/3ei) 

Hex.ia»fTKtt. K.rr 
■4.4B. TKIUHCP 4 1 -4-r 4-1 

14+1 IB 1 •7,t i-.2 
144*- h£ -ft ip er iTi - -2. -2 7 4.Z 
/M* »■? fr7 - I44S -fii ^■7 
/J&t -?,7 ^.f 

■" 

iH? f -2.7 /,? ^ 
iHt. ^ -rt ^i 

"■ 

144.9 i 10 -?.f »f 
,~ 

HSV. I'i -/t i-r ? 7 ^4 ^ 
Mr/ -a a /■<- 

"" 
J4fL -2. -30 *-7 
J4.*3 4 • -ff ^ "^ 
I*f4 m -4 la ^■rt 9< - /**r -A -'rZ- li$ 
M-K -z. ■*f Itl 

"" 
/■fx? 4- -<7(? Ifif ' - 

—. ' 
i 1   I __J _l 1 T 
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TPN 
RUN 
NO. 

RCU 
NO. a e A. B. RPM 

rx P CONFIGURATION COMMENTS 

/499 ni « o (i?,^ c? f.< 0/ •if JUT» auto   Ärr 

(Htuoc Crt/ftiai*') 
L„T'    St* 
4,' O 
S,   TB.I/'HCO 

/i'oo 3 7^ *,? ara»* 
/ftl £r ?.r? if- 
lib*. ■? 0 (?,7 
iC03 /^ -(■>' 0 ' 
in* A? -f,f -#7 
/<v<- ^4, -<■<> •3« 
/«» ^? +< -?•<> 

1 
-i 

/r^7 ill ^ llj i"« ■Trift •47 
lai 4 d.f ft 
i<e9 1 3.0 ?? 

1 

KM (1 -If p.i? <** 
ISII /s -4,7 -i?,7 
/r/A /^ ->';? v/ 
/i-/3 i 

i /r -To -3.0 
js/4- /^ ifi id '*■■> 4oo ■6> 
/{■/■r ? lo.h Iff 400 
jr/f- /? it iif H' 

'US /? -*,f 3.3 4lf 
/r/? 't -4-f -0.7, i-LB 7 

/tie // -ti- -H *if i ? 

TPN RUN 
Na 

ROi 
NO. a e A, B, RPM TX p CONFIGURATION COMMENTS 

't*l lU PA ? ¥< o *.v Wo V 4-' TeMis/aLC.AfS- 
{MM C.*r. Set) 

AuTvaaeo  fLrr 
fceudo <?o*t\>) 
Lirr* tt* 
4. .- O 

(TPn) ISM vtrTkm'») 

/üi /7. f.* A,^ 
/i-2.3 /' rt 7,tf 3*0 
ISJ4- /4 -4.(? ^^ 34-fi 
KO-T ' i /sr' -^ t r? sfo 

/« ^2 -(<?' o <? (SO 

/*2? /^ Vi/? fTZ i4i 
/i-j3 ^ '4 -/M 1 -/V IW 

'ftf Irt 23 n '?f o 7t^ bt. o V .}<■ 

/i'30 *> W S^Ä 
/<3/ (A 1,( ',} 
/■mt. ? 4 7 ', 0 
/<^ /2 0 ff 
/■rj*- /^J 0 e.f 
/^■r /<« -If ß 
/o-6 /< ■to -C.J 
/-.   / ^ „f s of <9o 

■r ' .} a* ? no ftfl 490 11- 
-s       / ^ IU tf-f 4'7o 
/i-^ 9 v.o H Q iTM 
/f4/ /^. 4tl 4:1 •S'C 
Si4J. /^ /< u 
'■fl? /•C- tf 2.> 1 
i?44- /5^ vV ' a.u ■44* i 
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TPN RUN 
HO. ^a e A. B, RPM T^   JJ   CONFIGURATION CQMUENTS 

ir*< *£■ 22. <? /?■<■ n %<* w P/     • / ^„^            ^ 
AUTOOIBB    flrr. 

A, '  O 
B, TiiMMco 

*-rnJ is4rk44. 
Mer  TMtMMCP 

/T46 /Z IK. n<* 39» m*X 
/i4f /? 1i K,t *tt 
ir4t /* !,« I3 f Alt 

1-   Ti/t - C^-zr 

/r/» /r 46 >tt ii> 
- 

lf<V 'k /.f rr 4<fi 
l<Sl ft -tr-' O.T &<" 
J«2 12a i< to 'i< 320 ./H 

./fJJ IL L-t" Jäui, 3yt 1 
IK4- a *,< tic ^n 
l^f I' ■ '.* la no 
Jiid n,f -ir tff 2i,o 
irsl. in il 4o I(f0 17» /.* 
if si 1 /if -fO IPP '<* 
irrt \ 

1 
19. f -IS i.p p.4t i 

™% NKU 
31 Na a Ö A, B, RPM %J J   CONFIGURATION COMMENTS 

/**<■ a i ii c Ät.< <? 7f UA j?/ 

A.   <■ o 
2,   Ti ,**fjieD 

3 7, a <? ff.i— 
/LVt & 4,< iQ 
lUit f i.o ?< 
mi a ''■< (?■>" 

 1 - 

it ?< 0 
W '*. If -t.1 

if ■44 ■u l 

? ? 't< 6 M,< r« 4 1 
£ 117 /if 

ILK" ? ?4 ?■< 
^ 0 2,1 

Ji47 /5 ■A6 l.t 
*&' '4. ■It t.t ffr uSt   | if -fS < o Hf ' 
f/SO    /5l I* V* o IM He 

■* lt.fl l\ i.e U 4*' 
ILCl. M il 0 *7 4?" 
ii<i if -\6 IP 4lt - Hit /(. •<A a* 4M 
IbiT i? ■k,< IK 4-ii 

i    i    i \ 1 

teS^UA^feJ, 
.■■' 'S  K^ai\   7..«ij. 
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TPN RUN 
NQ 

BOU. 
NO. a e A, B, RPM TX P CONFIGURATION COMMENTS 

/CCL nz ?4 ^ (? o %o J»0 ^ ,y 
-~A'.- OC* 

JuTtOiee Pi.Tr, 

A, i   o 

fc-rt A" 0 1 U J'ö «r«.« i 
ie.<3 '« -li 1 7< ?7J 
/i<9 // -7* /? J'3J \ 
/Lfa >it /(i ■f-7 f> ^iaa. (0< 

ICU '7 -f.< e ^»(9 
26k2^ 1 ^ -i(e 4 o ^50 if 

/?*3 /*» ?<- /V f-a o 1,7 f?^ /*/ 
17 f 4- /?,<- t.a ?e r77 /7/ 
17 K ^«•' 1,0 /'■< ■rtf /<•/ 
n9C /^ 2 0 rx -^tf «/ 
nil //i7 1.0 zi '?? J/ 
f??i ^r 1.0 ifj ?(-? it/ 
I79f /*/ //y l.o 7 7 fr.7 it./ 
/Poo //,/ 1,9 4,0 r?7 ttS 
tto/ /^ 1,« 3.=? iT7 t'. 
1(0* l%0 1-9 (? 6*» a w 
it03 ^ i9-< o -9,' it 
lioA- t?1 0 IK L*^ V 
He? 1-17 7 0 3-^ b*(t 1* 
l!'6 i 1 ?r 0 IS r% '■!,/ 

TPN RUN 
NO 

ROl 
NO. a e A, B, RPM T%J J   CONFIGURATION COMMENTS 

ifel 143 -<?■ o o (O Q rf/ r j_ Tkisecrec, Ai* f /4lKH.4»Mr    FiT 

1Sc*»veD, SixiLAie. 

J 

mo! ^ P I ii.t** fi/ASA a**? joq) 

Ml y 3 '7+ic- Oic-F" 
i9ln w 4 
IP' <; 
19/2 ^1 if 
'111) SI /(? 1 

k% 1M < 
)W "V -< m 0 r 
v77 »0 \ -? 
imi > <«> o 
itii ^ -<# 
im ^ jU. rt 
ip-i Id 
im ' i lt,1 ' 1 , 1 ' 
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TPN 
RUN 
Na 

ROU 
Na a e A, B, RPM % p CONFIGURATION COMMENTS 

MS.« /W 71 -^ 10 -O.I, a.f <>t0 // •/>' -TkiAHaw^-c' 
OVASfl Caor 3llJ 
TAU.- OiJ 

/9J./ -2 -3. « xt 
rtu. 4- -I < j.i 

J&3 /fl ■ CJ. S,¥ 
/i3* fa- -9 ■il f.l 4/ ^f 
MIS -? -n 4<" 
JGl/. 4- -Al f z 
ftp /0 ■f-7 *? 
Wf ,a -f OS f,S t/ ,?r 
/Iff -^ -?,1 rii 
(130 4 -w n.a 
1911 //? -7< 1,4 
/<H3. ist -.f 10 ■e.i 2\ i/ •*' 
»33 I ,? -i.» f-X 
/♦»* ^ ■*< 

5? 
/♦JiT I /tf -Q 3.2 
/#»i «r -X -f4 '2, V .?<• 

/*?7 -z -n 4f 
Wfi 4 -*,? 4,2 
rtst t 10 -t* 4,1 
lite /rt -g cf <« fl/ ■K 
nn -a ■3:7 (i ^ 
/<i4X 4 «> fl? 
(Hi J 

1 
JJL. Ü* i4 _j i 

TPN 
RUN 
NO 

ROU 
NO a e A, 

•  
B. RPM T% P CONFIGURATION COMMENTS 

/944 /<? 3.7 ,j /A -o-i, z.r '/ ./» 
^Ws» a.*^ Hl) 

{SLitPAec Wie cnlj 

(svemec voie tfj 

^   ^3   +o  J7 

KfAr -t -},p a i 
1**6 4- -4.r 5,* 1 
/<)47 10 -Tä i.i i 
><i4t i-rfl i« v ■ft 
Ji49 -i- -?7 ^•r 
i<f£D 4 -f? f*. 
/«<■/ t M -^7 42 ' 
/OÖI t-n -? tfT r* /?/ ^' 
/?<■? -3 -71 tz 
ttKA. 4 <9 RA 
/QTC " /(? 

■ -If 14- 1 
/iiZ. /t-c -^ //9 1? In 3,i // < 
/Oi? -? -if it 
yj-rx 4 -t,f 3.X 

/o-ii y 1 ^ -<-i }A if 
/•//U> IV -f -zo 3,?, ^/ .JC 

ItLI -^ -?7 4' 
lUA 4. -il 4* 
flu'. 10 <0 4*- " 
/'^A IM -K «,< f,* i?/ ,7f 

r^r -i '■*! Cei» 
(Mi, ^ ■r.n f,3 
/W L J 1? ' -M *.a y JL 
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TPN Na 
ROi 
NO. a e A, B. RPM ^  JJ   CONFI6URATI0N COMMENTS 

rtLl? fa* »7 -t in -0,6 Z V ^ //     •' £■  TklAHACe, Ai,*<* HcLicepret.   Fir 

A,4B,   ■*■' MMTHH 
Mitt* Cftwc   3*S 
^ 23 +» Ä7 

fQtf -I. -10 Z.X 1_   (A/AiA.CMT Hi) 
,970 4- -AX ?,? _      T>/«.-  Ö/J 
/97/ ' IP -<r.3. ?,» 1 tl   r. .   .-• 
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Wind tunnel tests of a Rotor/Wing model were conducted lor three pur­
poses: To compare the results of testing the same model in a small and 
a large wind tunnel; to investigate Rotor/Wing planform effects on per­
formance and flying qualities; to investigate in detail the low rotor speed 
range of conversion. The data gathered from testing the 7-foot diameter 
model in the 8-by-10-foot tunnel and in the 30-by-60-foot tunnel were in 
good agreement for rotor advance ratios greater than 0. 15. There was 
little difference in the aerodynamic characteristics of the three Rotor/ 
Wing planforms (trisector, triangle, and tricusp); however, the tricusp 
was inferior for the helicopter flight mode. The low rotor speed range 
of conversion shows that the mean lift, rolling, and pitching moments are 
constant, and that the oscillating components are of low magnitude.
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