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SUMMARY

A model segqgitented rotor was tested by The Boeing Company on

a powered model Rotor Test Stand (RTS) in the University of
Maryland Wind Tunnel. The objective of the test was to
determine the propulsive capability at high advance ratio

of a rotor having the panel inboard of 50-percent radius on
each blade following a prescribed nonsinusoidal pitch schedule
while the outboard panel followed a "conventional" swash.late
control motion. Theory indicates that the loss in propulsive
force capability with increasing advance ratio that has been
noted for conventional rotors could thus be reduced.

Rotor performance daca was obtained at en advance ratio of
0.60 and an advancing blade tip Mach number of 0.36. Data
were taken for a collective pitch range from 16 degrees to 32
degrees and for a control axis angle of attack range from -57
degrees to -12 degrees.

Two nonsinusoidal pitch schedules and a "conventional" rotor
(inboard panel locked to outboard) were tested. The maximum
propulsive force measured for the segmented rotor was more
than nine times that for the conventional rotor(drag of hubs
and shanks included, in both cases). The segmented rotor was
able to absorb power efficiently up to a levcl of P/qd & of
0.024, and showed no sign of faltering there. The limit was
due to cyclic pitch limits associated with model geometry.
The conventional rotor, on the other hand, showed a breakdown
in its aerodynamic behavior which limited its efficient range
of power absorption to P/qd?v = 0.016.

The segmented rotor's ability to produce propulsive force at
high advance ratio has significant implications with regard
to helicopter performance potential. For example, flicut at
230 knots without auxiliary lift or propulsion would be well
within the performance envelope of a segmented rotor of rea-
sonable solidity, assuming a ratio of equivalent drag area
to weight (fo/W) of 0.001 square feet per pound, and advanc-
ing tip mach number of 0.94.

iii




CONTENTS

SUMMARY . . . . . .. .« .+ . .

LIST OF ILLUSTRATIONS B £
LIST OF SYMBOLS S 31
INTRODUCTION e e e e e e e s e e e e 1
CONCLUSIONS AND RECOMMENDATIONS . . . .+ «+ =« 2
DESCRIPTION OF TEST EQUIPMENT o s s s e e s 3
EXPERIMENTAL PROCEDURE . . . . .« .+ « « « 7
EXPERIMENTAL RESULTS . . . . . +« +« « .« =« + 11

BIBLIOGRAPHY e s s s e e e e« « & e« e« . 80

DISTRIBUTION ¢+ e« e e e e e e e« e« . 81

APPENDIX: Nondimensional Parameters for V/STOL
Avrrcraft Performance Analysis . . . . . . 83




ILLUSTRATIONS

Segmented-Rotor Wind-Tunnel Model. . .

Definition of Axis System and Sign
Convention ., . . . . . . . . .

Segmented Rotor Pitch Schedules 3
and 4 . L] ] ] . . . ] . ] .

Rotor Drag Polar Comparing Conven-
tional and Segmented Rotors Where
80INBp = 0°, Ay = 0°, P/qd2v = 0.018,

' = 0.60, M(1)(90) = 0.36 « e e e

Rotor Drag Polar Comparing Conven-
tional and Segmented Rotors With Hub
and Shank Tares Removed Where

torNpp = 0°, Ay = 0°, P/qd2v = 0.018,

W' = 0.60, M(1)(90) = 0.36 6 o o o

Rotor Drag Polar for Pitch Schedule

3 Showing the Effect of Azimutt Phasing
where AO1Npp = 0°, P/qd2v = 0.018, ,' =
0.60, M(1)(90) =0.36 . . . . . .

Rotor Drag Polar for Pitch Schedule 3
Showing the Effect of Collective Pitch
on Inboard Segment Where Ay = 0°,
P/qd2V = 0.018, ¥' = 0.60, M(1)(90) =
0.36 .,

Rotor Drag Polar for Pitch Schedule 3
Showing the Effect of Collective Pitch
on Inboard Segment Where 4y = 20°,
P/qd2v = 0.018, W' = 0.60, M(1)(90) =
0.36 . . . .+ . .00 ..

vi




Figure Page

9. Comparison of Conventicnal and Segmented
Rotor Propulsive~Force Limits for Pitch
Schedule 3 Where sOqngp = 0°, a4y = 0°,

w' =0.60, M(1)(90) =0.36 . . . . . 24

10. Polar Map Comparison of Conventional
and Segmented Rotor Where 48yypp ™ 0°,
AV = Q°, V' = 0.60, M(l) (s0) ™ 0.36 . . 25

11. Polar Map of Conventional Rotor Where
u' = 0.60' M(l) (90) = 0.36 . . . . . 26

12. Polar Map of Segmented Rotor Pitch
Schedule 3 Where A@pypp = 0°, ay = 0°,
W' = 0.60, M(1)(90) = 0.36 . . . . . 27

13. Polar Map of Segmented Rotor With Hut
and Shank Tares Removed Where 4 O1Nypp ™
0°, 8¢y = 0°, u' = 0.60, M(1)(90) =
0.36 Compared With Conventional Rotor . 28

14. Polar Map of Segmented Rotor Pitch

Schedule 4 Where A OINBD = 0°, 4y = 0°,

vw' = 0.60, M(1)(90) =0.36 . . . . . 29
15. Polar Map of Segmented Rotor Pitch

Schedule 3 Where 4 OyNgp = 4°, 8y = 0°,
' = 0.60, M(1)(90) =0.36 . . . . . 30

16. Polar Map of Segmented Rotor Pitch
Schedule 3 Where s Oyngp = 8°, 4y = 0°,
W = 0060, M(l) (90) = 0036 . . . . . 31

17. Polar Map of Segmented Rotor Pitch
Schedule 3 Wheres ©ynpp = -10°.
by = 0°,u ' = 0.60, M(1)(90) = 0.36 . - 32

18. Polar Map of Segmented Rotor Pitch

Schedule 3 Wherea ©yypp = 0°,
Ay = 20°, ' = 0.60, M(1)(90) = 0.36 - 33

vii




Figure Page

19, Polar Map of Segmented Rotor Pitch
Schedule 3 Where A6yygp = -10°,
Ay = 20°, v' = 0.60, M(1)(90) = V.36 . . 34

20. Polar Map of Segmented Rotor Pitch
Schedule 3 Where A0yypp = -15.9°,
Ay = 20°, u' = 0.60, M(1) (90) = 0.36 . . 35

21. Polar Map of Segmented Rotor Pitch
Schedule 3 Where A81xpgp = 0°,
Ay = -20°, u' = 0.60, M(1)(90) = 0.36 . 36

22. Propulsive Efficiency of Conventional
znd Segmented Rotors Where 40yNypp = 0°,
A% = 0°, L/qd2 = 0.04, ¥' = 0.60,
M(1) (90) = 0.36 T Y

23. Effect on Propulsive Efficiency of
Azimuth Phasing of Segmented Rotor
Pitch Schedule 3 Where 481Npp = 0°,
L/qd2 = 0.04, ¥' = 0.60, M(1)(90) = 0.36 38

24. Effect on Propulsive Efficiency of
Collective Pitch on Inboard Segment
of Segmented Rotor Pitch Schedule 3
wWhere 4y = 0°, L/qd2 = 0.04, u' = 0.60,
M(1) (90) = 0.36 © o o o o o o o &%

25. Effect on Propulsive Efficiency of
Collective Pitch on Inboard Segment
of Segmented Rotor Pitch Schedule 3
Where Ay= 20°, L/qd2 = 0.04, ' = 0.60,

M(1) (90) = 0.36 e+ e+« « « « « 40
26. Hub and Shank Tares for Segmented
Rotor Where v' = 0.60, M(1)(90) = 0.36 . 41
viii




Figure Page

27. Segmented Rotor Nondimensionalized Lift
for Pitch Schedule 3 Where be
Ay=0°, u'=0.60, M(l)(go)-o 36, Nﬁub and
Shank Tares Removed .« . e+ s+« <« 42

28. Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule 3
Where AO gag-o ' Awsoo' 1] "O 60

M(l)(90) 6, Hub and Shank Tares
Removed o 5 © o o o« e« e« e« e+« « 43
29. Segmented Rotor Nondimensionalized

Power for Pitch Schedule 3 where
‘-'-'-0 Aw =0°,u '=0. 60 M(l) (90)
O §§B Hub and Shank Tares Removed e o+ o« 44

30. Conventional Rotor Nondimensionalized
Lift (U""O 60, M l (90) =0.36, Hub and
Shank Tares Renove& 8 o o o ¢

31. Conventional Rotor Nondimensionalized
Propulsive Force (¥'=0.60, M(y)(90)=
0.36, Hub and Shank Tares Removed). . . . 46

32. Conventional Rotor Nondimensionalized
Power (u'=0.60, M(1)(90)=0.36, Hub and
Shank Tares Removed; . Y

33. Conventional Rotor Nondimensionalized
Lift (' =0.60, M(l)(90)=0.36) e« . . A48

4. Conventional Rotor Nondimensionalized
Propulsive Force (V' =0.60, M(1)(90)=C.36) 49

35. Conventional Rotor Nondimensionalized
Power (' =0.60, M(l)(90)30.36) « « + <« 50
36 . Segmented Rotor Nondimensionalized Lift
for Pitch Schedule 4 Where 4@1ypp=0°,
A = " =
W Oo, [ 0-60, M(l) (90) 0.36 . . . . I 51

ix




Figure
37.

38.

39.

40.

41-

42,

43.

44,

Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule
4 Wherel® ynp=0°,0¢ =0°,u' =0.60,

M(l) (90)=0.36 . . . . . . . .

Segmenced Rotor Nondimensionalized
Power for Pitch Schedule 4 Where
ce1Npp=0°,£¥=0°, 11=0.60, M(1) (30)=

Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
go§§BD=4°,AW=O°,U'=O.6O, M(l) (90)=

Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule
3 Where AOIrmD=4°,Al:)=0°, u' =0-60,
M(1) (90)=0.36 e s e 2 e e

Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
Lernpp=4°,8v=0°,u"'=0.60, M(1) (90)=
0.36 e e e e e e e

Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
Aeynpp=8°.0v=0°, u'=0.60, M(1) (90)=
0 -

Segmented Rotor Nondimer.iionalized
Propulsive Force for Pitch Schedule

3 Where derynpgp=8°, 4v=0°, u'=0.60,
M(l)(90)=0.36 5 o o5 o o o o o

Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
Aernpp=8°, 4v=0°, u'=0.60, M(1) (90)=
0.36 L) L] L) . . . . L) L) . .

Page

52

53

54

55

56

57

58

59




Eigure

45, Segmented Rotor Nondimensionalized Lift
for Pitch Schedule 3 Where derngp=0°.
Au"="20°, “'80.60, M(l) (90)50-36 .

46. Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule 3
Where AQINBD=0°, Ayp==20°, u'=0.60,

M(l)(90)=0.36 5 0o o o o o o ¢

47. Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
deyNBD=0°, 8y=-20°, 1'=0.60,

M(l)(90)=0'36 . o . . . . . .

48. Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
Aeinpp=-15.9°, Ay=20°, u'=0.60,

M(]_) (90)20-36 . . . . . . . .

49. Segmented Rotor Nondinensionalized
Propulsive Force for Pitch Schedule
3 Where LeyNpp=-15.9°, ay=20°, p'=
0.60, M(l)(90)=0.36 5 o o o o ¢

50. Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
A®INBD=-15.9°, 4y=20°, ,'=0.60,

M(1) (90)=0.36 e e e e e e

51. Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
seyNBD=-10°, ay=20°, ,'=0.60,

M(1) (90)=0.36 . . . .

52. Segmented Rotor Nondimensionalized
rropulsive Force for Pitch Schedule 2
Where A eyypp=-10°, A¥=20°, u'=0.60C,
M(l) (90)=0-36 . [ . . . . . .

xi




Fiqure
53'

54.

55.

56.

57.

58.

59.

60.

Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
deynpp=—10°, 4y=20°, u'=0.60,

M(l) (90)-0.36 . » . . . . . .

Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
a0rNpp=0°. 4y=20°, ,'=0.60,

M(l)(go)-0.36 o . o . . . . .

Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule
3 where serypp=0°, 4y=20°, .'=0.60,

M(l) (90)80.36 5 o o o o

Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
AOINBD=0°, A'&'=20°, u' ‘0.60,

M(l) (90)=0.36 5 ©o o ©o o o9 o o

Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
AQINBD.oo, AW’7.S°, U'=0o60,

M(1) (e0)=0.36 . . . . . . . .

Segmented Rotor Nondimensionalized
Propulsive Force for P‘tch Schedule 3
Where AOINBD=0°, Ay =-7.5°, u'=0.60,
M(1)(90)=0.36 . . . . . . . .

Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
Leynpp=0°. 8¥=-7.5°, u' =0.60,
M(l)(90)=0'36 5 o o o o o o o

Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 where

8 8yNpD=0°, 8y =0°, u'=0.60, M(1)(90)=
0.36  « « « + e 44 e e

»

xii

68

69

70

71

72

73

73

74




Figure Page

61. Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule
3 wWhere AQINBD=O°; szool U' ==0-60,
M(l) (90)30036 . . . . . . . . . 75

62. Segmented Rotor Nondimensionalized
Power for Pitch Schedule 3 Where
AOINBD=O°, Ay=00°, u =0.60, M(l)(90)=
0036 . L . L L ] L] . . . .

63. Segmented Rotor Nondimensionalized
Lift for Pitch Schedule 3 Where
AQINBD=-].0°, Aw=0°, u' =0.60;
M(l)(90)=0.36 . . . . . . . . . 77

64. Segmented Rotor Nondimensionalized
Propulsive Force for Pitch Schedule
R =| Vo=
3 wWhere 531§§°_ 10°, ay=0°, 0.60,
M(l) (90)"‘ ° . . . . . . . . . 78

65. Segmented Rotor Nondimensionalized
Power for Pitch Schedules Where
be =~10°, &y =0°, u' =0.60,
INBD ’ 14
M(l) (90)‘0036 . . . . . . - . ] 78

66. Comparison f Test and Theory Where
b@rnpp = 0°, v = 0°, P/qd2v = 0.008,
v' = 0,60, M(l) (30) = 0.36, Hub and

Shank Tares Removed e e e « e+ e« « 79
67. Determination of Aircraft Maneuver

Capability « ¢« e« + ¢ + e+« +« +« . B4
68. Uaiversal Induced-Drag Relationship . . 85
69. Construction of Force Polar Envelope

for powered Lift/Propulsion Systems . . 86

xiii




tag

(e}

g

(24

X/qgd?

SYMBOLS

Model reference area (nR?) in square feet

Wind tunnel cross sectional area in square
feet

Model rotor blade chord in feet

Model rotor diameter in feet

Effect.ve drag (Dg = P/V - X) in pounds
Nondimensionalized effective drag

Wind axis drag (Dj = -X = Hcosag + Tsinag)
in pounds

Nondimensionalized Lift

Ratio of initial-to-final induced velocity
Power (P = Q) in foot-pounds per second
Nondimensionalized power

Model rotor torque in foot-pounds

Free stream dynami~ pressure (@ = 1/2 p V?)
in pounds per square foot

Model rotor radius in feet
Model rotor thrust in pound
Maximum thickness of airfoil section in feet

Free stream velocity, corrected for tunnel
wall interference, in feet peir second

Free-stream velocity in feet per second

Propulsive force (X = - Tsinag - Hcosag) in
pounds

Nondimensionalized propulsive force

xiv




(ag) .

oca

OBD

881NBD

Shaft angle of attack, corrected for tunnel
wall interference, in degrees

Control axis angle-of-attack, corrected for
tunnel wall interference, (acp = (ag), - B))
in degrees

Collective pitch on outboard segment in
degrees

Collective pitch on inboard segment in
degrees

Azimuth angle, measured counter-clockwise
from the downwind position, in degrees

Change in the azimuth phasing of a pit.h
schedule in degrees

Inboard-segment pitch angle in degrees
Longitudinal cyclic pitch in degrees

Wind tunnel wall interference correction
to shaft angle in degrees

Weight of the aircraft in pounds

Vertical induced velocity at the rotor,
positive upward, in feet per second

Hover induced velocity in feet per second

Horizontal induced velocity at rotor,
positive rearward, in feet per second

Wall-induced upwash in feet per second

Wall-induced horizontal velocity in feet
per second

Horizontal velocity factor due to lift
Horizontal velority factor due to drag
Vertical velocity factor due to lift

Vertical velocity factor due to drag

Xv



ul

fQ

M(1)(90)

Advance ratio = V/aR
Rotor tip speed in radians per second

Advancing blade tip Mach no.

= V + QR
Mayoo) = —4—

Rotor sclidity 3C
Air density in slugs per cubic foot

Equivalent parasite drag area in
square feet

Hub shaft axis normal force in pounds

xvi




INTRODUCTION

The maximum forward speed of a helicopter is limited by
stall of the retreating rotor blades. Use of increased
rotor tip speed to relieve this condition becomes an
uneconomical solution when the mach number of the advancing
tip approaches unity. The power required to overcome the
compressibility drag-rise is then too great. Even if the
blade is designed with a thin airfoil (for high critical
mach number; at the tip, speeds much greater than 200

knots are difficult to attain.

Another approach to increased speed is the use of greater
blade area, permitting operation at higher advance ratio
without stall. A different problem arises in this case:
the inboard portion of the blade, following the same cyclic
pitch variation as the tip, operates with an unfavorable
angle of attack schedule if the tip path plane is inclined
forward for propulsion. The result is that, above approx-
imately 0.55 advance ratio, the propulsive capability of

an ordinary rotor is very limited.

The compound helicopter solves this difficulty by using a
separate propulsion system, together with some degree of
unloading of the rotor by means of wings.

The additional weight and complexity of the auxiliary
propulsion system might be eliminated if the inboard portion
of the rotor blades were permitted to operate with an in-
dependent pitch schedule. Theoretical studies carried out
by The Vertol Division of Boeing indicated that a blade
having a cyclically twistable segment inboard of the 50-
percent radial station would be capable of producing
propulsive force efficiently at an advance ratio of 0.60.

Construction and wind tunnel tests of a model embodying
this concept were to be undertaken by Boeing under the
original contract under which this report is written.
Design studies indicated that the twistable segment was
difficult to build. Also, further theoretical work

showed that nearly equivalent performance could be attained
with an inboard segment moving as a unit.

The approach was accordingly revised, and a movable segment
with a cam-controlled pitch schedule, independent of that
of outboard blade panel, was designed, bLuilt, and tested.

The philosophy of the test program was to establish the
aerodynamic possibilities of the movable segment concept,
using a design involving minimum risk of mechanical
difficulty. Refinement in terms of weight reduction,
choice of blade profile, planform, and twist distribution
was considered to be of secondary importance. The follow-
ing section discusses the design in detail.
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CONCLUSIONS AND RECOMMENDATIONS

The results of the wind tunnel tests of the model segmented rotor blade
demonstrate clearly that the segmented rotor concept is aerodynamically
successful, That is, it is possibie to develop a high level of propulsive
force at an advance ratio of 0. 60 by use of the segment, while the so-
called conventional rotor is unable profitably to absorb power in the
propulsive flight regime.

Furthermore, manipulation of the pitch schedule of the inboard segment
by phase shifting and by changes in its collective pitch resulted in com-
paratively small changes in performance. This implies that a refined
pitch schedule for the inboard segment would offer only slight further
improvement.

Another meaningful result is the insensitivity of parformance to pitch
schedule in the reverse flow region. Indeed, a complete removal of
pitch variation on the ret-e:ting side produced only a small degradation
in propulsive capability. This implies the possibility of significant
simplification in pitch schedule design.

The above conclusions can bz summarized in one statement:

The aerodynamic principle of the seg:. =nt rotor is established,
and only relativel* small improvements can be expected by
refining the schedule of the inner segment.

Therefore, the following course of action is recommended:

1. Application of the segmented rotor principle to more real-
istic blade and hub designs should he studied from the points
of view of stress, dynumics, design complexity, and cost.
Particular attention should be given to comparisons of the
segmented rotor with other advanced systems designed for the
same objective, such as compound configurations or the lead-
‘ag (Derschinidt) rotor.

2. If the segniented rotor appears both practical and competi-
tive in the light of the above study, tests of a dynamically
realistic segmented model rotor should be carried out.
These tests should serve the dual purposes of evaluating
design simplifications (such as sinuso‘dal motion of the
inboard segment, or restriction of the motion to a large-
chord trailing edge flap) and establishing the dynamic and
structural feasibility of the segmented rotor.



DESCRIPTION OF TEST EQUIPMENT

Figure 1 shows the segmented-rotor model on the wind
tunnel test stand, and in various stages of assembly.

ROTOR TEST STAND

The test stand is powered by a 120-horsepower induction
motor which is coupled to the rotor through a two-speed
gearbox. Rotor rpm is controlled by varying motor
frequency and voltage.

The motor, gearbox, rotor and hub are isolated from the
supporting structure by six separate flexures. Mounted
on the flexures are electric strain gages for monitoring
six component forces and moments. This assembly is
mounted to a streamlined tunnel floor mount through a
trunnion. The trunnion allows the changing of shaft
angle of attack by means of remotely operated hydraulic
actuators.

SEGMENTED ROTOR

The segmented rotor (a fully articulated rotor) is cou-
structed in two parts. The outboard segment is controlled
by a conventional swashplate and the inboard segment is
controlled by a cam. The cam may input any arbitrary
cyclic schedule to the inner segment. By removing the
inner segment pitch links and attaching the inner segment
to the outer segment, the conventional swashplate then
controls both inner and outer segment. This provides a
method by which the segmented rotor can be operated as a
cor.ventional rotor. The following is a list of the
physical characteristics of the segmented rotor.

Radiug ---=---c-cc--- e ==== 4 feet
Choxd =s=rre=srmscaccccwccucnas S 6 inches
Number of Bladeg--==-----cccccccca-- 3
Root Cutout -==-r==--cce-ceccccccac-o 18.9%
Solidity --=--cccccccccaa- A=~ <119
“Wigt «--------eoccncccoceccccoooooo 0 degree
Thickness Distribution:
Radial Thickness
Station Ratio (t/c)
18.9% 21%
50 % 218
Linear Distribution From 50 & 21%
To 100 & 15%
3
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INSTRUMENTATION

The average steady aerodynamic forces and moments are
monitored by a bank of Speedomax recorders. The signals
from the Speedomax recorders are digitized and used by

the summary card punch for data storage. In addition, the
signals from the Speedomax units are directed through sine
and cosine resolvers and summing amplifiers to "on line"
x-y plotters. The plotters provide "on line" plots of
lift, propulsive force, and power as a function of control
axis angle of attack.

Control system loads, blade loads, blade motions and test
stand flexure fatigue loads are monitored and recorded on
oscillograph recorders. These data are used for on line
safety to ensure that test limits are maintained within
the structural limitations of the model.

Scientific Advances subminiature absolute pressure trans-
ducers were installed in an attempt tc obtain exploratory
pressure data. The signal from these tiansducers was
recorded on oscillograph recorder tape.




EXPERIMENTAL PROCEDURE

CALIBRATION

Pre-test and post-te?t calibrations were performed on the
strain-gaged balance system installed in the rotor test
stand. These calibrations were performed with the test
stand installed in the test secticon of the wind tunnel.
The calibration loads were applied to the model through

a network of friction free pulleys and cables. The pre-
test and post-test calibration agreed within one-half of
one percent. The calibration data were recorded on punch
cards for use in the data reduction program.

ROTOR DYNAMIC BALANCE AND BLADE TRACKING

The strain gage signals from the in-plane flexures were
recorded on an oscillograph tape recorder. At the same
time the rotor rpm was increased gradually until the
operating speed was reached. The one-per-revolution
response of the in-plane flexures was determin:d £from
the oscillograph tape. Appropriate balance weights were
then inserted in the blade tip to correct for the un-
balance.

Concurrent with the balancing procedurc the rotor blades
were visually monitored with a Strobotac. Based on this
visual reference the length of individual pitch links were
changed tc bring the blades into treck.

DATA ACQUISITION

The rotor shaft was initially set at the angle of attack
corresponding to zero thrust. The rotor and wind tunnel
speeds were simultaneously increased unti. the operating
conditions were reached. When the air temperatures in the
wind tunnel stabilized, adjustments were made to dynamic
pressure and rotor rpm to obtain a constant advance ratio
and advancing blade tip mach number. From this initial
point, shaft angle sweeps were made at constant collective
and cyclic pitch, data being recorded at incremental shaft
positions.

Blade loads, blade motions, pitch link loads, and flexure
loads were continuously monitored throughout each shaft
sweep to ensure that structural or mechanical limitations
were not exceeded. This procedure was repeated until the
range of collective for the various configurations was
completed.

Subsequent to obtaining the rotor data, the blades were




removed from the hub and replaced by aerodynamically
similar blade shanks. Hub and shank tares were then
obtained throughout the range of shaft angle of attack
at the advance ratic and advancing blade tip mach number
previously tested.

DATA REDUCTION

The calibration data cards are used as input for the data
reduction program. From the calibration data a six-by-six
first order linear interaction matrix is formed. The
program then applies this interaction matrix to the test
data cards to determine model, shaft axis, forces, and
moments. In addition, wind tunnel wall corrections are
applied as shown in the next section. The model shaft
axes thrust and drag are then resolved into wind-axis lift
and propulsive force. The positive sign convention and
the resolution of thrust and drag into lift and propulsive
force are illustrated on Figure 2. Lift, propulsive force,
and torque power are then nondimensionalized by free stream
velocity and the square of the rotor diameter.

WIND TUNNEL WALL CORRECTION PROCEDURE

Wind tunnel wall corrections are applied to the data; the
procedures used are basically those of Heyson*. The
following modifications were incorporated to provide com-
patibility with Boeing's test technijyues.

Equation 36, page 18, Heyson*:

(1)

Wo 7 1
Wh (v D~)2
1+ = e 3

Rearranging and expanding

4 M " - b .\ 2
2o w2} (I Nz () (T2 4 (o) [PL)" .,
Wh Wy Wo Wh Wo/\ L Wy L (2)

*H.H. Heyson, Linearized Theory of Wind-Tunnel Jet-Boundary
Corrections and Ground Effect for VIOL-STOL Alrcraft, Technical
Report R-124, National Aeronautics and Space Administration.




Making the follcwing substitutions

Dj

L

HCOSaS + T51nas

-Hsinag + Tcosag

gives the momentum theory guartic as a function of the
basic forces measured on the rotor test stand. The quartic
is then solved for the ratio Wo/Wh .

Y ; 2 : . 3
EQ T Tsinag + Hcosag e Tsinag + Hcosag i_ EQ R
Wh Tcosag = Hsinag Tcosag - Hsinag| | Whi | Wy
2 2
"o i
Wh Wp (3)
and the wake skew angle is calculated from
X = arc cos (W, /WhF (4)

Then, using Equation 8, page 4, Heyson*

- L V?
"n = i[n——?]mm (5)

and making the following substitutions

i1 = 200
L = TCOSGS - H51nus
AM = "R2

gives the hover state induced velocity

Ww. = + |Tcosag - Hsinust] 12

h - n 2p R (6)

The vertical and horizontal components of induced velocities
are then calculated from the following expressions

*H.H. Heyson, op.cit.




w—w°w
o Wg h (7)
Uy = Tsinag + Hcosag W,
Tcosag - Hsina (8)

Finally the tunnel wall induced upwash and horizontal
velocities are calculated from the expressions

o= [oow + 6. vl
AT WL"o WDO- (9)
TR w
AU = — |68, W_ + &, U 7
Arp _ULo UubD o- (10)
The values of &y, §yp. and Syp from Heyson* are a
function of the %ype of wind tunnel, the wake skew angle,
and the location of the model in the test section.
Using AW and AU the tunnel wall induced upwash angle is
calculated from the expression
A = arce tan[w_w] (11)
The wind tunnel wall correctio.. are then applied to rotor
shaft angle of attack and free stream tunnel velocity as
follows:
(as)c = ag * ba (12)
V = V, + aU (13)

*H.H. Heyaon, op. cit.
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EXPERIMENTAL RESULTS

Data were obtained on three rotor configurations for an
advance ratio of 0.60 and for an advancing blade tip Mach
number of 0.36. The basic rotor data (or conventional
rotor), with the outboard and inboard segments locked
together, provide a reference for judging the performance
capabilities of the segmented rotor. The two segmented
pitch schedules that were tested are identified as Schedule
3 and Schedule 4 and are shown in Figure 3. Pitch Schedule
4 is identical, in the area of the advancing blade, to pitch
Schedule 3. In the region of reverse flow, Schedule 4
maintains zero pitch. The purpose of this schedule was

to investigate the importance to the overall performance
lev:l of the reverse flow region.

The primary pitch schedule for the segmented rotor, Schedule
3, was designed to operate most effectively at a shaft angle
of attack of -15 degrees and advance ratio of 0.60. Vari-
ations in the azimuth phasing of +20 degrees was tested,

as well as variations in the pitch level by changing the
collective pitch of the inboard segment.

NONDIMENSIONAL PARAMETERS

The 1ift, propulsive force, and effective-drag data in this
report are presented in nondimensional form, by dividing
the quantity in question by the free-stream dynamic
pressure times the square of the roter diameter. This form
has been in .3e at the Vertol Division since 1962. It was
adopted because of its usefulness in analysis and compari-
son of V/STOL lifting systems, as pointed out by Schairer*
in 1961. Briefly, its advantage lies in reducing the

ideal theoretical relation between lift and induced drag

to a single curve, independent of planform area. (For a
conventional wing, thi: curve would be Cp/Aspect Ratio vs.
Cp/Aspect Ratio.) A more detailed discussion of this point
is given in the Appendix.

ROTOR DRAG POLARS

Comparison of lift-to-effective-drag ratio for the conven-
tional rotor, pitch Schedules 3 and 4, is shown in Figure 4.
These schedules show an increase in L/Dy of 22.5 percent for
Schedule 3 and 18 percent for Schedule E, at L/qd <= .04.
Figure 5 shows the same data but with hub and shank tares
removed. The effect of varying the azimuth phasing

*G.S. Schairer, Looking Ahead in V/STOL, presented at the
joint. IAS~-RAES Meeting, London, Sey‘*ember 1961.
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of Schedule 3 is shown in Figure 6. This schedule shows,
within the limits of the test, that the zero phase-angie
provides thc cptimum lift-to-effective-drag ratio.

The rotor drag polars shown in Figures 7 and 8 illustrate
the effect of varying the level of collective pitch on the
inboard segment of Schedule 3. Negative collective, at
least up to 10 degrees, is beneficial in increasing lift-
to-effective-drag ratio and decreasing minimum effective
drag. A cross-plot of the minimum effective drag and the
maximum lift-to-effective-drag ratio v.'rsus collective
pitch on the inboard segment (46yypp) . would show the
optimum A6yypp to be approximater -6 degrees. When com-
pared to 86pypp = 0, -6 degrees of A6pypp increases the
lift-to-effective-drag ratio by 5 percent and reduces the
minimum effective drag by 7.5 percent.

ROTOR POLAR MAPS

The rotor polar maps for all of the configurations tested

are presented in Figures 11 through 21. These maps are the
result of cross-plotting the basic data at constant P/qd?V. The
negative X/qd? values represent net drag force. The positive
X/qd ? values show that the rotor system has the capability

of overcoming its own drag and pulling a fuselage in addition.
The limit of propulsive force obtained with the conve tional
rotor and the maximum measured for the segmented rotcr are
shown in Figures 9 and 10. These data show that a segmented
rotor has the capability of propelling an aircraft at 236
knots without auxiliary lift. The calculations behind this
statement are as follows:

1. Assume:
fe/W = 0.001
Gross weight (lift) per rotor = 18,000 pounds

Rotor diameter = 60 feet

Altitude = 5000 feet
Forward velocity = 230 knots
Advance ratio = 0.60

2. Since fe = X/q and L = W, the required propulsive
force is:

X = (fe/W) Lg = (0.001) (18,000) (155)
= 2790 pounds (14)

12




and

X/qd? = 2790/(155) (3600) = 0.005 (15)

3. A rotor solidity of 0.0715 would require an X/qd?o¢
of 0.0700, which is well within the capability of
the segmented rotor. The tip Mach number on the
advancing blade at an advance ratio of 0.6 woulAd
be:

M(l)(90) V(1 + 1/u)/1097 = (388) (2.666) /1097

= 0.94

The spacing of the constant power lines ‘s related to pro-
pulsive efficiency. Note for instance in Figure 11 that
the spacing of the power curves for the conventional rotor
rapidly decreases as power increases, thus showing a rapid
decrease in propulsive efficiency. This trend is not
apparent for the segmented rotor, Schedule 3, shown in
Figure 12. Figure 13 presents the rotor polar map for
Schedule 3 (compared with the conventional rotor) but with
hub and shank tares removed.

PROPULSIVE EFFICIENCY

Propulsive force plotted against power for each of the con-
figurations tested is shown in Figures 22 through 25. The
slope of these curves represents propulsive efficiency (the
ratio of incremental useful work to energy e»pended).
Figure 22 illustrates the ability of the segmented rotor,
particularly Schedule 3, to efficiently produce propulsive
force well beyond the capability of conventional rotors.
The effect on propulsive efficiency of varying azimuth
phasing and of the level of the pitch schedule, 46yypp, is
illustrated in Figures 23, 24, and 25.

HUB AND SHANK TARES

The data in Figure 26 wereobtained with the hub, plus aero-
dynamically similar blade shanks. (The blade shank is de-
fined as that part of the blade retention between the root
cutout and the vertical and horizontal hinge.) The dynamic
pressure and rotor tip speed were set so that an adva:ce
ratio of 0.60 and an advancing biade tip Mach number of
0.36 would have resulted if the blades were installed.

Removal of the hub and shank tares from the data provides

13
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performance data for an isolated rotor. The procedure for
removing hub tares is detailed by Ekquist*. Note that the
major hub and shank tares involve a correction to propul-
sive force and will increase the propulsive-force level.

BASIC ROTOR DATA

The basic rotor data are presented in Figures 27 through 65
in the form in which they were acquired. Ekquist* desccibes
the computer program which was used to reduce the raw test
data. Rotor nondimensionalized lift, propulsive force, and
power are shown as functions of control axis angle at con-
stant collective pitch settings.

Note that wind tunnel wall corrections have been applied
to the data.

Hub and shank tares have been removed for the conventional
rotor and the basis pitch-Schedule 3 cases (Figures 27
through 32).

PRESSURE DATA

Seven pressure transducers were installed on one blade to
measure oscillatory pressures. luring the test it was
discovered that a low-frequency galvometer had inadvertently
been installed to record the pressure data. At this point,
it was too late to obtain amplifying equipment required to
excite the higher frecuency galvometer in time to obtain
useful data in this test.

COMPARISON WITH THEORY

The pitch schedules for the inboard segment were established
analytically using the Vertol Division's rotor-analysis
computer program. The schedules were tailored for operation
at moderate power and thrust levels, below the theoretical
stall of the retreating blade.

The nominal superiority of the segmented rotor under those
conditions was not, in fact, borne out by the test results.
Figure 66 shows rotor polars at P/qd?V = 0.008 for the
conventional and for the segmented rotor with pitch schedule
3, both theoretical and as tested. Tha reversal of the
theoretical relationship is probably due to drag penalties
incurred by the discontinuity in blade element pitch angle
at 50-percent radius, which would cause increases in both
profile and induced power. Since the analysis method used

*D. Ekquist, Generalized Data-Reduction Program for Powered
Rotor and Propeller Wind-Tunnel Whirl Test, Aeronautical
Investigation III-224, The Vertol Jivision of Boeing.
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uniform induc2d inflow* and strip theory, neither of these
effects was included.

The segmented rotor showed its superiority in the region
beyond the theoretical stall line, where the analysis
method is known to give unrealistic results. (For example,
at the nominal stall, the lift-vs-u -p line shows a sharp
break in slope at that point. The test data show no such
break.) Therefore, no theoretical results are shown for
these high lift and power levels.

The explanation for this behavior lies in the high advance
ratio (u' = 0.60) of the flight condition. Here, radiail
flow effects play a major role in determining the blade
element stall behavior. Harris** discusses this point in
detail. 1Incorporation of radial-flow effects into

Vertol Division's rotor-analysis methods is currently
underway.

*This restriction no longer applies to the standa:d rotor
analysis metho2d in use at Vertol Division, although
adaptation to the problem of segmented rotors was not.yet
complete at the time of writing.

**F.D. Harris, Preliminary Study of Radial-Flow Effects on
Rotor Blades, Technical Report R-382, The Vertol Division
of Boeing, 19 January 1965.




Figure 2. Definition of-Axis System and Sign
Convention.
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P/qd?v = 0.018, u' = 0.60, M(])(90) = 0.36.
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M(1) (90) = 0.36.
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Figure 41. Segmented Rotor Nondimensionalized Power for
Pitch Schedule 3 Wherep Opnpp = 4°, 4y = 0°,
' = 0.60, M(1)(90) = 0.36.
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Figure 42. Segmented Rotor Nondimensionalized Lift for
Pitch Schedule 3 Whered Oyxpp = 8°, 8V = 0°,
u' = 0.60, M(1)(90) = 0.36.
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Figure 43. Segmented Rotor Nondimensionalized Propulsive
Force for Pitch Schedule 3 Whered O1Npp = 8°,
by = 0°, u' = 0.60, M(1)(90) = 0.36.
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Figure 54. Segmented Rotor Nondimensionalized Lift for
Pitch Schedule 3 Where 4 @yNpp = 0°, 8y = 20°,
W = 0.60, M(1)(90) = 0.36.
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Figure 57. Segmented Rotor Nondimensionalized Lift for
Pitch Schedule 3 Where 2OINBD = 0°, 4y = 7.5°,
p' = 0.60, M(1)(90) = 0.36.
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Force for Pitch Schedule 3 Where 481xpp = 0°.
Ay = ~7.5°, u' = 0.60, M(1)(90) = 0.36.
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Figure 59. Segmented Rotor Nondimensionalized Power for
Pitch Schedule 3 Where »0rnpp = 0°, ay = -7.5°¢
u' = 0.60, M(1)(90) = 0.36,
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Figure 63. Segmented Rotor Nondimensionalized Lift for
Pitch Schedule 3 Where 4@zygp = -10°, 4V = Q¢,
u' = 0060' M(l) (90) = 0036.
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Pigure 64. Segmented Rotor Nondimensionalized Propulsive
Force for Pitch Schedule 3 Where 203ypp = -10°,
4y = 0°, u' = 0.60, M(1)(90) = 0.36.
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Figure 65. Segmented Rotor Nondimensionalized Power for
Pitch Schedules Where 00yygp = -10°,8V% = 0°
uw' = 0.60, M(1)(90) = 0.36.
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APPENDIX

NONDIMENSIONAL PARAMETERS
FOR V/STOL AIRCRAFT PERFORMANCE ANALYSIS

Lifting systems which operate at very low airspeeds show
strong interaction between lifting and propulsive character-
istics. A convenient method of treating the performance
problem under these circumstances is to plot the locus of
lift and propulsive force (or drag) combinations for a given
level of power or jet thrust, and, from such a locus, esta-
blish the maneuvering capability at a given weight by con-
structing a vector diagram. (See Figure 67.)

To make such plots convenient for comparison of different
systems over a range of airspeeds, it is necessary to nondi-
mensionalize the quantities. Normally, the low-speed flight
regime is dominated by considerations of induced drag and
power. The induced-drag coefficient of a wing, according tc
Prandtl's classical formula, is:

Dy 7 (AR) (17)

where
AR is wing aspect ratio, b ¥s.

If both sides of the equation are divided again by AR, a re-
lation involving the span (b) but not the area (S) is obtained:

C 2
b _ 1(S%
(AR) 7 \ (AR) (18)
Since
Dy
C = et
Dy 3
* d (19)
c
Dy i Dy _ Dy
(AR) (aS) (b?/8) b (20)

83
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Figure 67. Determination of Aircraft Maneuver Capability,
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Similarly,

Cy, = L

(AR) qu (21)
Hence,

i - 1 L

gb 2 n gb 2 (22)

This relation can now be applied to systems having different
reference areas, but equal spans.

Helmbold* extended the theory of induced drag to very high
values of L/gb?. He obtained a new universal relation between
L/qb? and Dj/gb ¢ in which the maximum possible L/qb? is 1.92
(see Figure 68).

CLASSICAL //,

i Ly —

THEORY OF HIGHLY LOADED WINGS
(HEILMBOLD)

2

Figure 68. Universal Induced-Drag Relationship

*H., B. Helmbold, "Limitations of Circulation Lift", Journal
of the Aeronautical Sciences, Vol. 24, No. 3, March 1957,
page 237.
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Schairer* showed that this relation could be applied to a wide
variety of lift/propulsion systems, including jet-flapped
wings, tilted propellers, ducted fans, rotors, and others.

For rotors, the span (b) is taken to equal the diameter (d).
Helmbold 's curve is used as a base line, from which a vector
having a length corresponding to the thrust available is used
to construct an envelope (see Figure 69). If a rotor or
propeller is involved, momentum t“eory is used to establish

a thrust-power relation.

L/qb?® LIMITING ENVELOPE

THRUST AVAILABLE

——
HELMBOLD'S
THEORY
- -
X/qb? D/qb?

Figure 69. Construction of Force Polar Envelope for
Powered Lift/Propulsion Systems

This procedure established a limiting envelope for the force
polars, and Schairer showed that it was valid for all the
systems he investigated. Furthermore, most systems he investi-
cated operated not merely within, but very close to, this
envelope.

This method was adopted by Vertol Division because of its wide
relevance to V/STOL performance problems.

*G. S. Schairer, Looking Ahead in V/STOL, presented at the
joint IAS~RAES meeting, London, September 1961.
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