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ABSTRACT

This document presents the basic test data obtained during

the Lift-Propulsive Force Limit Wind Tunnel Test conducted

during 1976 at the Boeing Vertol Wind Tunnel. Incl_ded are

the rotor control positions, blade loads and six components

of rotor force and moment, corrected for hub tares. Per-

formance and blade loads are presented as the rotor lift

limit is approached at fixed levels of rotor propulsive

force coefficients and rotor tip speeds. Performance and

blade load trends are presented for fixed levels of rotor

lift coefficient as propulsive force is increased to the

maximum obtainable by the model rotor. Test data is also

included that defines the effect of stall proximity on rotor

control power. This test data is presented in Volume II and III.

The analysis of the data is presented in Volume I.
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FOREWORD

This report was prepared by the Boeing Vertol Company

for the National Aeronautics and Space Administration,

Langley Research Center, under NASA contract NASI-14317.

It presents the test data and analysis from the Lift-

Propulsive Force Limit Wind Tunnel Test. The analysis of

the data establishes the useful flight envelope and the

characteristics of a conventional rotor in high speed

flight. The results are presented in three volumes.

-i Wind Tunnel Investigation of Rotor Lift and

Propulsive Force Limits at High Speed -

- Data Analysis -

Wind Tunnel Investigation of Rotor Lift and

Propulsive Force Limits at High Speed -

- Test Data Appendix -

Mr. J. L. Jenkins (NASA Langley) was the technical monitor for

this work.

The Boeing Vertol Program Manager was F. J. McHugh and was

assisted in the testing, data presentation and report prepara-

tion by Ross Clark, Aerodynamics Tech. Rep.
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S_nnbol

A

A1, a I

A1

NOMENCLATURE

Definition

Rotor Area (_R 2)

ist Harmonic Longitudinal Flapping

Angle

Lateral Cyclic (-e at _ = 0 °)

Units

m2(ft 2 )

rad(deg)

rad(deg)

B1 , b 1

B1

ist Harmonic Lateral Flapping Angle

Longitudinal Cyclic (-8 at _ = 90 ° )

rad(deg)

rad(deg)

CBI2

CB53

CDE/SB

CH/SB

CPMB

CP/SB

CRMB

CT'/SB

CX/SB

CY/SB

Alternating Root Chord Bending

Moment at 12% Blade Radius (P+P)/2

Alternating Mid Span Chord Bending

Moment at 53% Blade Radius (P+P)/2

Rotor Effective Drag Coefficient =

DE/pAVTIp2_

Rotor Longitudinal Force Coefficient =

HFORCE/pAVTIp2e

Rotor Pitching Moment = PM/pAVTIp2R

Rotor Power Coefficient = Q/pAVTIp2Ra

Rotor Rolling Moment Coefficient =

RM/_AVTIp2R

Rotor Lift Coefficient = L/pAVTIp2_

Rotor Propulsive Force Coefficient =

X/pAVTIp2a

Rotor Side Force Coefficient =

S.F./pAVTIp2a

kg-m(in-lb)

kg-m (in- ib)

FBI2

FB22

Alternating Root Flap Bending at 12%

Blade Radius (P+P)/2

Alternating Inboard Flap Bending

Moment at 22% Blade Radius (P+P)/2

kg-m (in- ib)

kg-m(in-lb)

xliii



Symbol

FB48

FB79

Definition

Alternating Mid Span Flap Bending
Moment at 48% Blade Radius (P+P)/2

Alternating Outboard Flap Bending

Moment at 79% Blade Radius (P+P)/2

Units

kg-m (in- ib)

kg-m (in-lb)

PM

Q

R

RM

Hub Pitching Moment

Rotor Torque

Rotor Radius

Hub Rolling Moment

m-kg(ft-lb)

kg -m (i b- f t )

m(ft)

m-kg (ft-lb)

SF Rotor Side Force kg(ib)

T

TBI2

TB20

TB51

TB81

Rotor Thrust

Alternating Root Torsion at 12%

Blade Radius = (P+P)/2

Alternating Inboard Torsion at

20% Blade Radius = (P+P)/2

Alternating Mid Span Torsion at

51% Blade Radius = (P+P)/2

Alternating Outboard Torsion at

81% Blade Radius = (P+P)/2

kg (ib)

kg-m(in-lb)

kg-m (in- ib)

kg-m (in- ib)

kg-m(in-lb)

V

VTIP

X

Tunnel Velocity

Rotor Tipspeed

Rotor X Force

m/s (ft/s)

m/s (ft/s)

kg (ib)

_s

8

Shaft Angle of Attack

Collective Pitch

Advance Ratio = V/VTI P

rad(deg)

rad(deg)

xliv



Symbol

p

Definition

Tunnel Density

Rotor Solidity bc/_R

Units

N/m2(slugs/ft 2)
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A. Basic Test Data from Lift Limit Testing

As indicated in Section 5 of the main report, the lift limit

testing was conducted at fixed levels of propulsive force by

increasing the collective pitch, increasing the rotor shaft

angle of attack and trimming the hub moment to zero with longi-

tudinal and lateral cyclic. This was repeated at each propulsive

force level and advance ratio for the basic rotor tip speed of

620 ft/sec. Similar testing was accomplished at a tip speed of

570 ft/sec.

The test data obtained for each of these test runs has been combined

to show the impact of advance ratio at a fixed level of propulsive

force or conversely the impact of propulsive force at a fixed

advance ratio. The combinations, identified as plot sets, are

defined in Table A-I and are marked on the bottom of each sheet.

Within each plot set are a series of graphs presenting the varia-

tion of each component of measured data with rotor lift coefficient

The sequence of these graphs is as follows:

Rotor Lift Coefficient versus Rotor Propulsive
Force Coefficient

Rotor Lift Coefficient versus Shaft Angle of Attack

Rotor Lift Coefficient versus Collective Pitch

Rotor Lift Coefficient versus Longitudinal Cyclic

Rotor Lift Coefficient versus Lateral Cyclic

Rotor Lift Coefficient versus Rotor Power Coefficient

Rotor Lift Coefficient versus Rotor Pitching Moment Coefficient

Rotor Lift Coefficient versus Rotor Rolling Moment Coefficient

Rotor Lift Coefficient versus Rotor Longitudinal Force

Coefficient

A-]



Rotor Lift Coefficient versus Rotor Side Force Coefficient

Rotor Lift Coefficient versus Alternating Root Torsion TBI2

Rotor Lift Coefficient versus Alternating Inboard Torsion
TB20

Rotor Lift Coefficient versus Alternating Mid Span
Torsion TB51

Rotor Lift Coefficient versus Alternating Outboard
Torsion TB81

Rotor Lift Coefficient versus Alternating Root Flap

Bending FBI2

Rotor Lift Coefficient versus Alternating Inboard

Flap Bending FB22

Rotor Lift Coefficient versus Alternating Mid Span

Flap Bending FB48

Rotor Lift Coefficient versus Alternating Root Chord

Bending CBI2

Rotor Lift Coefficient versus Alternating Mid Span

Chord CB53

Rotor Lift Coefficient versus Coning Angle

Rotor Lift Coefficient versus ist Harmonic

Longitudinal Flapping A1

Rotor Lift Coefficient versus ist Harmonic

Lateral Flapping B1

Rotor Lift Coefficient versus Alternating Lead-Lag Angle

Rotor Pitching Moment Coefficient versus ist Harmonic

Longitudinal Flapping A1

Rotor Rolling Moment Coefficient versus ist Harmonic

Lateral Flapping B1
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PLOT

SET

1

2

3

4

5

RUN

NO.

22

23

24

25

27

28

29

30

32

30

33

34

35

36

37

38

40

39

41

42

TABLE A-I DATA PLOTTING SUMMARY FOR LIFT LIMIT TESTING

ROTOR

TIP

SPEED

VT

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

ADVANCE

RATIO

0

0

0

.i0

.20

.20

•30

.40

.40

.40

.40

.40

.45

.45

.45

.45

.50

.50

.50

.50

ROTOR ROTOR

LIFT PROPULSIVE TUNNEL

COEFF. FORCE COEFF SPEED

C+/6 X/qd2d V

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

.05 62FPS

.05 124FPS

.05 124FPS

.05 186FPS

.05 248FPS

.01 248FPS

.05 248FPS

.i0 248FPS

.20 248FPS

.01 279FPS

.05 279FPS

.10 279FPS

.20 279FPS

.025 310FPS

.05 310FPS

.I0 310FPS

.20 310FPS

COMMENTS

Baseline hover performance

and lift limit.

Baseline cruise per-

formanee.
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PLOT

SET

34

35

36

37

38

TABLE A-I DATA PLOTTING SUI_qARY FOR LIFT LIMIT TESTING

(Continued)

h I

ROTOR

TIP

RUN SPEED

NO. VT

51

50

52

53

227

36

225

39

225

261

226

224

220

221

222

246

249

228

245

ADV_2_CE

RATIO

P

620FPS .53

620FPS .53

620FP$ .53

620FPS .53

620FPS .45

620FPS .45

620FPS .50

620FPS .50

620FPS .50

620FPS .50

620FPS .50

620FPS .53

620FPS .53

620FPS .53

620FPS .53

620FPS .57

J
I

620FPS .57

620FPS .57

620FPS ' [ .57

ROTOR

LIFT

COEFF.

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

ROTOR

PROPULSIVE

FORCE _OEFF.

X/qdZ_

.025

.05

.i0

.20

.05

.05

.O5

.05

.05

.05

.I0

.05

.05

.05

.05

.025

.025

.05

.i0

TL_EL

SPEED

V

329FPS

329FPS

329FPS

329FPS

279FPS

279FPS

310FPS

310FPS

310FPS

310FPS

310FPS

328FPS

328FPS

3ZSFPS

328FPS

353FPS

353FPS

353FPS

353FPS

CO_ENTS

Baseline cruise performance

and lift limit.

Check & verification

runs to insure compati-

bility of data from

Part i and Part 2. Runs

225 & 227 are operating

with tip stall.

Check runs to define re-

peatability. Rotor oper-

ating with tip stall.

Check runs.

Baseline cruise performance

and llft limit.
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TABLE A-I DATA PLOTTING SUMMARY FOR LIFT LIMIT TESTING

(Continued)

PLOT

SET

,_ ,

RUN

NO.

ROTOR

TIP

SPEED

VT

ROTOR ROTOR '

ADVANCE LIFT PROPULSIVE TUNNEL

RATIO COEFF. FORCE COEFF. SPEED

G_/_ X/qd2_ V COMMENTS

39 229

248

620FPS .61 Range .05 378FPS

620FPS .61 Range .075 378FPS

Baseline cruise performance
and llft limit.

4O

41

250 570FPS

256 570FPS

251 570FPS

255 570FPS

.40 Range .05 228FPS

.40 Range .05 228FPS

.45 Range .05 256FPS

.45 Range .05 256FPS

Baseline Cruise performance

and lift limit at reduced

tip speed. Comparison

of operation with and

without tip stall.

42 252

254

570FPS .50 Range .05 285FPS

570FPS .50 Range .05 285FPS
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Figure A-2
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Figure A-4
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i Figure A-5
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B. Basic Test Data from Propulsive Force Limit Testing

As indicated in Section 5 of the main report, the propulsive

for limit testing was conducted at fixed levels of rotor lift

by increasing the collective pitch, decreasing the rotor shaft

angle of attack and trimming the hub moments to zero with longi-

tudinal and lateral cyclic. This was repeated at each level of

rotor lift level and advance ratio for the basic rotor tip speed

of 620 ft/sec. A limited amount of testing was also accomplished

at a tip speed of 665 ft/sec.

The test data obtained for each of these test runs has been combined

to show the impact of rotor lift at a fixed advance ratio. The

combinations identified as plot sets, are defined in Table B-I

and are marked on the bottom of each sheet. Within each plot

set area series of graphs presenting the variation of each component

of measured data with rotor propulsive force coeficient. The

sequence of these graphs are as follows:

Propulsive Force Coefficient versus Rotor Propulsive Force

Coefficient

Propulsive Force Coefficient versus Shaft Angle of Attack

Propulsive Force Coefficient versus Collective Pitch

Propulsive Force Coefficient versus Longitudinal Cyclic

Propulsive Force Coefficient versus Lateral Cyclic

Propulsive Force Coefficient versus Rotor Power Coefficient

Propulsive Force Coefficient versus Rotor Pitching Moment

Propulsive Force Coefficient versus Rotor Rolling Moment

Coefficient

Propulsive Force Coefficient versus Rotor Longitudinal

Force Coefficient

8-]



Propulsive Force Coefficient versus Rotor Side Force
Coefficient

Propulsive Force Coefficient versus Alternating Root

Torsion TBI2

Propulsive Force Coefficient versus Alternating Mid Span
Torsion TB50

Propulsive Force Coefficient versus Alternating Outboard

Torsion TB80

Propulsive Force Coefficient versus Alternating Root Flap

Bending FBI2

Propulsive Force Coefficient versus Alternating Mid Span

Flap Bending FB47

Propulsive Force Coefficient versus Alternating Outboard

Flap Bending FB78

Propulsive Force Coefficient versus Alternating Root

Chord Bending CBI2

Propulsive Force Coefficient versus Coning Angle

Propulsive Force Coefficient versus ist Harmonic Longitudinal

Flapping A1

Propulsive Force Coefficient versus ist Harmonic Lateral

Flapping B1

Propulsive Force Coefficient versus Alternating Lead-Lag Angle

Rotor Pitching Moment Coefficient versus Ist Harmonic

Longitudinal Flapping A1

Rotor Rolling Moment Coefficient versus ist Harmonic Lateral

Flapping B1

8-2



TABLE B-I DATA PLOTTING S_Y FOR PROPULSIVE FORCE LIMIT TESTING

PLOT

SET

47

48

49

50

51

52

I RUN

i NO.

i

t 230

I 231

i

243

i 244

i 232

1 233

234

i
i 235

i 269

270
i

271

i 272

268

240

266

i 241

242

j 267

J

264

I

F 265

i

ROTOR
TIP

SPEED

VT

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

620FPS

ADVANCE

RAT IO

P

.4O

.40

.45

.45

.50

.50

.5O

.5O

.50 [.50

.50 i

.50 1

.53 [.53

.53 !

.53 !

I
.s3 [

.53 i

.53 t

.53 _ I

ROTOR

LIFT

COEFF.

c_/_

.O6

.O9

.06

.076

•06

.06

.08

.08

,06

.07

.09

.I0

.05

.06

.08

.09

.09

.i0

.05

.07

II

ROTOR

PROPULSIVE

FORCE _OEFF
X/qdZa '

Range

Range

Range

Range

Range

Range

J Range

Range

Range

Range

Range

Range

Range

Range

Range

Range

Range
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