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PERFORMANCE AND LOADS DATA FROM
A HOVER TEST OF A FULL-SCALE XV-15 ROTOR

.r

Fort F. Felker, Mark D. Betzina, and David B. Signor
• Ames Research Center

SUMMARY

A hover test of a full-scale XV-15 rotor was conducted at the Outdoor Aerodynamic

Research Facility at Ames Research Center. The primary objective of the test was to obtain

accurate measurements of the hover performance of the original, metal-blade XV-15 rotor

system. Data were acquired for rotor tip Mach numbers ranging from 0.60 to 0.73. This

report presents data on rotor performance, rotor wake downwash velocities, and rotor
loads.

NOMENCLATURE

A rotor disc area, _rR 2, m 2

a speed of sound, m/s

Cp rotor power coefficient, Cp = CQ

Cp, corrected rotor power coefficient corrected for wind, Cp,correcte d : CQ,correcte d

CI, M rotor pitching moment coefficient, pitching moment,/pARVt2p i ,.

CQ rotor torque coefficient, torque/pARVt2zp _
CQ,corrected rotor torque coefficient corrected for wind, See text for equations

CT rotor thrust coefficient, thrust/pAVt2tp

Cv rotor side force coefficient, side force/pAVt2,p

CVM rotor yawing moment coefficient, yawing moment/pARV_p

CZ rotor normal force coefficient, normal force/pAVt_ p

* FM rotor figure of merit, C_/2/C v'2
3/2

FMeorrected rotor figure of merit corrected for wind, C r /CQ,correctedV_ I
• Mup rotor tip Mach number, Vtw/a

q dynamic pressure, pV2/2, N/m 2
R rotor radius, m

;.
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r blade radial station, m

Vh ideal induced hover velocity, Vtlp _, m/s "
V, ideal induced velocity, m/s
Vt,p rotor tip speed, fiR, m/s
V_ wind speed, m/s
Ah ideal induced hover velocity ratio, Vh/Vt,p
A, ideal induced velocity ratie, V,/Vt,p
#v lateral wind velocity ratio, ---V_sin _w/Vt,p
#_ axial wind velocity ratio, Vwcos _u,/Vt,p
p air density, kg/m 3
o rotor solidity ratio
t_,, wind direction relative to rotor axis
fi rotor rotation speed, radians/sec

INTRODUCTION

Hovering flight is a critical operating condition for VTOL aircraft, since the hover
performance usually determines the aircraft's maximum payload. The payload is typically J i
30% of the aircraft's gross weight, and small changes in the hover performance can have {

a large effect on the size of the payload. Hovel performance is particularly important for _ :
tilt-rotors, since their basic rotor design (disc loading, solidity ratio, etc.) is a compromise
between the requirements of hovering and cruise flight. Analytical predictions of tilt-rotor , i
hover performance have not been sufficiently validated to provide a high level of confidence _
in the predicted performance.

iAn experimental investigation was recently conducted at Ames Research Center to t "_ :.
accurately measure the hover performance of three tilting prop-rotors (ref. 1). The rotors
tested in this investigation were the original metal blades for the XV-15 Tilt Rotor Research
Aircraft; a set of composite, Advanced Technology Blades (ATB) for the XV-15; and a
0.658-scale model of the proposed V-22A Osprey (JVX) rotor. All rotors had three blades,
and had a diameter of 7.62 m.

This report presents the data obtained with the XV-15 metal blades. Data is presented
on rotor aerodynamic forces and moments, rotor wake downwash velocities, and rotor loads. _ ;

The authors gratefully acknowledge the efforts of the many people at Ames Research _
Center, Boeing Vertol Co., a_d Bell Helicopter, Textron, who made this test possible. J
Thanks are also due to Rob Faye, fer his assistance in the preparation of this report.
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DESCRIPTION OF TEST APPARATUS

e

Outdoor Aerodynamic Researci_ Facility

The test was conducted at the Ames Outdoor Aero(_ynamic Research Facility, which
consists of a 30 m square concrete pad, a below-ground-level frame for attaching model
support struts, and an underground control room with a complete data acquisition system.
The facility is sufficiently remote from other buildings so that there is no aerodynamic
interference (except with the ground), and accurate near- and far-field acoustic data can
be obtained. An aerial photograph of the O,_door Aerodynamic Research Facility with
the Prop Test Rig installed is shown in figure 1.

Prop Test Rig

The Ames Prop Test Rig ,_as used to power the rotors, with a maximum power output
of 1864 kW at 625 rotor RPM. A three-view drawing of the Prop Test Rig with the XV-15
rotor system installed is shown in figure 2, and a photograph of the Prop Test Rig with
the XV-15 rotor installed is shown in figure 3. The rotor axis of rotation was horizontal
to minimize interference effects between the ground and the rotor. The rotor shaft was
6.71 m above the ground (1.76 rotor radii). Note that the Prop Test Rig and its supporting
structure provide very little blockage of the rotor wake. This minimizes the influence of the
test apparatus on the rotor wake, "andensures that high-quality isolated-rotor performance
data can be acquired.

i
Balance Systems

A ne_, rotor balance system was designed and built for this test program. The general

arrangement of the balance system is shown in figure 4. This balance system was designed "_, ;
to be very sensitive to rotor thrust and torque, with minimal interacti.,s on the indicated
thrust and torque caused by other forces, moments, or thermal effects. An instrumented
drive shaft was installed inside the rotor balance, between the gearbox and the rotor
mast, to accurately measure shaft torque. This design provided two load paths for thrust:
through the rotor balance, and through the instrumented drive shaft. The drive shaft was
not as stiff" in the axial direction as the rotor oalance, and only about 3% of the rotor
thrust was carried by the shaft. The shaft was instrumented to measure this axial load.
The gages on the balance system were thermally-compensated to minimize errors which _

• were due to thermal effects. (The rotor balance and instrumented drive shaft were designed i
by J. Mayer and H. Silcox of the Boeing Vertol Co.)

Careful laboratory calibrations were performed on the balance system. The rotor

3
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thrust balance was accurate to within 50 N up to 50,000 N (0.1% error), with no signifi-
cant interactions caused by other forces or moments. The shaft axial force gage was also
accurate to within 50 N, and was corrected for interactions caused by shaft torque. The
instrumented drive shaft was accurate to within 70 N-m of torque, which is less than 0.3°_

of the shaft's maximum capacity of 28,500 N-re. The shatt torque data were corrected

for interactions caused by shaft axial load. Because there were t';¢o bearings between the
instrumented drive shaft and the rotor, the bearing torque w_ measured by the rotor
balance and subtracted from the shaft torque to obtain the actual rotor torque.

A redundant set of load cells were installed between the Prop Test Rig and its support

system (see fig. 2). These loads cells were not as accurate as the primary balance system,

and were used as a backup. The measurements of the two balance systems were compared

throughout the test to ensure that both systems were working properly at all times.

Check loads were performed periodically during the test to assess installed balance
system accuracy under simultaneous thrust and torque loading, and to check for adverse ,
effects caused by operational thermal loads. These check loadings demonstrated that the i '

installed balance system was accurate to within 200 N of thrust (0.3% of maximum thrust
of test) and 70 N-m of torque (0.3% of maximum torque of test).

Rotor System

i

The rotor was tested on a Bell Helicopter Model 300 rotor mast and gimballed hub

(similar to the XV-15 aircraft's mast and hub). The XV-15 rotor system had three blades i.
with a diameter of 7.62 m. A summary of the rotor system characteristics is provided !
in table I. The rotor blades were identical to the flight hardware used on the XV-15 i

aircraft. This rotor system had a solidity ratio of 0.0891. The twist distribution, thickness !

distribution, chord distribution, and airfoils used on this rotor system are shown in figures | :_
5, 6, 7, and 8, respectively. Further information on the characteristics of this rotor system

are provided in ref. 2. _,.

Wake Rake

The distribution of total pressure and static pressure in the rotor wake was measured
with a wake rake. The location of the rake relative to the rotor was chosen to be similar

to the location of the wing of a typical tilt-rotor aircraft. The wake rake is visible behind

the rotor in figure 3. The dynamic pressure and velocity distributions in the rotor wake
were computed from the total and _tatic pressure data. Two types of pressure probes were
used on the wake rake: pitot-static probes, and 5-port directional probes. There were P

13 pitot-static probes and 9 directional probes. The static pressure data obtained with
the pitot-static probes are more accurate than that obtained with the directional probes.

4
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Therefore, the dynamic pressures and velocities computed from data obtained with the
pitot-static probes are more accurate than those computed from data obtained with the

• directional probes. Data obtained with both sets of probes are presented in this report.

t

i"
TEST CONDITIONS

Data were obtained with rotor tip Mach numbers ranging from 0.6 to 0.73. Cyclic
pitch war used to trim the rotor to gimbal angles of 0.1 ° or less for all data points. Most

_[ of the data were obtained with winds of 1.5 m/s or less, with a maximum wind speed of

3.5 m/s. The air density was computed from measured values of temperature, pressure,
and humidity. A phototach was driven at the rotor speed and generatf.i 1,0£4 pulses per

_t revolution. The rotor rotation speed was computed from this signal.

WIND CORRECTIONS

_! Even very light winds can have significant effects on rotor hover performance (ref.
! 3). To minimize errors in the performance data caused by winds, all performance testing

:_ was conducted in winds of 1.5 m/s or less. Also, the measured rotor torque was corrected
_'I_ for the effect of the wind using a correction procedure based on momentum theory. (The
i correction procedure was developed by W. Johnson of Ames Research Center and M. A.
_' McVeigh of Boeing Vertol.) The wind speed and direction were measured by a sensor
, t-t located on the inflow side of the rotor plane approximately 16 rotor radii from the rotor

hub at the same height as the rotor axis, and at an angle of 45' from the rotor axis. The
_ location of the wind sensor relative to the rotor, and the sign conventions for the wind _._!

"! speed and direction are shown in figure 9. The following equations describe the wind
i correction procedure that was used:

CQ,eo,rect,d -- CQ + (I_zCT + l_yCy) -- K()q - )_h)CT

_(_+ - =

Note that #v is positive in the same direction as Cy, and #z is positive in the same
direction as CT. K is the ratio of actual induced power to ideal induced power: 1.16 was

• used here.

The magnitude of the correction on CQ was typically less than 3% for winds of less
than 1.5 m/s. The correction procedure reduces scatter in the performance data caused

5
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by winds varying from data point to data point, and reduces any bias in the performance
data caused by consistent prevailing winds throughout the test. Rotor figure of merit ,'
as a function of thrust coefficient for the XV-15 rotor system, with and without wind
corrections, is shown in figure 10. Data obtained with winds of 0.5 m/s or less are presented
in figure 10(a), data obtained with winds of 1.5 m/s or less are presented in figure 10(b),
and all the data are shown in figure 10(c). The reduction in data scatter caused by the
wind corrections can be seen in these figures. Both corrected and uncorrected data are
presented in this report.

RESULTS

Performance and Loads Data

_' Rotor performance and loads data are tabulated in Appendix A. A dictionary of the !
parameters in Appendix A is provided in table 2. The data are organized by run number,
and an index of the test conditions in each run is provided in table 3. Figure II shows the

orientation of balance forces and moments, and the positive directions of the forces and
moments. Thrust and side force are horizontal, and normal force is vertical.

:!
The effect of tip Mach number on corrected rotor figure of merit is shown in figures

_ 12 and 13. CP,corrected/O as a function of CT/o is shown in figure 14. CP,corrected_ &

, function of CT is shown in figure 15. CP, corrected as a function of C_ 12 is shown in figure
16. The curves shown in these figures are polynomial curve fits of the data. There is very
little effect on rotor performance due to tip Mach number variations for the range of tip
Mach numbers covered in this test.

CT/o as a function of collective pitch is shown in figure 17. The collective pitch data
were obtained from the collective actuator position, and some errors caused by control '._
system geometric nonlinearities are present in the data. These errors are estimated to be
less than +I'. The effect of rotor thrust on hub spindle flap bending moment is shown
in figure 18. The hub spindle flap bending moment gage was at r/R = 0.06. The effect
of rotor thrus_ on blade flap bending moment at 0.3R is shown in figure 19. The effect of
rotor thrust on pitch link load is shown in figure 20. The distance from the pitch link to
the blade pitch axis was 0.24 m. The effect of rotor torque on hub spindle chord bending
moment is shown in figure 21. The ;robspindle chord bending moment gage was at r/R -
0.06. The effect of rotor torque on bl_le chord bending moment at 0.3R is shown in figure
22.
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_- Wake Rake Data

• Data obtained with the rotor wake rake are presented in Appendix B. The location

_ of the pressure taps is presented in table 4. A dictionary of the parameters in Appendix
B is provided in table 5. The data are organized by run number. Plots of wake dynamic

_ " pressure as a function of radius for several rotor thrusts are presented in figure 23.

,!
_!

I
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APPENDIXB

ROTOR WAKEDATA
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TABLE I.-ROTOR SYSTEM CHARACTERISTICS

Number of Blades .............................. 3

Rotor Radius .............................. 7.62 m •

Biade Chord ............................. 0.356 m

Rotor Solidity Ratio ........................... 0.0891

Blade Twist .......................... -42" (nonlinear)

Blade Precone Angle ........................... 2.5'

Rotor Airfoils ......................... NACA 64-series
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TABLE 2.- PERFORMANCE AND LOADS DATA PARAMETERS

Label Parameter

CB .3R mean blade chore}wise bendin8 moment at .3R, N-m
COLL blade collective pitch angle at .75 R, des
CPM rotor pitching moment coefficient, Cp_#
CPM/S rotor pitching moment coefficient over solidity, CpM/o
CQ rotor torque coefficient, CQ
CQ,C rotor torque coefficient, corrected for wind, CQ,corr,ct,d
CQ/S rotor torque coefficient over solidity, CQ/o
CQ/S,C rotor torque coefficient over solidity, corrected for wind, CQ,corr,ct,d/o
CT rotor thrust coefficient, CT
CT/S rotor thrust coefficient over solidity, CT/o

CT**S/2 c_./2
CY rotor side force coefficient, Cv
CY/S rotor side force coefficient over solidity, Cv/o
CYM rotor yawing moment coefficient, CyM
CYM/S rotor yawing moment coefficient over solidity, Cy3#/o
CZ rotor normal force coefficient, Cz

CZ/S rotor normal force coefficient over solid;ty, Cz/o i
FB .3R mean blade fiapwise bending moment at .3R, N-m I
FM rotor figure of merit, FM
FM,C rotor figure of merit, corrected for wind, FMcov,,ct,d _o
HUM,% relative humidity, percent
MTIP rotor tip Math number, A4t.p ,
NF,LC rotor normal force meuured by load cells, IS
NORMAL rotor normal force, N
P LINK mean pitch link load, N

PM,LC rotor pitching moment me_ured by load celb, N-m i
POINT data point number _4_._
POWER rotor, power, k_"
PRESS stmmph_rk pr_sum, kPa t
PSIW wind directiom relative to rotor axis, @.,, dq
Q,LC rotor torque memumd b7 Joui celb, N-m
RHO sir dmmity, p, Ir4/m8
RPM rot_m_ti_ speed, nmlmlmto
RUN run number
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TABLE 2. - continued

Label ParamOur
¢

_, SF,LC rotor sid_ force measured by load cells, N
_ SIDE rotor side force, N

t"" SPND CB mean blade spindle chordwise bending :noment, N-mSPND FB mean blade spindle flapwise bending moment, N-m
• T,LC rotor thrust measured by load cells, N

TEMP air temperature, deg celsius

i] THRUST rotor thrust, N

TORQUE rotor torque, N-m
TORQUE,C rotor torque, corrected for wind, N-m

T VTIP rotor tip speed. Vt._, m/s

WIND wind speed, Vw. m/s
' YAW rotor yawing moment, N-m
_I YM,LC rotor yawing moment measured by load cells, N-m

z
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TABLE 3. - INDEX OF RUNS Poor quALr

NUMo_i_ hUNBt.:kS v,'rIP CTIS .'IND D_TI

14 15 - 27 O.¢_g 0.090 - 0,157 J.5 - 1.7 !:3

15 3 - I_ 0.69 -6.004- 0.156 1.2 - 3,7 _,:J

16 - 31 0.69 -0.004 - 0.177 _.'.) - 1.2 '_,0

32- 4_ 0.69 -C_.003- 0.158 _.J -1.8 :_(]

46 - 60 0.69 -'2,002 - 0.169 _.9 - 2.1 _O

16 3 - 9 0.oO -0.004 - 0.161 9.7 - 2.3 qf]

8 - 11 0.66 0.088 - 0,162 2.J - 2.7 _U

12 - 15 C.69 0.091 - 0.160 2.1 - 2.6 t4r}

16 - 19 q,73 0.9_5 - 0.168 2.1 - 2.9 ,'_t]

22 4 - 19 C.6_ -0.003 - C.181 0.I - ).6 N_

23 3 - 17 C.6_ -O.Orp3 - 0.175 9.3 - 1.1 _0

18 - 31 0.69 0.002 - 0.163 _.'_ - 1.3 :R}

32- 45 0.6v _.007 -0.172 l._ - 1.8 NO

24 3- 6 _.73 _,0_4 - 0.171 0.0 - ).7 _'_J

10 - 11 0.6C 0.088 - 0.120 l.J - 1.4 '_fJ

13 O. _2 0.C90 I.G _10 ,,

L4 - I? O,f5 0.090 - 0.160 1._ - t.? _0

18 - 20 0.6_ C.143 - O.Ibl l.d - 2.0 ._U

25 10 - 24 0.69 -0,005 - 0.160 1.] - _.5 Y_S

26 6 - 16 0.69 -0.004 - 0.129 2.0 - 3.3 YES
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TABLE 4. - LOCATION OF WAKE RAKE PRESSURE TAPS

Pitot-Stati¢ Probes

r/R z/R .
J

0.202 0.364 4

0.221 0.366

• 0.265 0.371

0.289 0.374 i
0.334 0.380
0.428 0.391

0.627 0.415

0.720 0.427 /
0.801 0.437
1.023 0.464

1.070 0.469
1.170 0.482
1.220 0.488

Directional Probes :

r/R z/R -/

0.507 0.329
0.655 0.347
0.756 0.359
0._ 0.365
0.858 0.372
0.905 0.377

0.956 0.384
1.107 0.402

• I

!

E ,/

I
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TABLE 5.-PRESSURE DATA PARAMETERS

Label Parameter

CT rotor thrust coefficient, CT _ ,,
POINT data point number
PRESS atmospheric pressure, kPa
PSIW wind direction relative to rotor axis, _, deg
PS wake static pressure, Ps, kPa
PT wake total pressure, PT, kPa
Q wake dynamic pressure, PT - Ps, kPa
R/R pressure tap radial station, r/R
RUN run number
V wake velocity, m/s
VTIP rotor tip speed, Vtip, m/s !
WIND wind speed, Vw, m/s

f

!i

• L
i

4
4
"4
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OF POOR QUALITY

J
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J
I
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_. t-->"_
I. Outdoor Aerodynsmic Resesrch Facility with Prop Test Ril. I

ROTOR i _i-_,
FAIRING BALANCE

7.62 m
' .11 I:1 LOAD• LOAD CELL

• _ GROUND
....... _ LEVEL

2. Prop Test Ril with XV-15Rotor.
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.......................................... OF POORQUALITY

' i
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1 o

,.n ,......

3. Prop Test Rig with XV-15 Rotor.
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,.ST.U.E.TED _ " _
; \ J_ THRUST ]_ [ J

_;_ \ _'----'FLEXURES---_ r' L___
ROTOR___
MAST _ k'%q \ SHAFT TORQUE_ _ f

._._____ B \ FLEXURES_ ;_ ",

/ _."J_ J_ SHAFT TORQUE_ L

• _oTo" _ m FLEXURESE! \ i

/ _'----...THI'IUST -------'_-'_ l _ ("----
.EARINQ _L" FLEXURES_L _ /
TORQUE __///_/_J__I-
FLEXURES I

4. Rotor Balance System.

30 ;"

20

10 I _'

2o i
-10

-20 I , I , I , I , i _ _,_
0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

BLADE RADIUS, r/R

5. Rotor Blade Twist Distribution.

j
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6. Rotor Blade Thickness Distribution.
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7. Rotor Blade Chord Distribution.
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NACA NACA NACA NACA NACA
!14-938 64-528 (14.1111 84-(! .5)12 ,24-208

i A , i ...... I i
_*' 0 .09 .17 .51 .g 1.0

"; r/R M

!

__ . 8. Rotor Blade Airfoils.

WIND SENSOR
\.

._ _w

ii IND

THRUST "

m_ROTOR

9. Wind Sensor Ix)cation.

_._ MTIP = O.69 WIND< 0.5 M/5 MTIP = 0.69 WIND< 0.5 M/SI10 MIIW COI_CTIOWS VITH WIND _RI_Z_L'TC_S

' 0.9- c3 0 9-• t...i

0.7 - _ 0.7 -

:_ 06- _,_ 06- / ,

o.s _ o.s-

0,4 -- 0.4 - i

0.3- 0.3-

* 0.1 0.1- i

0,0 * . • . ,.... - , 0.0 _ . • T
0.00 o.o4 o.oe o._2 o._e o.2,o 0.00 o.c_ o.og o. 12 o.16 0.20

• CT/S CT/S

(t) Wind < O.S m/s. i

10. Effect of Wind Corrections on Rotor Perfomance.
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V__;
i

: ROTOR ":

'j

THRUST

x
SIDE FORCE
PITCHING MOMENT

YAWING MOMENT
NORMAL FORCE

z_

II. Rotor Bal_nce Axis System.

01
_ 0.8 , *

"' 0.7 "
j.. _.

u
rv
n, 0.60
,.j

,.: /
-_ '_ o._ /
k t,_

I
-! 0.2-

_ 0.1-

j i

t 0.0 .... , - , - - , - , -
).oo" olo2 o:o, 0:06 o:os o.,o o.,_ o',, o.,6 o.,s o:_o i

CT/S

0 D 0.595 < MTIP< 0.625 0 0 0.645 < MTaP< 0.665 _ 0.685 < MTIP< 0.695

t * 0.730 < MTIP < 0.735

12. Effect of Tip Msch Numberon Rotor Performance.
"i
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0.0

i l ; " "1 • ; , r " ; ! T "--I0.00 0 02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.10

CTIS

(a) 0.595< M,p < 0.625.
0.9-

0.8 0

0.7

0.6

0.5,!
I _ o.4

,-:- 0.3

Oo_" •

0.1"

0.0' • ' " I " " " I " ! " ! " | " ! " "

,.oo o.o_ o.'04 o2o6o.oa o.,o o.12 o., o._6 o'._ o'._o
CT/S

(b) O.(14S< _,,_ < O.(m.

I_. _.f[ectd C:/o o. blot _.
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0.1

0.0 _ • _ • i • _ u _ w • v [ i .... • u
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 _ _. 0.18 0.20

CTIS

(¢) O._S < M.p < 0._. -'
0.9-

0.B _ , ;

o
_ 0.7,

_ 0.6'

_ 0..5,

i 0.4,
_. o.3.

0,_'

0.1' _

0,0 I " / " I " T " I" - i _ " I " I "'" 1 _"o.ooo.o2 o.o_ .oo6 ooe o.,o o.= o.,, o., o.,o o_
CT/S _ .:

(d) 0.T_I0< ,Ma,ap< o.lru. ,t,,, _
13. 6Mchndod.
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0.0225-

0.0200
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0.0075.

0.0050 1
0.0O25

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 O.Q 0.14. 0.16 0.18 0.20

CT/5

(b) O.e4s< M.p _ 0.4165. . i
14. Elect d Cr/e o. Ce,,,.....d/O. "_
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0.0100 /

0.0075 - _//
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14. Coa_.
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IS. Effect of Cr on C/',corr.ct._.
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IS. Concluded.
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