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1.0 ABSTRACT

High twist is desirable to provide improved hover, vertical climb and nap-of-the-earth
performance capability; however, the high negative angles of attack encountered on the
advancing blade tip can adversely affect forward flight performance and vibratory
loads. To gquantify these effects, a 10 ft. diameter model rotor was evaluated in the
Boeing Vertol low speed wind tunnel. This paper summarizes the test results and makes
comparisons with theoretical predictions.

2.0 NOTATION

b = Number of Blades

c = Thrust-wWeighted Chord, ft

Cp/op = Rotor Thrust Coefficient, T/anZVTZUT
Cp = Rotor Power Coefficient, P/p?:R2VT3

D = Rotor Diameter, ft

De = Rotor Effective Drag, ( % - X)) 1b

L = Rotor Lift, 1b

M; go = Advancing Blade Tip Mach Number

P = Rotor Power, ft lb/sec

b3 = Nondimensional Power, P/qucTV

g = Dynamic Pressure, %pVZ2

R = Rotor Radius, ft

v = Forward Flight Speed, ft/sec

Vi = Tip Speed, ft/sec

X = Rotor Propulsive Force, lb

X = Rotor Propulsive Force Coefficient, X/qucT
M = Advance Ratio, V/VT

Wy = Nth Flap Natural Freguency

wee = Nth Chordwise Natfiral Fregquency

Wep = Nth Torsional Natural Frequency

p - = Air Density, 1b sec?/ft4

O = Rotor Thrust-weighted Solidity, b ¢/nR
Subscript

REF = Referred to baseline level (CT/UT = 0.08 or 180 knots for twist = 11.5°)

3.0 INTRODUCTION -

A review of available literature indicates that increasing twist improves hover and low
speed performance. Higher twist results in a more uniform downwash velocity in the far
wake and a corresponding decrease in induced power required as described in the various
texts on rotary wing performance. In forward flight wvery little data has been pub-
lished on the effect of blade twist. Reference 1 indicates that higher blade twist
reduces forward flight power required based on flight test data published in 1948, The
speed range of these early aircraft was less than 70 kis. as compared to the design
speeds for 1980/1990 helicopter designs of 180 kits to 200 kts.
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A test was conducted to quantify the effect of twist on performance and aircraft vibra=-
tion on an existing 10 ft. diameter rotor evaluated previously as described in Refer-
ence 2. The rotor was a four bladed rotor with Mach scaled composite blades designed
to be dynamically representative of a typical full scale rotor. A sketch of the blade
is presented in Figure 1. It had a thrust-weighted solidity (a.,) of 0.1383 and a tip
taper of 0.6 starting at 95% of the rotor radius. The last 5% bf the blade tip had a
quarter chord sweep of 30° aft. The twist of the blade initially tested was approxi-
mately 11.5% jinear, as shown in Figure 2. Since the blades were fabricated from com-
posite materials it was possible to retwist the blade to a twist of 17.3° from 11.5°
Dy a process developed by the Boeing Vertol Company that has been used successfully in
the past to retwist model rotor blades. There is a small deviation in twist between
the various blades, as illustrated by the bands in Figure 2, but it was no greater than
the tolerance when originally fabricated.

The measured blade natural frequences at the nominal test rotor speed are presented in
Table 1. As noted the frequencies are 0.25 to 0.5 per rev higher or lower than any
even multiple of rotor RPM. Since both twist values were tested on the gsame blade,
differences in measured vibratory characteristics are due entirely to twist and not
variations in the rotor blade properties.

228R .28R .85R .95R
L CHORD = 6.77 IN. | [oR
o7 =.1383 A | 30° Sw
RADUS 505 FT == VA2 e SWEEP
TAPER RATIO =.6 N
FLAP HINGE = 2.86% R }
Figure 1. Pianform of Model Rofor Blade
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Figure 2. Model Blade Twist Distributions

Table 1. Blade Natural Frequencies at
Nominal Rolor Speed

Wop Wy Wy Wye Wze Wyy
PER PER PER  PER PER
PV REV REV REY REY  REV

263 526 844 499 582 467
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4.0 TIEST STAND/AIRFRAME

The medel blades were tested on the powered model test stand shown in Figure 3. The
roter and controls were mounted on a five-component rotor balance. The rotor hub was
articulated with a flap hinge at 2.86 percent of radius and a lag hinge at 15 percent
of radiusg. The rotor was powered by three 130 HP air motors located in a pod below the
rotor and driving through a reduction gearbox. A fuselage shell was mounted on a six
component internal fugelage balance attached toe the chassis. The fuselage shell was
representative of a single rotor helicopter. The rotor shaft angle, blade collective
and cyclic pitch were remotely controlled.

Fuselage Balance

Rotor Balance

FPower Pod

Figure 3. Test Stand Configuration

5.0 INSTRUMENTATION

The model had a five-component main rotor balance and a six-component fuselage balance
located as noted in Figure 3. The rotor balance measured rotor thrust, propulsive
force, side force, pitching moment and rolling moment. Rotor torgque was measured using
strain gauges installed on the rotor shaft. Fuselage drag, lift, side force, pitching,
rolling and vawing moment data was obtained from the fuselage balance.

One rotor blade was instrumented with flap, chord and torsion bending strain gauges
distributed along the blade radius as shown in Figure 4. The gauges were installed
inside the blade on the spar priorx to final assembly to avoid the aerodynamic penalties
associated with surface mounted gauges. Blade flap and lag motions were measured by
transducers positioned on the flap and lag hinges of the instrumented blade. The pitch
links were instrumented to measure control loads and blade collective and cyclic angle
were obtained from swashplate position.

The rotor balance was calibrated statically using weights and pulleys to measure steady
forces and moments. A dynamic calibration was obtained to measure 4 per rev vibratory
hub loads-in the fixed system at the normal operating rotor speed. The calibration
consisted of shaking the model at 4/Rev through a fixture attached in place of the hub.
The shake fixture had bearings to permit conducting the shake tests with the rotor
shaft rotating in order to include the proper shaft dynamics. The balance sensitivi-
ties were then assembled in a dynamic calibration matrix and used to determine vibrato-
ry hub loads during the testing.

Ninni
FLAP .12R .1SR .50 83R
CHORD .12R A45R
TORSION 30R  40R .52R .67TR .85R

Figure 4. Blade Insfrumentation
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6.0 TEST CONDITIONS AND PROCEDURE

A summary of the test conditions is presented in Figure 5. Forward flight testing con-
sisted of speed sweeps at rotor thrust coefficients (C./ of 0.067 and 0.08 keeping
the rotor trimmed at each point for zero one-per- r@v flapplng and maintaining a
propulsive force coefficient (X/gD?c.) of 0.1. Thrust sweeps were obtained at an
advance ratioc of 0.4 and a propu151vg force coefficient of 0.1. The range of thrust
coefficient was.limited by model 'power available or blade 1oads. Propulsive force
sweeps and Mach number sweeps at a rotor thrust coefficient (C ) of 0.067 and an
advance ratio {py) of 0.4 were also cbtained to evaluate rotor proah ive efficiency and
compressibility effects. Hover out-of-ground effect testing was performed by conduct-
ing thrust sweeps.

.12

.08

X VARIATION =~
M1,g0 VARIATION

.04

ROTOR THRUST COEFFICIENT

o) .1 -2 .3 4 E-}
ADVANCE RATIO (1)

Figure 5. Test Conditions

7.0 PERFORMANCE TEST RESULTS

7.1 Hover

Effect of Twist on Power Required - Increasing the blade twist from 11.5° to 17.3° re-
duced the power required as shown in Figure 6. At a typical design C of 0.08, the
power required reduction is 2.4% or 0.018 in figure-of merit as noted Tn Flgure 7. For
a typical 10,000 1b. single rotor helicopter this improvement corresponds to a 160 1b
increase in hover gross weight capability or a 5% increase in useful load.

Effect of Twist on Download - Increasing the twist resulted in an increase in hover
download as shown in Figure 8. A higher twist redistributes the downwash velocity cre-
ating higher downwash inboard where the fuselage width is maximum. At a C./0, of 0.08
the 17.3° twist rotor had 6% higher downlcad than at 11.5° of twist. 3} E typical
single rotor helicopter with a download to thrust of 3% to 4%, 6% corresponds to an
increase in download of 20 1b for a 10,000 1lb aircraft. The net benefit of twist would
be 160 lb due to Figure of Merit improvement minus the 20 1b download penalty for a net
benefit of 140 1b.
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o0 w /
£ E a0l TYPICAL
& .50 w / DESIGN
Lt i e
T .25 5 | l
wl
i l I
& 0 L J L ] L 1 | j
[} QU04 0008 ,0012 .0O1@ 0020 02 .04 .08 .08 .10 .12
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.Figure 6. Effect of Twist on Hover Power Required Figure 7. Effect of Twist on Hover Figure of Merit
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Figure 8. High Twist Increases Hover Download Figure 9. High Twist Reduces Hover IGE Thrust
Augmentation

Effect of Twist on In-Ground-Effect Hover Performance - Testing was not conducted
In-CGround-Effect (IGE), however, data presented in Reference 3 and reproduced in
Figqure 9 indicates that the thrust augmentation obtained IGE at constant power is de-
graded substantially when the blade twist is increased.

7.2 Forward Flight

Effect of Twist on Power Required - In forward flight, increasing the twist from 11.5°
to 17.3% resulted in an Increase in power required as shown in Figure 10. At 180 kt
(b = 0.434, 700 ft/sec tip speed) and C./0, of 0.08, the measured power increase is 5%.
Assuming a power available correspondi&b fo a Cp of .0013, the performance penalty due
to twist is approximately 4 kt.

The corresponding L/De variation due to twist is presented in Figure 11. A degradation
in rotor lift to effective drag ratio of 0.11 is shown at 180 kt.

The predicted azimuthal variation in power required for rotors with the two twist val-
ues tested is presented in Figure 12. As shown, the power increase is due primarily to
the increase in profile power on the advancing blade. The tip of the advancing blade
operates at higher negative 1lift coefficients (C,) at 17.3° than with 11.5° of twist.
The VR12/15 airfoils are excellent high Mack number airfoils as indicated in
Reference 2; however, the higher negative ¢, at the outboard region of the blade has a
high drag coefficient. For the advanced air%oils, the increased power on the advancing
side of the rotor disc is due more to negative C, operation than Mach number because,
as shown in Figure 13, the L/De difference does fot vary significantly with advancing
blade Mach numbers (M1 90).
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The variation in rotor L/De with twist was demonstrated during thrust sweeps as pre-
sented in Figure 14 for an advance ratic (p) of 0.4. The penalty due to increased
twist grows with thrust coefficient. At .04 CT/UT the increment in L/De is 5% and at
0.08 CT/O'T the increment is 11%.

Effect of Twist on Blade Stall - Because of model power constraints with the high
solidity rotor configuration the effect of twist on stall inception was not cbtained
during the 1986 testing. However, stall data for blades with 7° and 13° of twist was
obtained on an earlier test for a lower solidity, three bladed rotor configuration
(Reference 4). Figure 15 shows there is no difference in the stall inception bound-
aries between the 7° and 13° twist blades over the entire speed range from hover to p
of 0.4. stall inception is defined as the C./¢., where the blade root torsicn or pitch
link loads increase rapidly. This data was %bt%ined from thrust sweeps at a constant
trim propulsive force coefficient of 0.1.

Effect of Twist and Propulsive Force on Power Required - Nondimensional Power (P} 1s
plotted in Figure 16 as a function of propulsive iorce coefficient (X = X/qb%o,,) for

/6. = 0.067 and y = 0.4. As noted at an X of 0.14 the 17.3° twist blade has 0.008 F
h}‘ghgr power required than the 11.5° twist blade. At X of 0 the increment increases to
0.012. Data was not obtained at lower propulsive forces; however, as noted in Refer-
ences 5 and 6, the penalty should continue to increase at negative propulsive force
conditicons appreaching autorotation (P = 0) due to stall related power on the inboard
blade region.
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8.0 VIBRATORY LOADS TEST RESULTS

The effect of blade twist on rotor vibratory loads was evaluated using the dynamically
calibrated balance output to define 4 per rev hub vibratory loads as well as blade
strain gages to measure vibratory blade loads. 1In general, increasing blade twist in-
creased hub and blade 4/rev vibratory loads. A summary of the percentage increase in
hub vibratory loads measured for the 17.3° twist blade compared to the 11.5° twist
blade is presented in Figure 17 for a C,/0.,, of 0.067 and 180 kt. The 4 per rev loads
increased from 37.3 to 126% with the lar est increases observed for the in-plane longi-
tudinal and lateral force compenents. This result is consistent with the increase in
. power regquired on the advancing blade. Rolling moment also exhibited a large increase
in loads.

A summary of the percentage increase in blade alternating flap bending, chord bending
and torsion maximum peak-to-peak loads due to increasing the twist at 180 knots is pre~
sented in Figure 18. The flap bending loads increased 11.3% to 32.4% with the largest
increase occurring on the inboard blade station .19R location. The chord bending at
0.45R showed a 45% increase in loads and a 6% reduction inboard of the blade lag hinge.
Blade torsion also increased 6% to 11%.
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Figure 17. Increase in 4/Rev Hub Vibratory Loads Figure 18. Change in Alternating Blade Loads
Due to Twist increase Due fo Increased Twist
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8.1 Airspeed Sensitivity

The 4 per rev hub longitudinal forces for the 11.5° and 17.3° blade twists are present-
‘ed in Figure 19 as a function of advance ratio. The increase in loads due to twist
grows with increasing airspeed up to an advance ratio of 0.35 and remaing constant be-
yond. Alternating blade chord moment at 0.45R showed an increase in load due to twist
as noted in Figure 20. The alternating blade flap locads, shown in Figure 21, are con-
sistently higher for the blade with 17.3° twist with the general trend indicating an
increase in the increment with airspeed at all radial positions.

8.2 Thrust Sensitivity

The effect of rotor thrust coefficient CT/G on the vibratory longitudinal hub forces
is presented in Figure 22 for an advance ratio {(u) of 0.4. The 17.3° twist blade has
consistently higher loads with the increment tending to grow with airspeed. The alter-
nating flap and chordwise blade bending moments show trends similar to the 4 per rev
hub loads.

9.0 IMPLICATIONS OF TWIST DATA FOR FUTURE ROTORS

The implication of this test is that geometric twist increases cannot be utilized to
increase hover performance for advanced high speed rotors because of the inherent for-
ward flight performance and vibration penalties. 1990 design reguirements will proba-
bly require cruise speeds of 180 kt to 200 kt. Analytical studies indicate that
employing large non-linear geometric twist distributions is not effective for advanced
rotors at the 180 kt to 200 kt airspeeds due to the large negative lift created on the
advancing blade. One possible solution is the use of live twist to reduce the cruise
penalties. Blades can have considerable live twist as described in References 7 and 8.
By tailoring the blade planform, static twist and blade  properties as suggested in
Reference 7, the blade can potentially have an azimuthal variation in twist that will
negate the advancing blade performance and vibration problems. Reference 8 describes
some recent work utilizing sweep and tailored blade properties to minimize vibration.
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Figure 19. Effect of Twist on 4/Rev Longitudinal . Figure 20. Effect of Twist on Alternating
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