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SYMBOLS 

a0 coning angle, degrees 

a^ longitudinal flapping angle with respect to control axis, 
degrees 

Als lateral cyclic pitch, degrees 

b number of blades 

b^ lateral flapping angle with respect to control axis, degrees 

Big longitudinal cyclic pitch, degrees 

c blade chord, feet 

c\ rotor blade first mode edgewise tending 

C2 rotor blade second mode edgewise bending 

Cj airfoil section drag coefficient 

Q airfoil section lift coefficient 

C[)/(J rotor drag coefficient-solidity ratio, D/TT R^p ( illl)2a 

C] /cr rotor lift coefficient-solidity ratio, L/TT R~p ( i). R)2 O" 

C'|- rotor thrust coefficient, T/TT \\2p ( fl, K)2 

C^/cr rotor torque coefficient-solidity ratio,  Q/TT K~p { Q,R)~R<j 

D parasite drag,  pounds 

f equivalent parasite area, square feet,  D/q 

f| rotor blade first mode flatwise bending 

in rotor blade second mode flatwise bending 

FM rotor figure of merit in hovering,  0.707 C-p '   /Cp. 

rotor shaft horsepower 

xu 



L rotor lift,pounds 

M Mach number 

M(x)(v|/) Mach number at radius station x, and azimuth position,v|/ 

q free stream dynamic pressure, pounds per square foot 

Q rotor shaft torque, pound feet 

r radius to local blade station 

R rotor radius, feet 

T rotor thrust, pounds 

v rotor induced velocity, feet per second 

V forward speed, feet per second or knots, as appropriate 

x non-dimensional radius ratio,  r/R 

a rotor angle of attack, degrees, angle between control axis 
and perpendicular to flight path 

fli first harmonic flapping angle with respect to shaft axis, 
degrees 

S mean blade section profile drag coefficient 

9. 75R collective pitch angle at 75 percent rotor radius 

X inflow ratio,  V sin a - V / Si R 

fj, advance ratio,  V/ fl, R 

p mass density of air,  slugs per cubic foot 

(T rotor solidity,  bc/TT  R 

\^/ azimuth angle, degrees, measured from downward position, 
in direction of rotation 

ft rotor angular velocity,  radians per second 

\U! 



I   SUMMARY 

An analytical and experimental program was conducted to 
determine the degree of correlation between theoretical and ex- 
perimental model rotor performance over a range of forward 
speeds of 100 to 161 knots and tip speeds of 580 to 850 feet per 
second.   The theory utilized synthesized airfoil data derived 
from hovering tests, and included both stall and compressibility 
effects.   The model blades were dynamieally scaled from the 
Sikorsky S-56 main rotor blades. 

Theory and experiment correlate well below the theoretically 
predicted stall boundary, but above stall the theory is unduly con- 
servative in estimating rotor power required. 

The effects of compressibility on rotor power loading can be 
accurately predicted.   A rotor with an NACA 0012 airfoil section 
incurs severe penalties in profile power when the advancing tip 
Maeh number exceeds 0. 85 to 0. 90. 

Significant amounts of model rotor blade dynamic twisting 
(up to 5 degrees change in pitch at the 3/4 radius station) occur 
both in hovering and in forward flight.   Such twisting must be 
taken into account to properly synthesize airfoil data from hover- 
ing tests.   The inclusion of dynamic twist in forAvard flight cal- 
culations significantly improves the correlation of theory and 
experiment at a given collective pitch and helps somewhat to 
reduce the overly conservative prediction of rotor power required 
at a given lift and propulsive force. 

The investigation Was jointly sponsored by the United States 
Army Transportation Research Command and Sikorsky Aircraft. 



II   CONCLUSIONS 

A comparison of the results of an experimental and theoretical 
investigation of the performance of a dynamically scaled model 
helicopter rotor in hovering and forward flight leads to the following 
principal conclusions. 

1. Theoretical forward flight calculations based on synthesized 
airfoil data which include stall and compressibility effects accurately 
predict the rotor power required below the theoretically determined 
stall limit.   Above stall, theory becomes increasingly conservative 
as rotor lift or propulsive force is increased. 

2. The calculated effects of compressibility on rotor power 
required agree with experimental results.    For rotors with an NACA 
0012 airfoil section serious compressibility losses are incurred when 
the advancing tip Mach number exceeds 0. 85 to 0. 90. 

3. Model rotor blades which are representative of present day 
construction in regards to stiffness undergo substantial changes in 
pitch under rotation due to dynamic twisting effects.    Inclusion of 
such twist is mandatory to synthesize reliable airfoil data from 
hovering tests.    The inclusion of dynamic twist in forward flight 
resuks in substantial improvements in the correlation of theoretical 
and experimental rotor performance at a given collective pitch. 
Even when rotor performance is cross plotted to eliminate collective 
pitch as a variable, the inclusion of dynamic twist in the calculation 
procedure changes the theoretical performance such as to bring it 
into closer agreement with experiment, particularly at high rotor 
loading conditions. 

4. An approximate inclusion of the effects of radial flow on 
rotor profile torque appears to improve the correlation of theory 
and experiment at advance ratios on the order of 0. 5. 

5. The experimental rotor control requirements (collective 
pitch, longitudinal cyclic pilch, and lateral cyclic pitch) arc 
generally one to two degrees greater than the predicted values. 



Ill   RECOMMENDATIONS 

Additional theoretical research, supported by experimental 
verification, is required in the following two areas to improve 
the correlation of theoretical and experimental rotor performance. 

1. Determine which factors are not presently accounted for 
by theory that result in an overly conservative prediction of rotor 
blade stall.   The investigation should include consideration of: 

a. The centrifugal field and radial pressure gradient 
effects on the boundary layer.    Such effects may be 
less significant full scale than ar model scale due to 
the relatively thinner boundary layer and therefore 
full scale experimentation is required. 

b. Unsteady airfoil effects. 

c. Variable induced velocity distribution. 

2. Perform an analysis more rigorous than those to date to 
determine the quantitative effects of radial flow on rotor profile 
torque and rotor drag. 



IV  INTRODUCTION 

Classical rotoi- aerodynamic theories, such as References 1 
and 2, appear to be inadequate for design of modern high perform- 
ance helicopters due to the neglect of the effects of the rotor blade 
stall and of the effects of compressibility on performance, stability, 
and control.   To minimize such limitations, more exact equations 
describing the operation of the rotor were derived, such as Refer- 
ence 3, which eliminated the customary small angle assumptions 
and provided for the inclusion of non-linear airfoil section charac- 
teristics.   Solution of such equations is accomplished through the 
use of numerical integration techniques involving high speed com- 
puting machines. 

The purpose of the present investigation was to determine the 
degree of correlation between experimental rotor performance 
obtained from wind tunnel tests of a dynamically scaled model 
rotor with the theoretical performance predicted by the numerical 
approach described above.    Dynamic similarity between model 
and full scale rotor blades is required to include the effects of 
realistic aeroelastic deformations on rotor performance and to 
obtain useful blade stresses.    Because of the uncertainty of the 
validity of applying airfoil section characteristics derived from 
two-dimensional wind tunnel data to a rotor which experiences 
three-dimensional flow, the airfoil characteristics were synthe- 
sized from hovering tests of the rotor which was used in the wind 
tunnel program. 

The investigation was jointly sponsored by the United States 
Army Transportation Research Command and Sikorsky Aircraft 
under Contract DA 44-177^0-^48. 



V   DESCRIPTION OF MODUL AND FACILITIES 

Rotor Blades 

The rotor blades are 9 feet in diameter, 2. 69 inch chord with 
an NACA 0012 airfoil section and are dynamically scaled from the 
Sikorsky S-56 (H-37, HR2S) main rotor blades at a design tip speed 
of 696 feet per second.   A five bladed rotor head was used for the 
program which results in a rotor solidity of 0. 079.    Figure 1 shows 
the component parts of a model blade and also a fully assembled 
blade.   The S-56 rotor blade is composed of a hollow extruded 
aluminum spar to which trailing edge pockets, fabricated of alum- 
inum ribs and skin, are bonded.    The model spar is built up of 
formed 7075 aluminum sheet bonded together.   The trailing edge 
pockets are composed of balsa wood ribs covered with Mylar coated 
paper.   Five normal bending, five chordwise, and four torsional 
strain gages are located on the spar of one of the five blades at 
positions shown in the accompanying table. 

% Radius/T ype Flatwise Cho rdwise Torsion 
Bending Be tiding 

17.4 X 

21.0 X X 

33.4 X X 

36.3 X 

47.2 X X 

63.9 X X 

69.0 X 

80.5 X X 

91.0 X 

Due to periodic instrumentation difficulties, not all of the sti'ain 
gages were functioning throughout the program.    Figure 2 compares 
the frequency characteristics of model and full scale rotor blades. 

Static Test Apparatus 

Hovering tests were conducted on the Sikorsky 1000 horsepower 
Tail Rotor Precession   Test Stand,  shown in figure 3.     The rotor disc 
is in a vertical plane.     The upper gear lx)x and horizontal drive shaft 
are supported in flexures to permit axial movement of the assembly, 
which is restrained by a Baldwin load cell to measure rotor thrust. 



Rotor torque is normally measured below the gear box but for the 
present test a special dual capacity strain gage torque spool was in- 
corporated into the horizontal drive shaft behind the rotor head to 
eliminate any torque tares in the drive system.    The two torque 
measurements agreed within 3% - the difference chargeable to the 
gear box losses.    Clifton rotary transformers were located on the 
flapping and lag hinge axes to measure blade motions which were 
recorded on a Consolidated Recording Oscillograph.    Rotor thrust 
and torque were recorded on chart drive, damped precision poten- 
tiometers.    If there was any wind present,  the test stand was pre- 
cessed about a vertical axis to keep the rotor disc pointed edgewise 
into the wind and the method of Reference 4 was used to account for 
the effect of ambient wind on induced rotor torque.    Normally tests 
were conducted at less than 5 knot wind conditions and at Mach 
numbers below 0.5, at zero wind.    (The effects of ambient wind on 
rotor performance will be discussed subsequently. ) The estimated 
system accuracies are: 

thrust ±5 pounds 

low range      ± . 6 pound feet 
coique high range     ±1.8 pound feet 

blade motion ±1/4 degree 

RPM ±5 

Wind Tunnel 

Forward flight tests were conducted in the United Aircraft 
Corporation large subsonic wind tunnel,     ["his is a closed return 
tunnel powered by a 9000 horsepower motor and has a maximum 
tunnel speed ot approximately 175 knots.    The test section is 
octagonal in cross section,  18 feet across the flats.    Remote 
contirdled air exchangers are employed to maintain constant 
stagnation temperature during operation.    Figure 4 is an artist 
drawing which shows the general arrangement of the tunnel. 

Helicopter Rotor  lest Rig 

The helicopter rotor test rig is equipped with a six com- 
ponent strain gage balance and is powered by a variable frequency 
electric motor    rated at 375 horsepower   at 6000 RPM.    Figure 
5a shows an overall view of the rig mounted in the wind tunnel and 
figure 5b shows the details of the hub and swash plate area.    The 
five bladcd hub (identical to that used for the static tests) is 
equipped with coincident flapping and lagging hinges located at 



Ü. 056 radius.   Lagging motion is restrained by friction dampers. 
Clifton rotary transformers are used to sense flapping and lagging 
motion.   A conventional swash plate is driven by three precision 
electric actuators whose position is sensed by slide wire potentio- 
meters integral with the actuators.   Collective and cyclic pitch are 
remotely set in from a servo system in the wind tunnel control room 
and the yaw table of the wind tunnel provides variation in shaft angle 
of attack.    An instrumentation plate is mounted in the rotor head and 
contains dummy half bridges to complement the active strain gages 
on the rotor blade. 

The drive motor is supported by frictionless hydrostatic oil 
bearings.   The motor case is restrained from rotation by a strain 
gage torque beam to measure rotor power.   Axial displacement of 
the motor-shaft system is limited by a strain gage thrust beam.    A 
four component strain gage balance supports the rotor head and shaft 
and measures longitudinal force,  lateral force, hub rolling moment, 
and hub pitching moment.    Electrical signals are transmitted from 
the rotating to the stationary system through a 100 channel slip ring 
assembly. 

Dynamic data from the rotor test rig are recorded on a 20 
channel EPSCO data acquisition system.    Each channel is scanned 
from 20 to 36 times per revolution, depending on rotor speed, for 
10 revolutions.   The information is received from the rig in analog 
form, digitized, and recorded on magnetic tape.    At the completion 
of each run,  the data are transmitted to an IBM 7090 data processing 
unit and reduced.     The EPSCO unit has a visual display of all 20 
channels of information in bargraph form, a two-channel oscilloscope, 
and a six-channel direct writing oscillograph, all of which may be 
used for monitoring purposes during the course of testing. 

Two data reduction programs are available.     The primary pro- 
gram reduces the six component performance data to dimensional 
and coefficient form in Che wind axis system including a tunnel wall 
correction to rotor angle of attack similar to that of Reference 5. 
Normally the correction is less than 1 degree.    Tare forces and 
moments on the rotor hub (obtained from measurements with blades 
off) are subtracted from the measured data so that the reduced per- 
formance corresponds to the rotor blades alone.    Blade motion and 
blade stress data are reduced to average and peak to peak values. 

A second data reduction program is available which will perform 
an harmonic analysis of any or all of the 20 channels of information. 
Due to the expensive nature of such a program,   it is normally used 
only for detailed analysis of specific data areas. 



VI   PRl£SL£NTATION AND DISCUSSION OF IlliSULTS 

A.   1 [pvering Phase 

The airfoil section characteristics were synthesized from the 
experimental hovering data by a method similar to that of Reference 
6.     The theoretical hovering performance prediction method is based 
on strip analysis wherein the rotor blade induced velocity is de lived 
from a balance of blade element-momentum forces and a tip loss 
factor of 0. 97 is assumed to account for the shed vorticity at the 
blade tip.    No small angle assumptions are employed.    Such a method 
is commonly used and results in good correlation with overall hover- 
ing performance.   However, figure 9 of Reference 7 shows that the 
calculated spanwise loading distribution obtained by such a technique, 
using two-dimensional data, does not completely check experimental 
results either due to the assumption of two-dimensional flow or due 
to the assumed independence of adjacent blade elements.   Such limita- 
tions are also inherent in the present synthesized airfoil data. 

In the process of synthesization,  unreasonably low lift curve 
slopes were generated at the higher Mach numbers and/or high 
blade angles.    Analysis of the torsional moments on the rotor blade 
showed that significant amounts of dynamic twist were present at 
certain conditions.    The torsional moment distribution versus radius 
was combined with the experimentally determined torsional stiffness 
distribution to calculate the actual blade pitch, and twist distribution, 
for each operating condition.    Considerable effort is involved in such 
calculations but it is required for a proper interpretation of the air- 
foil data.   Figure 6 presents the calculated values of dynamic pitch 
change at the 3/4 radius station versus the nominal, or nonrotating 
collective pitch for the range of tip Mach numbers - note that up to 
5 degrees change in collective pitch is shown. 

As a checkon the calculated values of rotor blade dynamic twist 
some photographs of the blade tip were taken.    Due to the very high 
noise levels generated by the model rotor at high tip Mach numbers, 
night time testing is not possible and the photography had to be done 
during daylight hours.    Highly reflective "Scotchlite" strips were 
mounted on the tip of one blade and on targets at the Wade cuff to 
increase die intensity of the reflected light but the combination of 
the bright background,  small chord, and high tip speed made the 
task of obtaining clear photos extremely difficult.     Kight separate 
photos of the blade tip angle were obtained for the condition of a 
nominal collective pitch angle 9 751;= 13 degrees and a tip Mach number 



of 0. 7.   The calculated dynamic twist at the blade tip, as obtained from 
the torsion measurements was 1.5 degrees.    The average of the photo- 
graphic measurements checked the calculated value within 0.5 degrees. 
Figure 7 is a sample photograph of the blade tip.    For future work on 
small scale high speed rotors, the torsional stress measurement 
technique is superior to the photographic technique, and at any scale 
the former method has the very significant advantage that the com- 
plete blade twist distribution is obtained rather than only the value of 
twist at the blade tip. 

Figure 8 presents the variation of experimental thrust coefficient 
versus torque coefficient for tip Mach numbers of . 3,  . 4,  . 5,  .6, .7, 
.8,  .9, and . 95, and contains data from two separate tests.   The open 
symbols represent data obtained during the first test program in 
November when zero ambient wind conditions are difficult to obtain. 
The solid symbol represent similar data obtained during a May test 
program when zero wind conditions are readily attainable.    At tip 
Mach numbers of Ü. 3 and Ü. 4, figure 8a, where maximum rotor thrust 
and therefore maximum section lift coefficients are attainable there is 
a significant difference in rotor performance between the two sets of 
data.   A similar effect was noticed in Reference 8.    Inasmuch as it 
can be reasoned, as in Reference 8, that the lower values of maximum 
thrust are due to ambient wind conditions,  these data points were dis- 
regarded in fairing the curves and in synthesizing the airfoil data. 

Figure 9 presents thrust coefficient versus corrected collective 
pitch for the range of tip Mach numbers of 0. 3 to 0. LX5. 

The effect of tip Mach number on rotor hovering figure of merit 
is shown in figure 10.     The maximum figure of merit is constan: up 
to a tip Mach number of 0.7 although some compressibility losses 
are evidenced above Cr o   = 0. 09 at 0.7 Mach number.    Also in- 
cluded on figure 10 for comparison purposes is an experimental 
curve for figure of merit for a full scale 11-37 rotor at a tip Mach 
number of ().(■>.     The model rotor has a substantially lower figure 
of merit throughout the operating range,  attributable to the low 
Reynolds number of the model tests.    From a comparison such as 
is made in figure 10 it would be expected that the airfoil section 
characteristics for the model would be appreciably different than 
for full scale rotors and also that the forward flight model rotor 
performance potentials would be significantly less than for a full 
scale rotor. 

The synthesized airfoil section data are presented in figure 1 1 
s lift coefficient and drag coefficient versus .mule of attack at con- 



stant Mach number and as drag coefficient versus Mach number at 
constant angle of attack.    The end point of each curve of figures Ha- 
lle is the limit of the experimental data as determined by available 
lag angle (45 degrees) or power.   Hie dashed lines represent the 
estimated section characteristics beyond the limit of the experi- 
mental data,   nie variation of lift curve slope with Mach number 
is consistant with the usual experimental results or theory such as 
the Prandtl-dauert rule.   The increase in maximum lift coefficient 
from a Mach number of 0.1 to Ü. 3 is attributed to Reynolds number 
effects.    (For the model rotor the relation between Reynolds number 
and Mach number is RN = 1. 56 x KF x M at NACA standard conditions.) 
Similarly the greater than normal curvature at low angles of attack 
is attributed to low Reynolds number separation.    The rate of growth 
of drag coefficient with angle of attack at low angles is greater than 
normally anticipated but is appropriate for the low test Reynolds 
numbers and is consistent with the curvature of the lift data. 

In and near the reversed flow region extremely large variation 
in angles are encountered, but at low Mach numbers.   Therefore, 
figure lid was prepared to cover the 0 to 18U degrees angle range, 
based on Reference 9, but adjusted for Reynolds numbers appropriate 
to the model tests. 

As shown in figure 1    inboard of approximately 25 per cent radius 
the rotor blade is composed of a spar section only, equivalent to a 
0012 airfoil section with the rear 60 per cent cut off.    To be able to 
account for the contribution of the spar section to the rotor forces 
in forward flight, a low speed two-dimensional wind tunnel test was 
run on an actual rotor blade spar section.    The results are shown 
in figure 12 and were used in all forward flight calculations.   (The 
unusually high maximum lift coefficient is due to the i.act that spar 
chord is used as a reference, and not the full airfoil chord.    The 
percentage reduction in reference area is greater than the percent- 
age reduction in section lift due to the removal of the rear part of 
the airfoil section.) 

B.    Forward Flight Phase 

1.    Experimental and Analytical Techniques -  The wind tunnel 
testing procedure is to set a desired tip speed, shaft angle of attack, 
and tunnel speed.   The minimum value of collective pitch at each 
shaft angle is the value required for approximately zero lift, and 
at each collective pitch angle, longitudinal and lateral cyclic pitch 
are adjusted to eliminate first harmonic flapping with respect to 
the rotor shaft.   The maximum collective pitch is determined by 
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a limiting combined flatwise and edgewise vibratory blade stress at 
any radial station of ±10, 000 psi. 

Inasmuch as the limitations to classical rotor theory, described 
in the introduction, are well known, the primary emphasis of the 
theoretical treatment will be placed on the numerical integration, 
non-linear approach to the calculation of rotor performance, such 
as is described in Reference 3.   An IBM 7090 or Philco 2000 
electronic data processing unit is used to solve the differential 
equations of blade flapping and to perform the necessary force and 
moment integrations.   For given inflow ratio, X , advance ratio, [J, , 
collective pitch angle, 0 75^, and assumed starting values of flapping 
angle, flapping velocity, and flapping acceleration, the time history 
of flapping motion is calculated for finite increments of azimuth until 
a steady solution is determined.    Equilibrium is defined as the con- 
dition where the flapping angle and flapping velocity repeat within 
0. 001 radian for successive revolutions.   The forces acting on the 
rotor blade are calculated at fifteen radial stations and a variable 
number of azimuth increments depending on the advance ratio.   At 
advance ratios below 0. 4, increments in azimuth of 2U to 30 degrees 
are appropriate, but at greater advance ratios,  reduction in the 
azimuth increments to 10 degrees is required.   The use of too large 
an increment in azimuth position at moderate to high advance ratios 
can result in gross errors in performance.    For single point calcu- 
lations, the program has an option of iterating on pitch angle, 675^ 
and inflow ratio, X , to provide a specified value of rotor lift and 
propulsive force.   The primary simplifying assumptions in the 
generalized rotor theory are: 

a. uniform inflow 

b. rigid blade 

c. no radial flow effects 

d. no unsteady effects 

The following forward flight conditions were investigated both 
theoretically and experimentally. 
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The first three operating conditions were chosen to invest- 
igate the effects of a variation in forward speed, at constant tip 
speed, similar to present day helicopter operation.   The second 
group relates the effects of varying tip speed (tip Mach number) 
at a high constant forward speed. Inasmuch as the method of 
presentation of the theoretical and experimental rotor perform- 
ance and blade motions is identical for all conditions, a sample 
of the basic data will be given and the more important results of 
both groups of data summarized in general form.   The complete 
basic performance and blade motion data are presented in 
Appendix I. 

2.   Constant Tip Speed Operation  - Figure 13 presents the 
theoretical variation oTlift coefficient-solidity ratio, C^/a   , 
drag coefficient-solidity ratio, C^/cr  , torque coefficient- 
solidity ratio, CQ/CT   , coning angle, ao , longitudinal flapping 
angle, a^    , and lateral flapping angle, b^   , with rotor angle 
of attack, CL   , at various nominal collective pitch angles for the 
condition of 100 knots forward speed and 650 feet per second Lip 
speed.   Note that as the data are for a constant advance ratio 
(ie. , a constant forward speed and tip speed) the tip speed ratio, 
Vcos Q / A, R' varies with rotor angle of attack.   Therefore, the 
rotor lift curve slope, which is proportional to tip speed ratio, 
varies accordingly with rotor angle.   The dashed lines in figure 
13a   noted as the stall limit, is the theoretically determined on- 
set of rotor blade stall.    Early stall criteria such as the blade 
section angle of attack at the retreating tip are not applicable 
when compressibility effects are present as there no longer is 
a discrete stall angle.     Therefore,  the rotor stall criteria of the 
present study is based on a limiting profile drag torque coef- 
ficient defined as foUows: 

J   Cdo    p/2   ( UK)-   uT-   c r dr 
C 
^ 7rR2p(nR)2 

i\ 

The limiting section drag coefficient     c^|0   = 0. 15 and uT = 0. 4. 
CCJQ      corresponds approximately to the drag coefficient at the 
section angle of attack just past maximum lift coefficient at most 
Mach numbers.    When the limiting value of profile drag torque 
is exceeded at any azimuth on the retreating side of the rotor 
disc, the rotor is considered to be entering the stalled region. 
Figure 1 3c and similar plots at other conditions shows that the 

13 



theoretical stall limit generally corresponds to the point of inflec- 
tion of the CQ/CT   vs. a   curves.    As will be pointed out later in tiie 
comparison 01 experimental and theoretical rotor performance, the 
calculated stall limit in general also approximates the point at which 
the theoretical calculations diverge from experiment after which 
point the theory becomes conservative. 

Figure 14 presents the experimental basic rotor performance 
and blade motions vs.  rotor angle of attack ar constant collective 
pitch.    As discussed in the previous section on experimental tech- 
niques, the model rotor is operated in the wind tunnel such that the 
first harmonic blade flapping with respect to the shaft is trimmed 
to zero.   Therefore, the longitudinal and lateral flapping coeffi- 
cients presented in figure 14e and f and other similar figures may 
also be interpreted as  ai = Big and b^ = - Ais. 

The theoretical and experimental variation of lift with rotor 
angle of attack in figures 13 and 14 is generally similar but the 
theoretical maximum lift capability is less than experiment, as 
shown by the comparison in figure 14a at 9 751^~ 1C degrees.   The 
absolute rotor maximum lift is even greater man indicated in fig- 
ure 14a Decause tne upper limit of collective pitcn is determined ny 
vibratory stress limits, as discussed earlier.   In figures 13b and 
14b tneory and experiment show a similar variation of drag with an- 
gle of attack, but for a given collective pitch angle,  tneory predicts 
a greater propulsive force as in figure 14b.    Tne most striking dif- 
ference oetween figures 13c and 14c which present CQ/CT versus a, 
is tnat at a constant pitch, as rotor angle of attack is increased 
algebraically tneory predicts a rapid increase in torque, corres- 
ponding to rotor blade stall, but no such evidence is given by ex- 
periment.    However,  it will be shown later tnat comparison of tne 
individual tncorctical and experimental model rotor torces at a 
given value of collective pitch is not significant due to dynamic 
twisting effects.   Therefore, overall rotor performance is present- 
ed in figure 15 as Cn/c versus Cf)/cr at selected values of C] /cr , 
a method of presentation which eliminates blade pitch angle and 
rotor angle of attack as a variable.   Theory and experiment agree 
well at low lift and the tneory is generally conservative with an in- 
creasing divergence from experiment as rotor lift is increased. 

Figure 16 compares theoreticol and experimental blade motions 
versus CQ/CT at two values of C^/cr  , for the same forward speed 
of 100 knots and tip speed of 650 feet per second.   Generally, the 
experimental values are greater than the calculated blade motions. 
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Because the longitudinal flapping, aj    , is equivalent to the longitu- 
dinal cyclic pitch, Bis, and the lateral flapping, bj, is equivalent 
to the lateral cyclic pitch,  A|s, the predicted control motions are 
unconservative and more control displacement is required than 
predicted by theory-the reverse of the comparison of rotor per- 
formance.    Surprisingly good agreement is shown for collective 
pitch, on the cross plot basis of figure lod,   when the effects of dy- 
namic blade twist, to be discussed subsequently, are considered. 

Similar rotor performance and Dlade motion data are presented 
in Appendix 1 as figures 29-32, for V = 125 knots,    £IR = 650 feet 
per second and in figures 33-36 for V = 150 knots,    U R = 650 feet 
per second. 

Because the discrepancies between calculated and measured 
rotor performance in the regime of theoretically predicted stall, 
and because of the significant effects of dynamic twist that were 
encountered in hovering,  the effects of rotor blade dynamic twist 
in forward flight was investigated.    The condition selected was a 
nominal collective pitch angle of 12 degrees at V - 150 knots and 

£IR = 650 feet per second for a range of rotor angle of attack. 
As the available theory does not include torsional flexibility the 
changes in rotor blade pitch angle and twist distribution were 
calculated from the wind tunnel blade torsional stress measure- 
ments. 

The computing program was modified so that blade pitch 
could be varied in any fashion with radius and azimuth, as an 
input item.    The radial distribution of torsion moment as deter- 
mined from blade torsion strain gages was plotted versus azimuth. 
At 10 degree increments in azimuth the torsion moment distribution 
was combined with the experimentally determined rotor blade tor- 
sional stiffness to calculate the incremental change in blade twist, 
and therefore,  pitch angle.    Approximately four man weeks of 
calculation were required to evaluate the dynamic twist change 
for a single nominal blade pitch angle.     The resulting local pitch 
angles and twist distributions were incorporated in the analytical 
performance prediction program and the results are given in 
figure 17.      In figure 17a the inclusion of dynamic twist in Me 
standard theory results in i\ general shift in the lift curve and 
the two theoretical calculations bracket the experimental line. 
A similar comparison is made in figure 17b for drag coefficient- 
solidity ratio versus angle of attack.     The effect of including 
dynamic twist is to bring the theory into substantially better 
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agreement with experiment at consuini eollecdve pitch particularly 
in the region of maximum prnpulsive force.    A similar beneficial 
effect is shown in figure 17c which piesents torque coefficient- 
solidity ratio versus rotor angle of attack.    Not only does theory 
and experiment agree weli below stall,  but in the theoretically 
predicted stalled region substantial reductions in the discrepancy 
between calculated and measured torque are achieved.    An over- 
all comparison between the two calculated me!hods is made in 
figure 17d, as CQ/CT    versus C^^/cr  at constant ('i./cx    so that 
collective pitch and rotor angle of attack are eliminated as 
variables.     The solid line is rigid blade theory while the square 
symbols represent the theory including dynamic twist effects.    At 
low and moderate values of lift coefficient-solidity ratio,  little or 
no effect is shown,  but at high lift loadings the calculated rotor 
performance based on rigid blade theory becomes increasingly 
pessimistic.    (The dashed lines of figure 17d connect points of 
equal nominal collective pitch for both theoretical calculations. ) 

Comparison of theory and experiment m figure I7d shows that 
even with the inclusion of dynamic twist there are still substantial 
differences between the overall analytical and experimental rotor 
performance at high values of lift coefficient-solidity ratio.    The 
divergence between theory and experiment in stall can best be 
seen in figure IS which compares the two on the basis of CQ/CJ 

versus Ci /cr  at constant values ol t/v  K- for forward speeds 
of 100,  125,  and 150 knots at a tip speed of 650 feet per second. 
A parasite area of one percent of the disc area is typical of a 
moderately clean helicopter and a parasite area of one-half 
percent of the disc area is typical of a modern high speed,  high 
performance helicopter such as described in Reference 10.    The 
theoretical onset of rotor blade stall is noted on figure IS as a 
dotted line,    higure 18 shows thai while the calculated rotor torque 
is essentially identical   to the measured value at low values of 
rotor lift,  there is a constant divergence between the two as rotui 
lift is increased.    Fortunately, the calculated torque is conserva- 
tive,     The reason for the continuous divergence between theory 
and experiment in figure 18a,  and to a lesser extent in figure 18b 
from the lowest values of Ci /O"    ,  is not known,    As can be seen 
from figure 2^.  to IXJ presented subsequently,  the calculated stall 
line is generally a good indication of the point at which tlie theor- 
etical rotor torque begins to diverge from the experimental value. 
It has not been determined which factors are present in practice 
that are not accounted for b) theory to postpone rotor stall well 
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past the theoretically predicted region.    It is proposed that the 
centrifugal effects on the boundary layer air attached to the rotor 
blade and/or the spanwise pressure gradient due to aerodynamic 
loading may provide an automatic boundary layer control for the 
rotor.    An attempt was made to partially account tor such 
phenomena by synthesizing airfoil data from hovering tests 
rather than using two-dimensional wind tunnel data but both the 
centripetal   acceleration and the radial aerodynamic pressure 
gradient are greater in forward flight than in hovering.    Therefore, 
such effects merit further consideration.   The calculated angle of 
attack distribution and therefore the rotor forces are in error to 
the extent that the actual induced velocity differs from the assumed 
uniform value, but there is no method available at present to 
determine the true induced velocity distribution.  The effects of a 
variation in inflow would be greatest at the lowest advance ratio, 
figure 18a, and would decrease as advance ratio increased.    Part 
of the discrepancy may also arise from the assumption of the 
applicability of steady state airfoil data, as an airfoil undergoing 
oscillation in angle of attack,  such as a rotor blade section does, 
is known to attain significant increases in maximum lift coefficient. 
Inclusion of such effects is beyond the scope of the present report 
but merits further study.    The unsteady effect cannot be the total 
answer,  however, as Reference 11 shows that even in the case of 
a propeller in axial flight where no unsteady effects are present, 
a theory based on strip analysis and two-dimensional airfoil data 
predicts blade stalling considerably before stall actually occured 
on the propeller 

Figures 19 and 20 respectively, compare the calculated and 
measured power loading and control requirements versus forward 
speed for a given lift coefficient-solidity ratio and parasite area 
at a tip speed of 650 feet per second.    Two conditions:   C[ /cr  = 
0. 04, f/TT   R2 = 0. 005 and Cr /cr   = 0. 06, f/TT R2 = o. 010, were 
chosen to represent, from figure 18, a condition typical of oper- 
ation below and above the theoretical stall limit.    Below stall, 
C] /a  = 0. 04, the theoretical power loading is slightly conser- 
vative but at C| /a   = 0. 06 the theory would predict considerably 
greater rotor horsepower required than is needed in practice. 
Examination of figure 20 however shows that theory is not con- 
servative in predicting the collective pitch and the cyclic pitch 
required for zero first harmonic flapping with respect to the 
shaft.    While the calculated variation of control displacement 
with forward speed matches experiment well,  the actual magni- 
tude differs in the order of one to two degrees.    Note that in 

17 



contrast, to the comparisons of rotor [Tower loading the relative 
correlation of predicted and measured control requirements is 
generally the same when the rotor is below or above the calcu- 
lated stall boundary. Hie differences between the calculated 
and measured control requirements may be partially explained 
by the experimental dynamic twisting of the model rotor blade in 
addition to the possible effects of flatwise bending. 

3.    Constant Forward Speed Operation - Basic rotor per- 
formance and blade motion data are presented in Appendix 1 in 
a form similar to the data discussed previously for the conoitions 
of 161 knots forward speed and a  range of tip speeds of 580, 700, 
750, and 850 feet per second.    In addition, a very limited amount 
of data are presented for 800 feet per second operation.    In the 
section "Description of Equipment" it was noted that the model 
rotor blades are dynamically scaled from the Sikorsky 11-37 rotor 
at a design tip speed of 696 feet per second.    During testing at the 
high speed conditions of 161 knots forward speed and tip speeds of 
800 and 850 feet per second numerous failures of the blade pockets 
were encountered due to greater than design aerodynamic and 
centrifugal loading.    After obtaining a limited amount of data at 
800 feet per second tip speed by periodic repair or replacement 
of damaged blades it was decided to discontinue testing at this 
condition to insure that a more complete map could be obtained 
at the desired maximum tip speed of 850 feet per second wherein 
the advancing tip Mach number equals 1. 0.    Although limited in 
scope the 800 feet per second data a.re presented to help demon- 
strate more explicitly the trends with Mach number that are demon 
strated by the complete performance maps,    (It is interesting to 
note that the most frequent type of pocket failure at the high ad- 
vancing tip Mach num'ber conditions was a spanwise fracture of 
the paper  skin and balsa wood ribs of the pocket at approximately 
50 to 60 percent chord - probably due to the seve re repetitive 
loading of the once per revolution shock wave located in the region 
of the blade tip. )   Inasmuch as the method of presentation of the 
present group of data is  similar to that of previous conditions 
only the novel features and the summarized results will be dis- 
cussed. 

Figure 21 compares the theoretical and experimental variation 
of CQ/CT   with CQ/CT   at constant C\Jar   for V = 161 knots,   fl, R = 
SMOfcet per second.   Contrary to the results presented earlier, 
the calculated rotor torque is somewhat less than measured below 
the stall boundary,    li was hypothesized that the contribution of the 



radial component of local velocity at a blade section might be 
significant at an advance ratio as high as the present value, /x= 0. 47. 
Because such a phenomena is neglected in existing theory and con- 
siderable extension of the theory would be required to include radial 
velocity effects rigorously, a crude approximation was taken from 
Appendix II of Reference 12.   Simple theory without a radial velocity 
component gives rotor profile torque as: 

The approximate expression from Reference 12 with radial flow is 

CQo = ^   (1 + 4.65^2) 

The difference between the two expressions was calculated and added 
to the rotor profile torque as determined from the generalized rotor 
performance theory and the results are shown in figure 21.    The con- 
tribution to the total rotor torque is appreciable and results in an 
improved correlation between theory and experiment below the stall 
boundary.    A review of the cross plotted performance data at the 
various operating conditions similar to figure 21 shows that in general 
when the i-otor has attained a lift coefficient-solidity ratio of CL/O"   = 
Ü. 06, the calculated performance curve is displaced from the measured 
curve throughout the range of rotor drag due to the conservative pre- 
diction of rotor performance in stalled operation.   Note however in 
contrast that the basic theory of figure 21d at Cj /cr   = 0. 06 matches 
experiment exactly below stall.    Therefore, the inclusion of radial 
flow torque contribution makes the comparison in figure 21 more 
consistent with that of the other operating conditions previously dis- 
cussed and subsequent conditions. 

Due to the crude assumptions involved in the correction factor 
ol Reference 12, the effects of radial velocity in rotor performance 
will not he persued further in the present study, but this brief con- 
sideration indicates that a more refined treatment should be con- 
sidered for rotor performance calculations at advance ratios on the 
order of 0.5 or greater. 

As noted in the section on hovering performance, the hovering 
figure of merit for the model rotor was appreciably lower than 
that corresponding to a full scale geometrically similar rotor 
attributable to the reduced Reynolds number of the model tests. 
A similar comparison of model and full scale rotor performance 
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in forward flight is presented on a theoretical basis in figure 22 
for the condition of 161 knots toward speed and 700 feet per second 
tip speed.    For a given lift and propulsive force,  the full scale 
rotor torque is significantly less than that required by the model 
rotor.    Because the induced and parasite power is identical for 
both calculations at a given condition,  die difference in CQ/CT 
is due entirely to the increased profile drag coefficients of the 
model rotor blade sections. 

A comparison of the calculated and measured rotor performance 
and blade motions at an operating condition (V = 161 knots,   ,0,11 = 
850 feet per second) wherein the advancing tip Mach number equals 
1. 0 is made in figures 23 and 24.    In figure 23 the experimental and 
theoretical rotor torque required at a given lift and drag compare 
very well and in case of significant differences the theory is again 
generally conservative.     The differences between the calculated 
and measured rotor blade motions of figure; 24 are of the same 
order as encountered with the previously discussed operating con- 
ditions but note that the calculated blade motions are now greater, 
rather than less than the experimental values - the reverse of 
previous experience.    It cannot be determined whether the re- 
versal of trend is due to experimental error, an inadequacy in the 
tlieory, or to possible effects of dynamic twisting, which are pre- 
sumably large at this operating condition. 

The comparison of analytical and experimental rotor per- 
formance at 161 knots forward speed is made in figure 25 as 
CQ/CT    VS CJ /CT     at constant values of f/ TT R-.    Figures 25b, 
c, and d, at tip speed of 700,.  750, and 850 feet per second 
respectively, demonstrate excellent correlation between theory 
and experiment below the calculated stall boundary and the usual 
divergence above stall.    In figure 25, as in figure 21 previously, 
the standard generalized rotor performance method generally 
predicts less rotor torque below stall than measured.    However, 
the approximate inclusion of radial velocity effects,  described 

earlier and shown in figure 25a as a doited line,  improves the 
correlation. 

The effects of compressibility on rotor performance in for- 
ward flight, as determined by the change in rotor power loading 
with advancing tip Mach number, are demonstrated in figure 26 
both experimentally and theoretically.     The noted condition is for 
a forward speed of 161 knots,  a disc loading of 4 pounds per square 
foot and a parasite area of 0. 5 percent of the disc area.     The solid 



line of figure 26 wich symbols is experimental.   The dotted curve 
is theoretical including Mach number effects.   Good correlation 
between experiment and theory is obtained, except at a tip Mach 
number of O.To (ft = 0. 47) where the theoretical curve is stalled. 

Because the forward speed,  lift, and parasite area are con- 
stant in figure 26,  the increase in rotor power loading with 
advancing tip Mach number is entirely due to increased section 
profile drag.    However, as the tip Mach number is raised by in- 
creasing the tip speed, some change in power loading would be ex- 
pected, even in incompressible flow.    Therefore,  the dashed 
curve of figure 26,  based on airfoil section characteristics at 
M=0. 3, has been added to aid in the distinction LK;tween the pro- 
file power losses due to compressibility and those due to tip speed 
alone.    Referred to an advancing tip Mach number of 0. 85, the the- 
oretical increase in incompressible rotor profile power loading 
with Tp speed is noted on figure 26a as A(HP/L)on-    If this incre- 
ment is subtracted from the experimental increase in power load- 
ing between Mn  0)(c)(.))    ~ 0- 85 and !. 0, the remainder is due to 
compressibility losses only,  and is noted as A(HP/L)w     The same 
data are presented in figure 26b vs the cube of advancing tip Mach 
number, M^i, 0)(90)'    as an a^ ^n determining more precisely 
the Mach number for compressibility di'ag rise.   The experimen- 
tal data below a Mach number of about Ü. 85 and the uns tailed the- 
ory without compressibility effects both vary linearly with the cube 
of advancing tip Mach number, as might be expected.     The devia- 
tion of the experimental data from linearity at M/^  Q\ /C)Q\ = 1.0 
is attributed to compressibility losses and is labeled  AOlP/L)**, 
as in figure 26a.     The figure demonstrates that the advancing tip 
Mach number, ai least for rotors with ai NACA 0012 airfoil 
section,  should not exceed approximately 0. S7 to 0,90 in order 
to avoid serious compressibility losses. 

For the same conditions as in figure 26.  thai is 161 knots 
forward speed, 4 pounds per square foot disc loading and a 
parasite area of 0.5 percent of the disc area,  a comparison is 
made in figure 27 of the variation of rotor coning angle and con- 
trol requirements with advance ratio.     The advance ratio may 
also be converted to tip Mach number, as in figure 26,  but the 
latter parameter is not felt to be as significant in the present 
comparison as the advance ratio.    The calculated and measured 
coning angle and lateral cyclic pitch required correlate very well 
throughout the range.    The longitudinal cyclic pitch and collective 
pitch generally vary one to two degrees between theory and ex- 
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periment as has been demonstrated previously.    At the lowest 
advance ratio, ^i. = 0.32 the experimental values are less than 
calculated, as described in the earlier discussion of figure 24. 
Without further investigation,  the reasons for Che discrepancy 
between calculated and measured blade motions at the lowest 
advance ratio (highest Mach number) cannot be ascertained but 
rotor blade dynamic twisting may be a significant factor. 
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FIG.    1.    DYNAMICALLY SCALED BLADIi - EXPLODED VIEW 
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APPENDIX 1 

Basic rotor performance and blade motions, both theoretical 
and experimental, are presented in figures 28-50. 
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APPENDIX II 

Rotor blade vibratory stress amplitudes (equal to one-half 
the peak-to-peak stress) are presented in figures 51, 52, and 53, 
for the following conditions: 

Forward Speed, Tip Speed,  SIR, 
V, Knots feet per second 

161 580 
161 700 
161 750 

The section modulus for chordwise stresses is based on 
the distance from the neutral axis to the blade leading edge.   To 
obtain chordwise stresses corresponding to the trailing edge of 
the spar, the plotted stresses should be multiplied by 0.7. 
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