
(>. 

USMVLABS TECHNICAL REPORT 88-44 

QD 

^ WWD TUNNEL TESTS OF FULL-SCALE ROTORS OPERATING AT 
f HIGH ADVANCING TIP MACH NUMBERS AND ADVANCE RATIOS 

W. H. TANNER 
1. F. m WYCKKOUSE 

JULY 1988 

U. S. ARMY AVIATION MATERIEL LABORATORIES 
FORT EUSTIS, VIRGINIA 

CONTRACT DA 44-177-AMC-291(T) 
CONTRACT DAAJO2-67-C-0018 

BELL HELICOPTER COMPANY 
FORT WORTH, TEXAS 

This document has hcfn approved 
for public rflea.se und salt-, its 
distribution is unlimitvd. 

.o 



Disclainers 

The findings in this report are not to be construed as an official Depart- 
ment of the Army position unless so designated by other authorized docu- 
ments. 

When Government drawings, specifications, or other data are used for any 
purpose other than in connection with a definitely related Government 
procurement operation, the United States Government thereby incurs no 
responsibility nor any obligation whatsoever; and the fact that the 
Government may have formulated, furnished, or in any way supplied the said 
drawings, specifications, or other data is not to be regarded by implica- 
tion or otherwise as in any nu.nner licensing the holder or any other 
person or corporation, or conveying any rights or permission, to manufacture, 
use, or sell any patented Invention that may in any way be related thereto. 

Disposition Instructions 

Destroy this report when no longer needed. Do not return it to originator. 

cm» L/ 



• 

I 

y 

■ 

DEPARTMENT OF THE ARMY 
U. 1. ANMV AVIATION MATOOO. LABOHATOWES 

FOMT CUSTIS. VIRGINIA   Z9«04 

{ 

I i 
.■"■ 

This report has been re/iewed by the U. S. Army Aviation 

Materiel Laboratories and Is considered to be technically 

sound. The report Is published for the exchange of Infor- 

mation and the stimulation of Ideas. 



■ 

TASK  IF125901A13903 
Contract DA 4U-177-AMC-291(T) 

Task IF125901A14231 
Contract nAAj02-67-C-0018 

USAAVLABS Technical Report 68-44 
July 1968 

WIND TUNNEL TESTS OF FULL-SCALE ROTORS OPERATING AT 
HIGH ADVANCING TIP MACH NUMBERS AND ADVANCE RATIOS 

Bell Helicopter Report 576-099-001 

By 

W. H. Tanner 
J. F. Van Wyckhouse 

Prepared by 

Bell Helicopter Company 
A Division of Bell Aerospace Corporation 

Fort Worth, Texas 

for 

U.  S. ARMY AVIATION MATERIEL LABORATORIES 
FORT EUSTIS,  VIRGINIA 

This document has been approved 
for public release and sale; Its 
distribution is unlimited. 



i 

I 

. 
; 

% 

SUMMARY 

A joint U. S. Army Aviation Materiel Laboratories/ttASA-Ames/ 
Bell Helicopter Company experimental investigation of three 
full-scale sets of rotor blades was conducted in the NASA-Ames 
Large Scale Wind Tunnel. Tested were: (1) production UH-1D 
(NAGA 0üi2 profile) 48-foot-diameter blades, (2) modified 
UH-1D blades reduced in thickness at-the-tip, and (3) UH-1D 
blades reduced in diameter to 3^ feet. The production blades 
were evaluated at Mach numbers up to 0.95, the thin-tipped 
blades to Mach 1.025, and the 34-foot rotor to advance ratios 
of 0.79. The production and thin-tipped blades are compared 
to show the compressibility effects. At higher tip Mach num- 
bers, a significant reduction in power required was obtained 
with the thin-tipped blades. Additionally, the state of the 
art of calculating rotorcraft performance at high tip speeds 
and advance ratio is reviewed, and limited experimental data 
obtained with special boundary layer instrumentation installed 
at the 3/4 radius and surface pressure instrumentation in- 
stalled near the blade tip are presented. 
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FOREWORD 

The results from the full-scale rotor performance tests of a 
two-bladed semirigid rotor system are contained in this re- 
port. The tests wer«» conducted in the Large Scale Wind Tunnel 
at NASA-Ames Research Center.  The oroject was performed under 
Contracts DA 44-177-AMC-291(T) and DAAJ02-67-C-0018 under the 
technical cognizance of Patrick Cancro, Project Engineer, U. S. 
Army Aviation Materiel Laboratories, 

The assistance and cooperation of Advanced Engineering person- 
nel and the Engineering Laboratories of the Bell Helicopter 
Company and the active participation of John McCloud, III, and 
James Biggers of the NASA-Ames Research Center, in organizing 
and conducting the tests, are gratefully acknowledged.  The 
analytical techniques used in this report and the advanced 
instrumentation were developed as part of the Bell Helicopter 
Company Independent Research and Development program. 
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INTRODUCTION 

For years, the rule "do not exceed an advancing tip Mach num- 
ber of 0.8" was f3ccepted by most rotary-wing aerodynamicists, 

k*        However, as with most arbitrary rules, experience has modified 
this attitude.  In References 1 and 2, it is shown that there 
are real benefits to be obtained from high tip speeds if com- 
pressibility power losses can be minimized.  Furthermore, in 
the near future, rotorcraft operation at Mach 1.0 and above 
will become commonplace with (1) high-performance rotorcraft 
in maneuvers, especially in cold weather, and (2) many low- 
disc-loading composite-type aircraft.  Because of the high in- 
stalled power, composite aircraft will have the capability of 
obtaining high helicopter speeds (in excess of normal conver- 
sion speeds), which will result in high advancing tip Mach 
numbers. 

Fixed-wing aerodynamicists have largely been able to avoid the 
transonic region.  Until recently, rotary-wing aerodynamicists, 
busy with other facets of their unique aircraft, have neglected 
the complicated and little-understood compressibility effects. 
Supercritical rotor blade operation is a normal occurrence 
today.  Supersonic rotor blade tip operation can be expected 
to become commonplace if the speed potential of rotorcraft is 
to be fully realized. 

Also, high advance ratio flight will soon be commonplace. 
Studies (References 2 through k are  examples) have shown the 
compound helicopter to be an attractive configuration for 
achieving speeds of 250 knots and more.  Several compound 
research aircraft have flown and are flying at the present 
time.  In spite of the success of these research aircraft, 
experimental full-scale rotor data at high advance ratios 
taken under controlled conditions are extremely limited.  To 
help fill this gap, experimental information for a two-bladed 
semirigid rotor operating at high advance ratios is required. 

To achieve the ultimate potential as well as to understand the 
complex aerodynamic environment of today's high-performance 
rotorcraft, the theoretical and empirical aspects of rotor 
operation must be extended.  From this work, new rotor designs 
will be evolved which are capable of efficient operation in 
the transonic-supersonic regions, and at high advance ratios 
as compound helicopters. 

i 

This report presents results for a two-bladed semirigid rotor 
system for advancing blade tip Mach numbers to 1.025 and ad- 
vance ratios to 0.79.  The tests were conducted in the NASA- 
Ames Large Scale (40- x 80-foot) Wind Tunnel.  In addition to 
the basic rotor performance investigation, feasibility tests 
were conducted with a new instrument, the Boundary Layer 



Button, for measuring velocity, magnitude, and direction in 
and out of the boundary layer. Also, some airfoil surface 
pressure measurements were made at 0.98R, where present theory 
assumes the lift to be zero (tip loss factor). 



TEST EQUIPMENT 

ROTOR TEST MODULE 

v 

The rotor test module is showr.- in the NASA-Ames kO-  x 80-Foot 
Wind Tunnel (Figure 1). The stand includes a mounting frame, 
a UH-1 pylon system, a speed increaser gearbox, an electric 
drive motor, and an aerodynamic fairing. The mounting frame, 
pylon, and drive system are enclosed by an aerodynamic fairing 
of tear-drop shape. The maximum diameter of the fairing is 
6.66 feet, and the length is 22 feet. 

Figure 1. Full-Scale Rotor Wind Tunnel Test Module 
in NASA-Ames kO-  x 80-Foot Wind Tunnel. 



ROTORS 

Three two-bladed semirigid rotors using a UH-1D underslung 
teathering axis were tested.  The rotors tested were: 

- Standard UH-ID 48-foot-diameter, NACA 0012 airfoil 
Modified UH-ID ^8-foot-diameter blades incorporating 
reduced thickness tips 

- Standard UH-ID blades reduced to 3U-foot diameter 

The purpose of the reduced-diameter blades was to reduce the 
rotational velocity (flR) without requiring changes in the 
standard UH-1 transmission so that high advance ratios (V/flR) 
could be obtained. 

Complete details of these rotors are given in Appendix II, 

INSTRUMENTATION 

Instrumentation was installed to provide rotor and control 
position data and for monitoring structural loads during the 
tests- The loads and position data were recorded on direct- 
write oscillographs provided by NASA-Ames. 

Loads data were obtained from foil type (350-ohm) strain gages 
wired into four active arm bridges and excited by a common DC 
voltage.  The strain gage sensitivities were determined by 
direct calibration through the expected operating range.  The 
load equivalent electrical output was obtained using a preci- 
sion resistor shunt on one leg of the bridge.  Position data 
were obtained from potentiometers used as voltage dividers. 
Position calibrations were performed by moving the hardware in- 
crementally through the full operating ranges and plotting 
electrical output versus mechanical position.  Copies of the 
calibration data are in permanent file at Bell Helicopter 
Gompt.ay. 

In conjunction with the basic rotor performance and structural 
loads experiments, initial results were obtained with a spe- 
cial instrument, the Boundary Layer Button (BLB). Also, 14 
pressure transducers were installed at the 0.98 radius on the 
upper and lower surfaces in order to obtain pressure distribu- 
tion information. 

SHAKE TESTS 

Two separate shake tests were conducted to determine the 
natural frequencies and mode shapes of the combined test 
module and support system.  The purposes of the tests were to: 
(I) obtain data for predicting the aynamic behavior of the 
system during wind tunnel operation, (2) establish dynamic 



criteria for future test hardware designs, and (3) evaluate 
the effects of the tunnel balance on the dynamics of the test 
system.  The initial test was conducted with the test module 
installed on a simulated support system located on the ground 
floor of the test facility.  The second test was conducted in 
the tunnel test section with the test module and support system 
mounted OP the tunnel balance system. 

Complete details of the shake tests are given in Appendix III. 
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GENERAL STATEMENT OF RESULTS 

A joint U. S. Army Aviation Materiel Laboratories/NASA-Ames/ 
Bell Helicopter Company experimental investigation of three 
full-scale sets of rotor blades was conducted in the NASA- 
Ames Large Scale Tunnel. 

The principal objects of the tests were to, under controlled 
conditions: 

Provide full-scale rotor performance data to 
advancing tip Mach numbers greater than 1.0; 

Provide full-scale rotor performance data to 
advance ratios of 1.0; 

- Acquire comparative data for standard UH-1D and 
thin-tipped blades; 

Conduct feasibility tests on a new instrument, 
the Boundary Layer Button (BUS), to measure 
instantaneous velocity, magnitude, and direction 
on a rotor blade in and out of the boundary 
layer; and 

Obtain preliminary airfoil pressure distribution 
in the region where present theory assumes the 
lift to be zero (tip loss factor). 

The basic objectives of the experimental program were accom- 
plished, although the maximum advance ratio obtained was 0.79, 
not 1.0 as planned. The data are presented herein.  In addi- 
tion to the experimental 
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results included in this 
report, the state of the 
art of calculating rotor 
performance for the test- 
ed ccnditions is review- 
ed. 

Figure 2 gives the range 
of conditions tested. 
The maximum tip Mach 
numbers reached were 
0.95 for the standard 
rotor and 1.025 with the 
thin-tipped 48-foot 
rotor. The maximum ad- 
vance ratio reached for 
the reduced—diameter 
blade was 0.79.        Figure 2. 
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A comparative example of the performance of the standard and 
thin-tipped blades is given in Figure 3.  Horsepower loading 
(HP/bcR) at constant blade loading (L/bcR) and at parasite drag 
loading (f/bcR) is shown for advancing blade tip Mach numbers 
from 0.8 to 1.0.  These data are representative of the test 
results and show that at about Md.o, 90.) = 0.85, the thin- 
tipped blades require less power than the standard blades 
without compromising the lifting capability of the rotor. 
Below 0.85 Mach number, a small power penalty is shown for the thin-tipped blades. 

)     M= 0.3 
L/bcR = 60 paf 
f/bcR = 0.1 

Standard filade 

Thin-Tipped 
Blades 

AWANCINGTIPMACHNO.     „ 
Figure  3.     perfn™,„ a-0' 90-) 

ge'   a  Present state-of-the!art  rM1^   loW ad- ne art  (bLade element 
" = 0.3 
L/bcR = 60 paf 
f/bc« =  o.l 

Theory 
Experiment 

0        •80 .« .90 95 

ADVANCING TIP MACH NO.     M 
Figure U      TKÄ '    a-0. 90.) 



quasi-static) aerodynamic theory gives reasonable performance 
estimates in the high Mach number realm of operation.  It is 
shown in the main data section of this report that good agree- 
ment was obtained to advance ratios of O.i throughout the high 
Mach number range tested. 
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Figure 5 is a theory- 
experiment comparison for the 
thin-tipped rotor blades. 
Airfoil data are not available 
for the tip sections; there- 
fore, for these comparisons 
the standard NACA 0012 airfoil 
data were used to the 80- 
percent radius station, where 
the thickness taper begins. 
Outward of this point, the 
0012 lift data were assumed 
to apply, and the drag diver- 
gence Mach number was in- 

LTFT COEFFICIENT/SOLIDITY .RATIO Cj^/a creased In increments as a 
function of decreased thick- 

Figure 5.  Theory-Experiment    ness.  Experimental data were 
Comparison, Thin-    used to obtain the rate of 
Tipped Blades.       change of drag divergence with 

Mach number.  This method gave 
reasonable results and provides a tool for the designer to 
estimate the performance of rotors with this type of geometry 
without requiring prior extensive test data as demanded by 
other methods. 

i 
.04  .05  .06 

Although good agreement has been shown for the restricted ad- 
vance ratio range tested at high Mach numbers (high Mach num- 
ber and high advance ratio cannot be obtained simultaneously 
in the Ames 40- x 80-Foot Wind Tunnel because of tunnel maxi- 
mum speed limits), this should not be interpreted as validat- 
ing agreement throughout the entire rotary-wing spectrum. 
Analysis of tunnel test data at advance ratios greater than 
0.5, given in the next section, indicates thac techniques have 
been tailored to low advance ratios (ß =  0.3 to 0.4; an ad- 
vance ratio of O.k  is about the upper limit), because this is 
within the advance ratio range that has been flight tested for 
many years.  Below f1 =  0.2, the uniform inflow assumptions 
become poo . Above M = 0.5, the effects which are accounted 
for in present techniques become nonlinear. Additionally, 
other effects such as radial flow, boundary layer aeroelastic- 
ity, etc., which are not as yet accounted for nor understood, 
may be important.  Developing new predictive techniques in 
transition or at high advance ratios is beyond the scope of 
the present report. 
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Feasibility tests were  performed with  two BLB's mounted  on  the 
standard UH-1D rotor blades at  0.75  radius and  0.80 chord on 

each surface.     The  BLB   is  de- 
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M = 0.27 
Xd.O, 90.) = 0-9 

Flow 
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Flow 
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360 
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Figure 6. Yaw Angle Variation 
With Azimuth for 
Upper and Lower 
Surfaces. 

scribed on page 18.  Some test 
results and the theoretical 
yaw angular variation are 
shown in Figure 6.  (The 
theoretical calculations con- 
sidered only the rotational 
and forward velocity compon- 
ents.)  The yaw angle variation 
with azimuth is shown for the 
upper and lower surfaces and 
shows thp.t  the measured yaw 
angles are considerably differ- 
ent from the theoretical angles 
over most of the azimuth.  The 
angles are different on the 
upper and lower surfaces. 

Also, limited data were ob- 
tained from pressure trans- 
ducers located on both blade 
surfaces at 98-percent radius 
to get some preliminary re- 
sults in the region where 
present theory assumes the 
lift to be zero (tip loss 
factor). 
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■Lower Surface 
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An Example of Pressure Distribution 
at 0.98 Radius, 

Figure 7 is an 
example of 
these data and 
shows thst 
substantial 
lift is being 
produced and 
that the 
center of 
pressure is 
aft of the 
quarter chord, 
resulting in a 
nose-down 
pitching 
moment.  Lift 
coefficients 
as much as 0.9 
were measured 
in the area of 
the blade 



where most current theories assume zero lift, 
blade tip aerodynamics is clearly required. 

Much study of 

The control system and blade structural loads were monitored 
throughout the wind tunnel test program. As expected, all 
loads increased with advancing tip Mach number; however, this 
was not as great as extrapolation of earlier flight test data 
would indicate.  The oscillatory pitch link loads measured 
during the wind tunnel tests are shown in Figure 8 as a func- 
tion of the advancing tip Mach number for the standard and 
thin-tipped blades.  The standard blades show a rapid rise 
with Mach number and a significant advance ratio effect.  The 
thin-tipped blades, in contrast, show a different trend in 
that the load does not increase significantly as the Mach num- 
ber increases. From these data, it is concluded that super- 
sonic speed can be obtained locally on the rotor disc without 
compromise of structural safety when the blade design param- 
eters are properly selected. 

Ü w o 

  THIN-TJPPED 
  STANDARD 

1000 

500 

0.35 

.8    .9    1.0 

S ADVANCING TIP MACH NO., M(1>0f 90#) 

Figure 8. Control Loads Versus Advancing Tip Mach Number 
for the Standard and Thin-Tipped Blades at 
Various Advance Ratios. 
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SPECIFIC TEST RESULTS 

GENERAL DISCUSSION 

The advance ratio and advancing tip Mach number combinations 
tested with the three rotors are shown in Tables I and II. 
The symbols S and T used in Table I refer to the particular 
combinations tested with the standard UH-1D (S) and thin- 
tipped (T) rotors.  Table II is for the 34-foot rotor. 

TABLE I.  48-FOOT-DIAMETER ROTORS 

Advance Ratio 

M = V/flR 

Tip Mach Number 
M(1.0, 90.) 

0.79 0.85 0.95 1.00 1.025 

0.30 
0.35 
0.40 

S,T S,T 
S,T 
S,i 

S,T 
S,T 

T 

T 
T T 

u       ._ . .       :.       i 

TABLE II.  34-FOOT-DIAMETER ROTOR 

Advance Ratio 

fJ- = V/HR 

Tip Mach Numbe.' 

M(1.0, 90.) 

0.51 
0.66 
0.79 

0.65 
0.55 
0.52        1 

The two rotor diameters were required to accomplish the per- 
formance objectives of the tests, since the large-scale tun- 
nel is speed limited (see Figure 2). With the 48-foot 
rotor, supersonic speeds were obtainable within the UH-1B 
transmission rotational speed range (Table I).  However, to 
obtain high advance ratios, it was necessary to reduce the 
rotational tip speed (ftR) because of the tunnel speed limita- 
tions.  This can be accomplished by a change in transmission 
gearing or a radius decrease.  The latter method is simpler 
and was chosen. 

A graphical presentation of representative performance data 
and the complete NASA-Ames data reduction tabulation are pre- 
sented in Appendixes I and IV, respectively. 
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In addition to the performance data, both rotor system and test 
module loads and moments were recorded.  The principal purposes 
of monitoring these data were: CD for flight safety and (2) so 
that, in the event of a structural failure, an accident analy- 
sis could be conducted.  No failures occurred, and these data 
are not reported herein. 

TESTING PROCEDURE 

For each particular test condition, the rotor rotational speed 
and the tunnel speed were adjusted to maintain constant values 
of rotor advance ratio and advancing tip Mach number.  The 
rotor shaft angle (test module pitch) and rotor collective 
pitch were then varied in even increments to map the test 
envelope.  The rotor cyclic pitch was adjusted to zero the 
first harmonic flapping with respect to the rotor shaft and 
data were recorded at each incremental combination of shaft 
angle and collective pitch. 

The wind tunnel balance data were recorded by NASA-Ames. 
Their data, which are in Appendix IV, were resolved such that 
all forces were in the relative wind axis system, and all 
moments were transferred from balance resolving center to 
the center of rotation of the rotor hub and referenced to the 
shaft axis system. 

Table T shows that for the 48-foot-diameter rotor blades, the 
data were taken at constant advancing tip Mach number for 
three advance ratios. This mode of operation was chosen 
because the primary variable to be investigated was Mach num- 
ber. Also, by maintaining constant advance ratio, data 
could be acquired and analyzed void of advance ratio 
effects. 

For the 34-foot rotor tests at high advance ratios and low Mach 
number, the method of test operation was changed for the con- 
venience of tunnel operation. Constant tunnel speed was set, 
and the rpm was varied to give the desired advance ratio. 
This method is acceptable since at low advancing tip Mach 
numbers, Mach number is not a prime variable. 

TEST RESULTS - U8-F00T ROTOR 

Comparisons of the blades with two tip thicknesses at an ad- 
vance ratio of 0.3 are shown on Figure 9.  The form of data 
presentation chosen is to divide rotor lift (L), horsepower 
(HP), and equivalent flat-plate propulsive area (f= propulsive 
force/dynamic pressure) by the total blade area (bcR). In 
the calculation of blade area, it was assumed that the full 
chord extended to the center of rotation.  Figure 9 shows that 
above an MQ^Q 9o.)of about 0.85, there are adverse compressi- 
bility effects throughout the blade loading range.  For the 
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Standard blades, the power required increases about 100 per- 
cent between 0.85 and 0.95 advancing tip Mach number.  In terms 
of speed at the same advance ratio, this represents an increase 
of 15 knots. 

With the thin-tipped blades, the adverse compressibility 
effects are greatly reduced when compared to the standard 
blades above an M(i.o, 90.) of 0.85. Also, the rate of in- 
crease of horsepower with Mach number is substantially less. 
Figure 9 shows that there is a crossover Mach number where the 
thin tips require slightly more power than the standard blades. 

SUPERCRITICAL FLOW STATES 

Before proceeding with a discussion of the subject test re- 
sults, the supercritical flow states and their relation to 
rotorcraft will be reviewed briefly in the following para- 
graphs.  There are three supercritical flow states for an air- 
foil relating to the critical, drag divergence, and shock 
stall Mach numbers (Reference 7).  These are defined below: 

- The critical Mach number (Mcr) - Free-stream Mach 
number at which local sonic velocity is first 
reached on airfoil surface. 

- The drag-divergence Mach number (Md) - Free-stream 
Mach number at which slope of curve of drag coeffi- 
cient versus Mach number attains a value of 0.10. 

- The shock-stall Mach number (Ms) - Free-stream 
Mach number at which full separation first occurs 
at rear of airfoil. 

The effects of supercritical flow states on the two-dimensional 
airfoil characteristics are illustrated by Figure 10. The 
figure shows that the critical Mach number (Mcr) is not the 
"critical" Mach number as far as power required is concerned. 
There is no drag rise at Mcr, and the lift is still rising. The 
"critical" Mach number with respect to power is the drag- 
divergence Mach number at which there is a rapid increase in 
drag for a small Mach number or angle-of-attack change.  The 
lift curve has not as yet peaked at Md. Ms is the Mach number 
where complete separation occurs, with the consequent abrupt 
lift decrease and drag rise. 

Figure 11 shows the portion of the UH-1D (48-foot diameter) 
rotor disc area that is affected by supercritical flow for 
various flight conditions.  The disc area outboard of the line 
labeled Mcr is above Mach critical, and the area outboard from 
the line labeled Md is above drag divergence. For reference, 
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the 80-percent radius is also shown, and it should be remembered 
that this is the location where the thickness taper begins 
on the thin-tipped blades. 

Figure 11a, which represents a normal UK-ID operating condi- 
tion, shows only a small portion of the disc area above drag 
divergence.  Therefore, since little of the disc area is 
above Md, thinning the tip airfoil to improve its supercriti- 
cal flow characteristics would be expected to alter the horse- 
power required by only a small amount.  This is consistent 
with the flight and wind tunnel experience. 

A quite different situation is shown in Figure lib, which is 
representative of a flight condition beyond the normal flight 
envelope of the UH-1D. Now,  where M(]_o, 90.) = 0.92, half of 
the disc is supercritical and a major portion of the disc out- 
board of 0,8R is about Md- A small area on the advancing 
blade is above shock stall.  In this case, thinning the air- 
foil from 0.8R should have significant effects on the power 
required, in that the drag divergence line should move out- 
ward and the area of shock stall should be eliminated.  The 
latter of itself would significantly reduce the power required. 
The experimental data at this Mach number (Figure 9) show this 
to be the case.  For both cases, the data show that maximum 
lift capability of the thin-tipped rotor is not significantly 
altered. 

A very important result from both the flight test and tunnel 
experience is that, as shown in Figure 9, there is no apparent 
loss in the lifting capacity of the thin-tipped blades when 
compared to the standard blades.  From the time of original 
conception of the thin-tipped blades, it was assumed that 
because of the reduced lift curve slope and lower GLmax 

0^ t^e 
thin airfoil sections, shown by ^ow Mach number two-dimensional 
results, the overall lifting capability of the rotor would be 
compromised to obtain the improved supercritical characteris- 
tics.  These expected penalties have not materialized, and no 
difference has been found. 

COMPARISON WITH THEORY 

48-Foot Standard Rotor 

Most of the theory-experiment comparisons are for the standard 
UH-ID (constant NACA 0012 airfoil) blades for which airfoil 
data are available.  The method of data presentation is first 
to give summary results and then more detailed comparisons. 
Limited comparisons for the thin-tipped blades are presented 
in the next section.  Figure 12 is a theory-experiment compar- 
ison using the performance charts of Reference 8, and it 
should be noted that there is a 2.9-degree difference in twist 
between the standard UH-ID blade tested and the rotor of the 
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theoretical calculations.  Also, the solidity correction re- 
quired for these theoretical data is the maximum recommended 
by Reference 8. More will be said about the solidity correc- 
tion effects in the next paragraph.  However, Reference 8 is 
an accepted method of obtaining rotor performance, and the 
experimental data offered an opportunity to check the trends 
obtained. As seen on the figure, both trend and magnitude 
agreement are reasonable, with the largest error occurring at 
the. lowest blade loading. 

The effects of the large solidity correction on the results 
from Reference 8 (theory of Figure 12) were evaluated using 
the Bell Rotor Aerodynamic Method (BRAM).  The conclusion from 
this study was that at the high blade loadings, a maximum 
error of HP/bcR = .5 could be made by using the results of 
Reference 8.  The direction of the error is such that the 
theoretical values would be reduced; thus, there would be an 
improved agreement between theory and experiment at the high 
blade loadings.  The solidity correction effects at the low 
blade loading were small. 

Figure 13 is a theory-experiment comparison using the BRAM 
of Reference 9, The theories used for the comparisons shown 
by Figures 12 and 13 are similar in that both are based on 
Reference 10.  In the comparison shown by Figure 13, the actual 
UH-1D blade physical characteristics were used with the air- 
foil data of Reference 8; and as seen, the correlation gener- 
ally improved.  Again, the correlation is best at the higher 
blade loadings. The 0012 airfoil data were assumed to apply 
to the blade retention bolts.  The reasons for the discrep- 
ancies between theory and experiment at the low loading (30 
psf) are not known.  It appears that the method used in cal- 
culating the performance in References 8 and 9 does not 
adequately represent the rotor where there are sizable nega- 
tive angles of attack on the advancing blade.  Study of pre- 
dictive techniques in this area is clearly needed.  However, 
the techniques used in Reference 9 appear to give good re- 
sults at high Mach numbers when compared to full-scale data in 
the normal helicopter blade loading range.  Similar conclu- 
sions for small-scale forward flight data were reached in 
Reference 11. 

Figure 14 is a theory-experiment as a function of advance 
ratio for the standard blades at M(i#o 90.) -  0.85 for two 
blade loadings.  These data show that the agreement deteri- 
orates somewhat with advance ratio at the 60-psf blade load- 
ing. More will be said about advance ratio effect in a later 
section of this report. 

Theory-experiment performance comparisons, calculated with the 
BRAM, are given in Figure 15 and support the results presented 
in the summary graphs. 
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US-Foot Thin-Ttpped Rotor 

Two-dimensional airfoil data as a function of Mach number are 
not available for thin airfoil sections. Therefore, only 
limited theory-experiment is given in this report. This 
particular blade varied from 12-percent thickness at 0.8 
radius to 6 percent at the tip. 

Figures 16 and 17 show these compariions at 0.95 and 1.0 Mach 
numbers. Two theoretical sets ot data appear on Figure 16, 
each of which involves empirical corrections to compensate for 
the lack of applicable airfoil data. The approach used in 
the short dashed lines (labeled variable drag divergence) was 
to use the standard 0012 airfoil data to .8 radius; then the 
drag divergence Mach number was increased as a function of 
decreased thickness to compensate for the improved super- 
critical Mach number characteristics of the thin sections. 
References 7 and 12 were used as empirical guides to obtain 
the magnitude of this correction, and the variation used is 
shown in Figure 18, 

The second approach, as suggested by Reference 13. to correct 
empirically for the improved supercritical Mach number 
characteristics of the thin tip is to increase the drag 
divergence Mach number by .05 for the entire blade. These 
results are shown in Figure 16 as dash-dot lines.  Both of 
these methods appear to give reasonable agreement: however, 
the former is preferable, since the constant drag divergence 
can only be obtained empirically from the test data and will 
vary with blade geometry.  The variable drag divergence 
method requires only that reasonable estimates of the change 
in supercritical flow characteristics from the standard sec- 
tion be made. 

3U-Foot Rotor 

The high advance ratio test results were obtained with the 34- 
foot-diameter rotor as previously explained.  Test-theory com- 
parison for the three conditions is shown in Figures 19 through 
21. The carpet form of presentation for these data was un- 
satisfactory; therefore, CL/X, CD/T, and Cq/r  versus ac for 
constant collective pitch are presented.  These figures show 
that the correlation is rather poor, especially with respect 
to drag. However, it must be pointed out that to obtain high 
advt.nce ratios in the kO-  x 80-foot tunnel, reduced rpm must- 
be used because of the tunnel speed restriction, and the drag 
force generated by the rotor is small compared to the model 
tare force.  (See Appendix IV for tares.) 
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Present predictive techniques have been tailored to Low ad- 
vance ratios (M= 0.3 to O.k;   an advance ratio of O.U is about 
the. upper Limit), because this is within the advance ratio 
range that has been fLight tested for many years. BeLow ^ = 
0.2, the uniform infLow assumptions become poor. Above M = 
0.5, the effects which are accounted for by present techniques 
become nonLinear. AdditionaLLy, other effects such as radiaL 
fLow, boundary layer, aeroelasticity,-unsteady ^irfoiL, etc., 
which are not as yet accounted for may be important.  To sum- 
marize, in the advance ratio range, where there is vast 'fLight 
test experience, techniques s'-'ch as those used in Reference 9, 
are acceptable in the normal pure helicopter blade loading 
range (transition excluded).  In the high advance ratio region, 
much basic study of fundamental aerodynamics is required be- 
fore the predictive technique can be significantly improved. 

Control Positions 

In a previous section, it was shown that good performance cor- 
reLation was achieved with the 48-foot rotor blades. Compari- 
sons of theory-test controL position (Ö.75R and Big.) were aLso 
made, and Figure ^2 is an exampLe of these comparisons. AnaLy- 
sis of these data showed that empiricaL equations couLd be 
obtained to correct the theoreticaL resuLts to the experiment- 
aL.  The equations are: 

6 .75 exp = p.75 theory (1 + ^ ^ *^     + L] ^ 

Bj^     = (BL        + L) (L - ^2)  JfM 
s exp     s theory 

Since poor force agreement was obtained for the high advance 
ratio condition (i.e., 34-foot rotor), no empiricaL correc- 
tions of control position were attempted for this rotor. 
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SPECIAL INSTRUMENTATION RESULTS 

BOUNDARY LAYER BUTTON (BLB) 

The BIB, shown in Figure 23, is a device for measuring the 
magnitude and direction of the local velocity in or out of the 
boundary layer on the rotor blade.  The BLB is composed of two 
plates in which are submerged three subminiature pressure 
transducers.  The forward transducer measures static pressure, 
and the two aft ones are connected to total pressure tubes. 
The total pressure tubes are oriented 90 degrees apart, and 
static wind tunnel calibrations of the device have demonstrated 
that for a i+0-degree included angle, both magnitude and direc- 
tion can be measured with a 3-percent accuracy.  The frequency- 
response of the BLB is approximately ^00 cps. 

Two BLB's were mounted on the standard UH-ID rotor blades at 
0.75 radius and 0.3 chord on each surface. The tube height 
was 0.03 inch above the blade. A comparison of the measured 
and theoretical yaw angle variation with rotor azimuth has 
previously been shown in Figure 6.  The theoretical yaw angles 
were calculated based on rotational and forward velocity com- 
ponent considerations only.  Figure 6 shows that there is a 
considerable difference between the measured and calculated 
values and also that the upper and lower surface angles are 
not the same.  The measured yaw angle variation on the upper 
surface is shown for two values of lift coefficient in Figure 
24.  The data show that rotor lift has a significant effect 
on the retreating blade yaw angle, and the advancing blade 
yaw angle is unaffected by lift. 

The data obtained to date with the BLB are very limited; how- 
ever, from these results, it is evident that consideration of 
the forward and rotational velocity components is insufficient 
to describe the yaw angle variation.  In addition to the nor- 
mal velocity components, the vortex field, spanwise pressure 
gradient, centrifugal boundary layer forces, and, in all 
probability, the undeveloped tip vortex must be taken '.nto 
account for a true representation of the aerodynamic environ- 
ment of a rotor blade.  Discussions of the importance of these 
effects in hovering are given in Reference 1U and 15, and 
some information on tip vortex effects in forward flight is 
given in the next section. 

AIRFOIL STATIC PRESSURE DISTRIBUTION AT 0.98 RADIUS 

Recent studies (References Ik  and 15 are examples) have 
raised questions about the effect of the forming tip vortex 
on rotor blade aerodynamics.  The cited references give in- 
formation for hovering but none for forward flight.  Thus, in 
these tests, 14 subminiature pressure transducers were 
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positioned at C.98 radius (rotor Station 282.25) on both upper 
and lower surfaces.  The chord locations were as shown below. 

Upper Surface Lower Surface 
Percent Chord Percent Chord 

20 5 
30 10 
uo 20 
50 30 
65 40 
80 50 
95 65 

80 
95 

Surface pressures were recorded for several test conditions. 
The measured surface pressure versus chord for several azimuth 
positions are shown in Figures 25 through 27. 

Most theoretical techniques, including the BRAM used for cor- 
relation in this report, assume a tip loss factor.  The tip 
loss factor assumes that at some percentage of the outermost 
span of the rotor blade (0.97R, 1/2 chord, etc.), the lift of 
the blade is zero and the drag is finite.  The experimental 
data (Figures 25 through 27) show that significant lift stili 
is being produced at 0.98R.  It is impossible to integrate the 
pressure distributions very accurately, since there are no 
data available forward of the 20-percent chord on the upper 
surface. However, if the data are faired smoothly to zero 
chord, the lift coefficient can be of the order of 0.70 or 
more, not zero as assumed by conventional theory.  Secondly, 
with the above assumption and integration, there will be a 
nose-down pitching due to the aerodynamic center's being 
behind the quarter chord.  The moment is not accounted for in 
any known theories and may be especially significant in 
dynamic response calculations. 

Another conclusion from these d^ta is that there is no signif- 
icant difference between the pressure distributions at y - 0" 
and 180°. One would expect that the influences of the forward 
velocity would cause notable differences in the forming tip 
vortex effects at these particular azimuthal positions.  From 
the experimental results, one of two conclusions can be 
reached:  (1) the pressure transducers at 0.98 radius were too 
far inward to be affected significantly by the forming vortex, 
or (2) forward velocity is a second-order effect on the forming 
vortex at these advance ratios (M = 0.12 and 0.20).  The latter 
means that the first-order effects are those of the rotational 
and vortex velocities.  The proper interpretation of these 
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results is unknown at this time.  More extensive experimental 
studies are clearly needed in this area. 
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CONCLUSIONS 

The investigation and subsequent analysis of the data for 
rotor operation to advancing tip Mach number in excess of 1.0 
and advance ratios to 0.79 have yielded the following con- 
clusions: 

- Thin-tipped rotor blades require significantly less 
power than constant 12-percent thick blades when 
operated at advancing tip Mach numbers above 0.85. 

- The lifting capability of the rotor was not compro- 
mised with the thin-tipped blades. 

No stability limit was encountered to an advancing 
tip Mach number of 1.025 or an advance ratio of 0.79. 

- Control structural loads were reduced with the thin- 
tipped blades, and the blade structural loads were 
acceptable. 

- Theory-experiment performance comparisons were good 
at normal blade loading for the low advance ratio 
of the tests. 

- Theoretical predictive techniques appear to be in- 
adequate at low blade loadings at high Mach number 
and at high advance ratios. 

Qnpirical equations were determined to correct the 
theoretically predicted control positions to agree 
with the experimental results, 

- T'.e use of the advanced instrumentation device, the 
Boundary Layer Button, was shown to be feasible, 
and the results indicate that: 

The measured radial flow angles were generally 
much larger than those calculated by considering 
forward and rotational velocity components only. 

There is a strong influence of rotor lift on the 
radial flow angle of the retreating blade. 

- Significant lift and nose-down pitching moments were 
measured at 0.98R, which is within the region where 
present theory, using a tip loss, assumes that the 
lift is zero. 

The variation of lift coefficient with azimuth was 
small at 0.98R for the limited number of measured con- 
ditions. 
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Figure 11.  UH-1D Rotor Disc Area Affected by 
Suoercritical Flow. 

24 



12 -- 
L/bcR = 30 psf 

8 -- 

E- 

O 

EC 

as 
ü 

x 

4 -- 

--  f/bcR 

12-- 

8-- 

L/bcR - 60 psf 

f/bcR 

8 

ADVANCING TIP MACH NO 

1.0 .7 .8 .9 
—I 
1.0 

M(1.0, 90.) 
ADVANCING TIP MACH NO., 

M(1.0, 90.) 

H 
Q 

Sä 
? 

12 -- 

8 -- 

k  -- 

L/bcR = 90 psf 

f/bcR 

■Test 
Theory, Ref. 8 

0 
.7 8 .9 1.0 

ADVANCING TIP MACH NO, 
M(1.0, 90.) 

Figure 12. Reference 8 Theory-Test Comparison Versus Advancing 
Tip Mach Number for UH-1D Rotor at M = 0.30. 

25 



12-- 

8-- 

H 
tu 

O 
co 

oi 
a. 
a. 
x 

k-- 

0 

L/bcR  =  30 psf        / 

/// 

12-- 
L/bcR = 

f/bcR 

.7 
H 1 H 
,8 .9 

01 1 ! (- 
1.0    .7 .8 1.0 

OS 
o 

\ 
X 

ADVANCING  TIP MACH NO., 
M(1.0,   90.) 

ADVANCING TIP MACH  NO., 
M(1.0,   90.) 

16 + 

o 
2 
M 
a 

o 
04 

12-- 

8-- 

k-- 

L/bcR = 90 psf / 

f/bcR 

.15 

.10 

.05 

0 

•Test 
Theory,  Ref.   9 

I        I H H i 
.7 .8 .9 1.0 

ADVANCING TIP MACH NO., 
M (1.0, 90.) 

Figure 13. Reference 9 Theory-Test Comparison Versus Advancing 
Tip Mach Number for UH-lD Rotor at V- =  0.30. 

25 



12-r 

w 
\ 
x 

u 

\ 
a- 

8-- 

0 

.10 

 Test 
  Theory 

L/bcR = 30 psf 

.30       .35       .40 

ADVANCE RATIO /^ 

12-r. 

a! 

o 
L/bcR = 60 psf 

.30      .35       .40 

ADVANCE RATIO M 

Figure 14. Reference 9 Theory-Test Comparison Versus Rotor 
Advance Ratio for UH-1D Rotor at M 

(1.0, 90.) = 0.85, 

27 



.012 

Q 

O 

O 
CO 
\ 

£i3 
M 
o 
M 

Cd 
O 
Q 

Ü 

008 

,00^ 

,004 

,008 

 -Test 
 Theory 

I 

( :L/(r  "7 

\ \ / 

A V \ \ / 

/ 

^ 
i 

\ \ \ \ 

/ 

/ 

Vo: \.0i ■ V 5 \0 

/ 
6 

\ 
\ 

\\ 
\ 

\ 
ii 

\ 

\ 

\ 
\ \ 
\ 

\ 

0 .oc k .ol )8 
.008 
.004 .008 

0 .004 

-.012 

.008 

TCRQUE COEFFICIENT/SOLIDITY RATIO, CQ/CT 

(a) /z = 0.30, Ma<0j 90>) = 0.79 

Figure 15.  Theory-Test Comparison, NondimensionaL Performance 
of UH~LD Rotor at Various Combinations of Advance 
Ratio and Advancing Tip Mach Number. 

28 



ü 

o 
M 
H 

H 
M 
Q 
n 
hJ 
C 
W 
\ 
H 
fe 
u 
i-i 
ü 

tu 

Cd 
O 
o 
o 

008 

004 

004 

-.008-- 

,012f 

.008 

.004 

TORQUE COEFFICIENT/SOLIDITY RATIO,  CQ/CT 

Cb)   ^  0.30,  MCu0f   90>)   =0.95 

Figure  15.     Continued. 

29 



Q 
O 

O 
M 

O 
CO 
\ 
H 
Z 

u 
ft, 
CL, 

o 
u 

,012 

008 

OOk 

-.00k 

« -.008 

-. 012 

.008 

.OQk 

TORQUE COEFFICIENT/SOLIDITY RATIO, CQ/a- 

(c) n =  0.35. M(U0( 90>) = 0.85 

Figure 15.  Continued. 

30 



b 
\ 

Q 
Ü 

C 
i—i 

H 
M 
Q 
(-( 

C 
00 

Si 
Cd 
H 
u 
M 

ti, 
td 
C 
O 

o 

Q 

012 

008 

004 

00k 

-.008 

.008 

.00i+ .008 
0 .004 

TORQUE COEFFICIENT/SOLIDITy RATIO,   CQ/O- 

(d)   M  =  0.30,  M(UOf   90>)   =  0.85 

Figure  15.    Continued. 

31 



Q 
ü 

C 
H 

O 
C/3 

DJ 
M 
Ü 
M 
[1, 

c 
u 
Ü 

,012 

008 

004 

004- 

008 

.004 .008 
0 ,004 .008 

0 .004 .008 
0 .004 

0 
.008 
.004 

TORQUE COEFFICIENT/SOLIDITY RATIO,   CQ/O- 

Ce)   M  =  0.40,   MCU0)   90J   =   0.85 

Figure   15,     Concluded. 

32 



u 

c 
t-l 

H 

H 
i-i 

Q 
H 

c 
\ 

Z 
H 
O 
i—i 

tu 
Cd 
o u 
o 

008 

.00U 

0 

004 

008 

-.012 

ZZZZTTest 
 Variable Drag Divergence 
  Constant Drag Divergence 

.008 

TORQUE COEFFICIENT/SOLIDITY RATIO, Cg/cr 

Figure 16.  Theory-Test Comparison, Nondimensional 
Performance of Thin-Tipped Blades at 
fM=  0.30 and M^^ gQ)   =  0.95. 

33 



012- 

D 
O 

O 
f- 

H 

O 

H 
Z 
CJ 
M 
u 
M 

8 
Ü 

008- 

Test 
— Variable Drag Divergence 

\ 

-A 

oou- 

,004- 

008- 

..02 v\-P3 

1 

K x 

\.0k 

Ok .008 
^ 

0 .OOU .008 
0 .004 .008 

0 .004 .008 
0 .004 .008 

0 .004 

TORQUE COEFFICIENT/SOLIDITY RATIO,  C  /cr 

Figure  17, Theory-Test Comparison,  Nondimensional 
Performance  of  Thin-Tipped Blades  at 
M=  0.35  andM(1>0f   90>)   =  1.00. 

34 



1.0 4- 

.9 I 

S .8 + 
CQ 

u 
7 + 

.6 -k 
^ 
^A 

cr 

12 15 18 

THICKNESS RATIO, L/c 

Figure 18.  Variation of Critical and Drag Divergence Mach 
Number with Thickness Ratio. 

35 



o 
H 

O 
on 

o 
M 

o o 
H 

-20 -16 -12 

CONTROL AXIS ANG1E  OF ATTACK,  ac,   DEC 

a)     C-^/a  vs ac 

Figure 19.  Theory-Test Comparison, Nondimensional Performance 
of 34-Foot-Diameter Rotor at ^ = 0.51, 
M(1.0, 90.) = 0-65- 

36 



Q 

O 
M 
H 
^ 

X 
H 
M o 
M 

o w 
\ 
H 
Z 
CJ 
M 
O 
M 

o o 
Ü 

.01& 

,012 

.008 

.00i+ 

•20    -16    -12    -8     -k 0 

CONTROL AXIS ANGLE OF ATTACK, ac, DEG 

b)  Cp/a vs ac 

Figure 19.  Continued. 

37 



m 

O 

Q 
M 

o 
Ü 

w 

o 
H 

. UUJI 

16° 
. 0= ̂ - 

— 1 

-a 
 Test 
  Theory 

oou 1 

^ \ 

c ) 

.003 
A- 

/ 

CI^ K LU0 

i* 

(T^ 

r»r>o e0 = i 2°/ 
/-      N 

\~\ 
1 

• UUz 

i 

r- 

L0o- ̂ d v\s 
^c-i o 

\ \ 
v 6° 

.ÜÜL 

\ 

^X 
^ 

0 

' 
k 

\ 

-20 -16 -12 -8 0 

CONTROL AXIS ANGLE OF ATTACK, ac,   DEG 

c)     CQ/CT   VS    ac 

Figure 19.    Concluded. 

38 



-20    -16    -12    -8-4     0      k 

CONTROL AXIS ANGLE OF ATTACK, ac, DEG 

a) CL/a vs ac 

Figure 20. Theory-Test Comparison, Nondimensional Performance 
of 34-Foot-Diameter Rotor at M = 0.66, 
MC1.0, 90.) = 0-55* 

39 



p 
5    .016 

o 
M 
H 

.012 

w     .008 

 Test 
  Theory 

.00k 
o 
M 

w 
o 
o 

9 I    0 

■160-1^0 

tr /    IT-rz 
Ö    = 16° j^o   12°   / 

-j—^r^B-Ttn 
+ 

10 

-20 -lb -12 -8 0 

CONTROL AXIS ANGLE OF ATTACK, a   ,  DEG c 

b)     CD/(r vs ac 

Figure 20.     Continued. 

40 



<y o 

s 
M 
Q 
i-i 

^ 
O 
CO 
\ 

Z 
a 
M 
o 
M 

w 
o 
o 

o 

.004 

,003 

002 

001 

0 

,001 

/ 
/ 

■V -  16 y / 14 

'-9\ 
• 

uo 

/ 
/ er- r 1 0* 

2oO- 
^ 

\ 8 
)• 

/ 
\ 

1 TA Y 
Test 
Theo 

L2* 

I! \ \\ 

—   ry 1 
10° is- 

V 
I       1 

6° 

■ 20    -16    -12    -8     -k 0 

CONTROL AXIS ANGLE OF ATTACK, ac, DEG 

c) Cg/a vs ac 

Figure 20. Concluded. 

'41 

-i -.»■»jgjti.MfeaiiasiMji^ 



^ 

i 
M 
Q 
M 

to 

O 
U 

CONTROL AXIS ANGLE OF ATTACK, a , DEG c 

a)  CL/C7 VS ac 

Figure 21. Theory-Test Comparison, Nondimensional Performance 
of 34-Foot-Diameter Rotor at M = 0.79, 
M (1.0, 90.) 

= 0.52. 

k2 



Q 
O 

O 
M 

2 3 
M 
O 
M 
ft, 

Cd 

8 

,016 

.012 

.008 

.004 

*- 

Theory 

12°. 

«o = 1 A 
/ 
/ 

10° 

r A 1  ^> n     / 

8° 
/ 

1 
J.U 

/* V 1 

/ / / 

/ 

-20 -L6 -12 -8 ~k 

H  i 

CONTROL AXIS ANGLE OF ATTACK, a , DEC c' 

b) CD/a vs a 

Figure 21. Continued. 

i+3 

..^...i-.. .V^V^  -'>"''^^->WiiOA^«^x^..-^^^..  *-:attfcWiÄ>ljl(J.Ä!W|-)| 



<?• 
o 
M H 

M 
Q 
M 

ä 

Ü 

8 
w 

I 

.003 

.002 

,001 

Te 8t 
aory 

■ 

 Th 

10°- 

i 
«o 

*<, = 12 o H 
/' K \ A \ 

/ 
| 

\ 4 '  1 
i 

_ 
12° 

■HOKma 

10° *>• "N Is« 1 

-20 -16 -12 -8 -k 

CONTROL AXIS ANGLE OF ATTACK, ac,  DEC 

c)  Cg/a VS ac 

Figure 21. Concluded. 

kk 



Q 

m 

EH 
H 

O 

"1  1           1 
Trnt- 

—   Th*'or\ f 

L2- 

[A =   .0 

0 

(J. 2 

-N 
N. 

^ r-( 16 

/• 
^^ I 

^ 

\ 

n \ 

04 

Lr ^ 
K 

-.012  -.008  -.004 .004 008 

DRAG COEFFICIENT/SOLIDITY RATIO, Cj/a- 

a) öi75R vs CQ/O- 

Figure 22. Theory-Test Comparison, Control Positions of UH-1D 
Rotor at /* = 0.30, M(1 o 90 ) = 0-85- 

45 

■■ J» *«fWlö! -'■-■-■■&w'*»itotiH$a& 



H 
H 
04 

O 

go 

Q 

g 
H 

-12 

-8i 

-4 

1     Test 
  Theory 

1 

>- 

l~"  ~m -y- ^-^ 
■- 

.0 6— 
• 04— ?'- -•^S 

"^"'«l s V ^s 
( \j* "■       • D2_- >N ̂ - 

-.012       -.008      -.004 .004 .008 

DRAG COEFFIGIENT/SOLIDITY RATIO,  CQ/O- 

b)  Bj^      vs  CD/CT 

Figure 22.    Concluded. 

46 



Figure 23. Boundary Layer Button Details. 
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APPENDIX I 
GRAPHED TATA 

The data presented in this appendix (Figures 28 through 31) 
are from the wind tunnel balance and model instrumentation as 
tabulated in Appendix IV. The symbols are actual test points 
and show lift, drag, and torque as a function of shaft angle, 
«Sf and root collective pitch (ÖQ)- These data illustrate 
the consistency of the experimental results. 

Rotor rotational speed and tunnel speed were adjusted to ob- 
tain the desired advance ratio and advancing tip Mach number. 
The cyclic pitch was adjusted to minimize first harmonic rotor 
flapping; and at each combination of shaft angle and collec- 
tive pitch, the data were recorded. Collective pitch or shaft 
angle was then changed, and the above procedure was repeated 
until the envelope was explored. 
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APPENDIX II 
DESCRIPTION OF TEST EQUIPMENT 

The test equipment consists of a rotor test module, power 
distribution panel, control module, rotors, and associated 
instrumentation. This equipment is described in the follow- 
ing paragraphs. 

ROTOR TEST MODULE 

The rotor test module includes a mounting frame, a rotor pylon, 
a drive system, and an aerodynamic fairing. The module is de- 
signed for mounting on the primary support system in the NASA- 
Ames 40- x 80-Foot Wind Tunnel. The mounting geometry is 
shown by Figure 32. The module is supported in the tunnel by 
two fixed struts and a gimbal-mounted tall strut. The struts 
attach to the test module through ball and socket joints. The 
tall strut is extended (or retracted) by an electrically 
driven jack screw to provide the desired angle-of-attack 
range. A three-wheeled dolly is provided for transport and 
storage of the test module when it is not installed in the 
tunnel test section. Figure 33 shows ehe test module installed 
on the transport dolly. 

The test module frame mounts the pylon, the speed increaser 
gearbox, and the drive motor as shown by Figures 3k  and 35. 
The pylon installation consists of a UH-1B transmission and 
mast assembly and modified rotor controls. The mounting 
arrangement and the suspension configuration are the same as 
those of the helicopter installation. 

The control system arrangement is shown by Figure 36.  Except 
for the control input linkages, the basic control geometry is 
the same as that of the helicopter installation. The dimen- 
sional data given (Figure 37) are for the UH-1C control system 
configuration. The module was originally configured with 
UH-1B control system components. These components were re- 
placed by UH-lC components for increased strength follow- 
ing the initial test program. 

Cyclic control is provided by two electric linear actuators 
connected through Independent linkages to the servo control 
valves of the right- and left-hand cyclic control boost tubes. 
The amplitude and the phasing of the cyclic input to the 
rotor are controlled by the relative extension and/or retrac- 
tion of these two actuators. The actuators are remotely con- 
trolled by the switching circuits at the control console. 

The rotor collective control is provided by a single electric 
actuator remotely controlled from the control console con- 
nected through a linkage to the servo control valve of the 
collective control boost tube. The collective or steady 
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value of rotor blade pitch is controlled by the extension or 
retraction of the actuator. 

Hydraulic control power is supplied from two independent 
systems on the test module. One system is supplied by a 
transmission-mounted pump and operates only when the rotor is 

,        turning. The second system is supplied by an electric motor- 
driven pump. The electrically driven system is connected 
through the power distribution panel and is controlled by the 
main power switch in the control console. This system pro- 
vides hydraulic power for control system checkout and calibra- 
tion in addition to rotor operation. 

f 

The rotor drive system consists of a UH-1B transmission, a 
speed increaser gearbox, and an electric drive motor.  The 
drive motor was provided by NASA-Ames.  The drive motor used 
was originally maximum rated for 1500 hp at 3000 rpm; however, 
due to the motor bearing life restrictions, the motor has since 
been derated by NASA to 2800 rpm maximum. The motor speed is 
controlled by NASA personnel during the tests and is continu- 
ously variable from approximately 100 to maximum rpm. The 
motor output speed is increased to match the transmission 
speed rating by a 2.606:1 ratio speed increaser gearbox. 
This gearbox is a commercial unit with a rating of 1295 hp 
continuous, and 1500 hp  intermittent, at 2500 rpm input. Tne 
gearbox is mounted to the test module frame between the drive 
motor and the transmission. Cooling and lubrication are pro- 
vided by an oil-to-water heat exchanger and an electrically 
driven oil pump and reservoir mounted below the gearbox. 
The drive motor and gearbox input shafts are connected by a 
commercial flexible coupling. The output shaft of the gear- 
box and the transmission input shaft are connected by a stan- 
dard UH-1B input drive-shaft coupling. The final speed change 
is a 1:0.0'491 reduction to rotor shaft speed which is provided 
by the helicopter transmission gearing. The overall dpeed 
change from drive motor to rotor shaft is a 1:0.12796 reduc- 
tion. 

The mounting frame, pylon, and drive system are enclosed by 
an aerodynamic fairing. The fairing, as shown in Figure 38, is 
a "tear drop" shaped body of revolution with two local pro- 
tuberances at the lift strut attachment points. The maximum 
diameter of the fairing body is 6.66 feet, and the overall 
length is 22 feet. The forward sections (approximately 16 
feet) are of molded sandwich construction with fiber-glass 
inner and outer skins, paper honeycomb cores, and aluminum 
alloy brlkheads and stiffeners. The tail section of the 
fairing is a monocoque design with aluminum alloy skins. The 
fairing is provided with flush panels for access to the 
struts and also to the. controls and fluid connectors located 
on the underside of the mounting frame.. The upper nose 
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section of the fairing opens upward; and pivots forward for 
access to the transmission, controls, and instrumentation. 
The upper section of the fairing aft of the mast opens up- 
ward and slides aft to provide access to the drive system. 
The upper access doors are fitted with flush "quick release" 
latches; all other panels are fitted with flush screw-type 
fas teners. 

POWER DISTRIBUTION PANEL 

The test module requires 24 volts DC and 110/220 volts AC 
power for operation and servicing. The AC power is supplied 
through a 35-foot-long umbilical cable which connects to the 
power distribution panel as shown by Figure 39. For wind tunnel 
testing, the umbilical cable is routed through the left-hand 
main strut fairing to the distribution panel, which is located 
below the test section floor. The distribution panel has 
three coded receptacles which are mated to corresponding plugs 
on the umbilical. The three connections are for the service 
outlet, hydraulic pump motor, and oil pump motor on the test 
module. Power for the three circuits is obtained through the 
transformer, master switch, and external power cable installed 
on the panel.  The power cable is provided with a connector 
for attachment to a U40-volt, 60-cycle, 3-phase, AC external 
power receptacle. The common outlet is "live" whenever the 
panel master switch is closed and provides power for the 
tools, lights, etc., for servicing and maintenance of the test 
module. Power for the pump motor circuits is controlled by 
two "normally open" 24-volt DC relays mounted on the distri- 
bution panel. The hydraulic pump motor relay is series- 
connected with the master DC power switch on the control 
module. This arrangement provides hydraulic pressure for 
control boost whenever DC power is available for control 
system actuation. The oil pump motor relay is series- 
connected with a "normally open" pressure-actuated switch in 
the transmission-driven hydraulic system and the master DC 
power switch on the control module. Power is supplied to the 
oil pump motor circuit for lubrication of the speed increaser 
gearbox whenever the rotor is operating and DC power is avail- 
able for control system actuation. 

CONTROL MODULE 

The rotor speed (NASA drive motor) and the module pitch 
(tail strut actuator) controls are provided by the test 
facility. All other rotor control and monitoring functions 
are provided on the desk-type control module shown by Figure 
kO,    The control and monitor functions are arranged in two 
major panel groups: an operation station and a test engineer 
station. 
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The operator's station is on the right-hand section of the 
i control module and includes all the controls and indicators 

required for operation of the test module. The upper section 
of the operator's panel mounts^ from left to right» a rotor 
tachometer, the hydraulic and oil systems' warning indicator 
lights, and the DC power switch.  The DC  power switch, through 
its associated relays, controls all the power (except the NASA 
motor and instrumentation circuits) required for operation 
of the test module.  The system warning indicator lights are 
series-connected with individual pressure and temperature 
switches in the two hydraulic systems, the transmission oil 
system, and the speed increaser gearbox oil system. The 
warning lights incorporate a "press to test" circuit and are 
normally "off" unless there is a loss in pressure or excessive 
temperature rise in their respective system. The rotor 
tachometer is used to monitor rotor rpm and to provide an in- 
dication of rapid power changes such as power failure, inad- 
vertent autorotation entry, or a high rate of control input. 

Three control position indicators are mounted in a horizontal 
row along the center of the panel. The indicators display, 
from left to right, positions of collective pitch, longitudi- 
nal cyclic control, and lateral cyclic control. The collec- 
tive pitch is controlled by two push-button switches mounted 
below the collective position indicator. The operator sets 
collective pitch by depressing and holding either the "UP" or 
the "DOWN" switch until the desired setting is obtained on the 
collective pitch indicators. The first harmonic longitudinal 
and lateral positions of the rotor disc (flapping plane) rel- 
ative to the shaft are displayed on indicators located im- 
mediately below the respective control position indicators. 
The longitudinal and lateral cyclic pitch is cou'rroUad by 
two spring-centered lever type switches which ar ; located just 
below the operator's panel and in line with the respective 
position indicators. The operator moves the switches off- 
center to the left or right to obtain the desired setting on 
either the control position indicators or the flapping posi- 
tion indicators as determined by the particular ^est procedure 
(see the section on Rotor Test Results). 

The vest engineer's station is on the left-hand section cc the 
control module and is principally a monitoring station. The 
test engineer's panel mounts four load meters, a vibration 
meter, an airspeed indicator, and a three-way selector switch 
for use with a digital voltmeter. The load! meters and "ibra- 
tion meter provide a continuous "on-line" display of oscilla- 
tory load and vibration levels for selected critical compo- 
nents. The main rotor yoke flapwise bending moment, pitch 
link load, drag brace load, and pylon vibration were moni- 
tored during initial tunnel entry.( The yoke chordwise bending 
moment was monitored during the initial tests but was replaced 
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by. mast steady torsional moment prior to the second entry test 
since operation near the system torque limit was expected. A 
three-way switch installed in the lower right-hand corner of 
the test engineer's panel is used to select the collective, 
longitudinal cyclic, or lateral cyclic position signal for dis- 
play on a digital voltmeter for accurate readout of the control 
positions.  The voltmeter (provided by NASA) mounts immediately 
above the control module between the operator and test engineer 
stations. 

The switch is normally positioned to display collective posi- 
tions. The final collective setting for each data point is 
set based on the digital readout. The digital readout for all 
control positions is then read and recorded in :he test 
engineer's log. 

ROTORS 

Three  two-bladed,   semirigid  type rotors utilizing a common 
UH-1D underslung hub were  tested.     Basic data for these rotors 
are  tabulated below: 

34-Foot-Diameter Rotor 

Airfoil Designation 
Chord 
Diameter 
Twiet (Total Aerodynamic) 
Disc Area 
Solidity 
Effective Root Cutout 
Lock No, 

UJNID Rotor (Standard Blade) 

Airfoil Designation 
Chord 
Diameter 
Twist (Total Aerodynamic) 
Disc Area 
Solidity 
Effective Root Cutout 
Lock No. 

NAGA 0012 
1.75 ft 
34 ft 
-7.7 deg 
908 sq ft 
.0656 
11.8 percent span 
4.97 

NACA 0012 
1.75 ft 
48 ft 
-10.9 deg 
1810 sq ft 
.0464 
8.3 percent span 
7.47 

74 



Thin-Tipped Rotor 

Airfoil Designation 
Root to .8R 
.8R to tip 
Tip 

Chord 
Diameter 
Twist (Total Aerodynamic) 
Disc Area 
Solidity 
Effective Root Cutout 
Lock No. 

NACA 0012 
Uniform Thickness Change 
(See Table III) 
1.75 ft 
U8 ft 
-10.9 deg 
1810 sq ft 
.0464 
8.3 percent span 
6.91 

TABLE III.  AIRFOIL CONTOURS,- * STATION 288.0. 
BELL PART NO. 204- -018- 050 BLADE 
(in percent of airfoil chord) 

Upper Surface Lower Surface 
1 Station 

|     0 

Ordinate Ordinate   | 

- 1.190 1.190 
1    -5 -  .390 _ 1.633 
i   i.o -  .095 - 1.776 

2.0 .524 - 1.895 
i   3.0 .919 - 1.986 

1   ^0 1.238 - 2.071 
5.0 1.514 _ 2.148    | 

10.0 2.310 - 2.476    { 
12.5 2.533 - 2.595 
15.0 2.676 _ 2.676 
20.0 2.871 _ 2.87L 
25.0 2.966 - 2.966 

1  30.0 3.000 - 3.000 
i  35.0 2.976 - 2.976    I 

40.0 2.900 - 2.900    j1 

50.0 2.647 _ 2.647    | 
60.0 2.281 - 2.281 
70.0 1.833 - 1.833 

i  80.0 1.309 - 1.309    i 
90.0 .724 - .724 
95.0 .405 - .405 

j 100.0 .095 — .095 

*N0TE: NACA Airfoil Conventions Observed 
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Axis 

155.90 
+ 43.37 
- 26.03 

Strut Pivot 

All Dimensions Are in Inches. 

Figure 32. Wind Tunnel Strut Arrangement. 
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Figure 33,  T^st Module on Transport Dolly. 
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Figure 34.  Plan View of Test Module. 
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Figure 35. Side View of Test Module, 
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Figure 36. Control System Arrangement, 
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Figure 37. Rotor Control Motions. 
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Figure 38. Profile View of Fairing. 
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Figure 39.  Power Distribution Panel. 
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Figure kO.    Control Module, 
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APPENDIX III 
SHAKE TESTS 

Two separate shake tests were conducted to determine the 
natural frequencies and mode shapes of the combined test 
module and support system.  The purposes of the tests were to: 
(a) obtain data for predicting the dynamic behavior of the 
system during wind tunnel operation, (b) establish dynamic 
criteria for future test hardware designs, and Cc) evaluate the 
effects of the tunnel balance system on the dynamics of the 
system. The initial test was conducted with the test module 
installed on a simulated support system located on the ground 
floor of the test facility as shown by Figure 41,  The second 
test was conducted in the tunnel test section with the test 
module and support system mounted on the tunnel balance system. 

SUPPORT SYSTEM CONFIGURATION 

The test module was installed on the "light" main struts for 
both tests. The struts were attached to a welded steel mount- 
ing platform for the ground floor test and to the balance sys- 
tem for the wind tunnel test.  The dimensional location of the 
attachments in the mounting base and the balance frame were the 
same.  The principal differences between the two test config- 
uraiions were in the mounting bases and the tail struts.  The 
size and mass of the balance frame are extremely large compared 
to the mounting platform used for the floor test; however, the 
effects of these differences were at least partially compensated 
for by bolting the platform to the floor.  The floor test was 
conducted with a fixed-length tail strut, and the tunnel test 
was conducted with the collapsible tail strut normally used 
with the primary support system.  The fixed strut was mounted 
to the platform through a ball and socket to simulate the gim- 
bal mounting of the collapsible test strut.  The tail strut 
mounting dimensions were the same for both tests.  The two 
tail strut installations were dynamically dissimilar, since the 
fixed tail strut did not extend below the base mounting plane 
as was the case for the collapsible strut.  Upon completion of 
the initial tunnel shake tests, the support system was modified 
by removing c 30-inch section from the upper end of the lift 
struts . 

TEST PROCEDURE 

The same test procedures were used for both tests.  Weights 
were installed in the main rotor blade grips to simulate the 
blade mass.  The excitation forces were provided by externally 
driven, counterrotating, eccentric mass shakers.  Three shakers 
were used for the tests.  One shaker was installed in a blade 
grip to simulate rotor inplane excitations.  A second shaker 
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was suspended, through a bungee chord, frocn the wind tunnel 15- 
ton hoist and connected to the rotor mast to simulate vertical 
excitations. A third shaker was mounted on the aft frame 
member o€ the test module to simulate rotor torque excitations. 
The shakers were driven separately through a flexible shaft 
coupled to a variable-speed motor mounted on the test module 
frame. 

The motor speed was manually controlled to provide a 2-cps to 
30-cps sweep in the excitation frequency.  Acceleroraeters were 
installed on the rotor hub, pylon, and test module frame, and 
these data were recorded on magnetic tape for later playback 
through a Spectral Dynamic Analyzer.  During the tests, the 
response of the test module was visually observed and the 
output of three selected accelerometers was recorded on direct- 
writing oscillographs for immediate readout and classification 
of mode shapes and frequencies.  The tunnel scales were used 
as an additional source for visual observations of system 
response. Response data were not recorded for the final strut 
configuration.  The natural frequencies of this configuration 
were obtained by visual observation only. 

SHAKE TEST RESULTS 

The natural frequencies determined by the tests are summarized 
in Table IV. The basic test results and comparison with rotor 
excitation frequencies are discussed in the following para- 
graphs . 

Ground Floor Shake Test 

The rotor inplane (lateral and longitudinal) excitations at the 
hub produced resonant frequencies of the pylon modes and bend- 
ing modes of the vertical member of the lift struts.  The pylon 
modes were near 3 cps, as expected, since the installation 
was similar to the normal helicopter installation.  The first 
lateral mode of the main strut was located at 2.3 cps and was 
strongly coupled with the pylon mode.  The second and third 
lateral modes were located at 6.3 and 7.8 cps respectively. 
These modes were not significant because of the pylon isola- 
tion.  The first longitudinal mode was located from k.6  to 5.5 
cps, depending on the mounting platform stiffness.  This mode 
was originally located at 4.6 cps and was raised to 5.5 cps by 
driving steel wedges between the floor and the platform and 
adding lead ballast to the platform.  The bending frequencies 
of the forward and outboard diagonal members of the r^ain struts 
were determined from decay records.  These modes were located 
at approximately 17 cps for the forward diagonal and at 29 cps 
for the outboard diagonal. 
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. 

The vertical excitation at the hub produced resonant frequen- 
cies of the suspension system and the test module frame.  The 
suspension system mode was located at 1^.5 cps.  This mode was 
determined by the stiffness of the lifting system external to 
the test system and was of no importance with respect to the 
test program.  The test module frame mode was located at 16.7 
cps and was not of sufficient strength to be considered of 
importance. 

The excitation of the aft test module frame member produced a 
resonance of the main struts.  This mode was located at 6.25 
cps and was observed to be principally an out-of-phase longitu- 
dinal bending of the main strut vertical members.  There were 
no other resonant frequencies observed as a result of the aft 
frame excitation. 

Tunnel Shake Test 

The same main strut modes ohserv^r1 during the ground test were 
also observed at the tunnel test but at slightly different 
resonant frequencies.  The first lateral main strut mode was 
located at 2.7 cps and, as in the ground test, was strongly 
coupled with the pylon. The second and third lateral strut 
mode natural frequencies were slightly lower than in the ground 
test.  The first longitudinal strut mode was located at 5.3 
cps and resulted in a high response of the test module.  These 
low-frequency balance frame modes were determined by visual 
observation of the balance frame scale responses during excita- 
tion sweeps.  These frequencies are shown in Table IV. 
Because of the relatively small excitation force available 
below 3 cps, the frequencies could not be exactly defined; 
however, the modes were strongly coupled with the pylon. 

The lateral excitations at the aft frame of the test module 
produced a 6.3-cps out-of-phase bending mode at the main struts 
and, additionally, the natural bending mode of the tail strut 
at 3.2 cps. The out-of-phase main strut bending was the same 
as in the ground floor test. The tail strut mode was not ap- 
parent during the ground test due to the lack of dynamic sim- 
ilarity between the two struts. This mode did not couple with 
the other support system modes, and the test module response 
to this mode was negligible. 

The resonant frequency of the first longitudinal strut mode 
was known to be coincident within the rotor excitation range 
anticipated for the wind tunnel test prior to the tunnel shake 
test.  It was also anticipated that this frequency would t.ot 
be significantly changed in the tunnel and that modification 
of the struts would be required to eliminate the frequency 
coincidence. Preliminary calculation had indicated that 
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reducing the strut height approximately 30 inches would raise 
the resonance frequency sufficiently 't of the rotor excita- 
tion range. Although it was known tbu c a strut modification 
would be necessary before rotor testing could proceed, it was 
also recognized that the basic differences between the ground 
and tunnel test could not be determined unless the support 
system effects were known. 

Following the tunnel shake test of the basic configuration, 
the struts were removed and modified.  To avoid unnecessary 
delays in the test program, the shake test instrumentation was 
removed and the rotor test instrumentation buildup was started 
while the struts were being modified.  The modified struts 
were installed in the tunnel, and the rotor inplane excitation 
tests were repeated.  The response data for this configuration 
were obtained by visual observations of the support system and 
balance frame scales.  The lower frequency modes between 1.6 
and 3.0 cps were the same as the original configuration.  The 
first longitudinal and second lateral strut modes were 
observed to be significantly higher than those of the original 
configuration.  The first longitudinal mode was located at 6.5 
cps and was above the area of rotor excitation coincidence. 
The second lateral mode was raised from 6.0 to 7.5 cps. 

The tunnel balance scales were hand excited to determine the 
natural frequencies of the scales.  These tests were conducted 
with and without the dashpots connected.  The observed natural 
frequencies are given in Table IV.  With the dashpot disconnec- 
ted, the first mode of vibration was lightly damped and could 
be excited by an internal excitation force.  The dashpot in- 
stallation prevented the first mode from being excited by 
balance frame motion.  The second mode was also effectively 
damped out by the dashpot. 

Discussion 

In general, the ground floor test setup was a reasonable 
duplication of the tunnel system with respect to the struts 
and test module.  The tunnel test verified that the principal 
conclusions reached from the floor test were realistic and 
identified the low-frequency balance frame modes that were not 
duplicated in the floor test.  The significance of the various 
modes and responses is discussed in the following paragraphs. 

Mode Characteristics - The tunnel balance frame modes located 
at 1.6 cps longitudinally, and at 1.8 and 2.4 cps laterally, 
are fundamental modes of the balance frame.  These mode fre- 
quencies were probably not significantly affected by the in- 
stallation of the support systems in the tunnel.  The rotor 
pylon modes at 2,8 and 3.0 cps were strong modes with respect 
to the rotor hub on the test module, but they were generally 
weak with respect to the tunnel balance frame. 
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The first main strut lateral mode at 2.6 cps and the first main 
strut longitudinal mode at 5.3 cps were strong modes with 
respect to the test module and the balance frame.  The result- 
ant response at the rotor hub was high laterally due to pylon 
coupling and relatively low longitudinally due to pylon isola- 
tion.  For the planned rotor tests, the longitudinal mode was 
of prime significance since it was within the expected rotor 
excitation range.  The longitudinal mode was increased to 6.5 
cps by shortening the struts.  The second and third lateral 
strut bending modes at 6.0 and 11.0 cps were relatively weak 
modes in both the test module and the rotor hub.  The principal 
response to this mode was in the vertical member of the main 
struts. 

The natural frequency of the tail strut was observed to be at 
3.2 cps.  This mode had been observed in several rotor test 
programs conducted in the tunnel and was known to be located 
between 3.0 and 3.5 cps.  The basic characteristic of this 
mode was a relatively high amplitude motion of the tail strut 
actuator motor at the lower end of the strut.  The out-of- 
phase main strut mode at 6.3 cps had a mode shape similar to 
the first longitudinal mode at 5.3 cps.  The natural frequency 
of this mode was undoubtedly increased when the main struts 
were shortened; however, the lateral frame excitation test was 
not repeated, and the actual magnitude of the change is unknown. 

Response - Normalized response curves for the rotor hub, pylon, 
and test module frame are given in Figures 42 through 51 . The 
response curves are given for both the ground and tunnel tests 
with the original strut configuration. Measured data are not 
available for the short strut configuration since the modes 
were determined by visual observation only. 

The hub response to longitudinal, lateral, and vertical exci- 
tations is shown by Figures i+2 through i*A.  The highest 
response at the hub was at 3,1 cps longitudinally (Figure k2) 
and at 2.6 cps laterally (Figure 43),  The response above these 
frequencies attenuated rapidly, indicating that the higher fre- 
quency modes of the supporr system had no significant effect 
on the hub response.  The vertical response at the hub is 
shown by Figure 44.  No significant vertical responses at the 
hub were observed during the test; however, the response 
curves indicate a weak resonant frequency between 8 and 10 
cps.  This response is believed to be the first vertical mode 
of the tunnel balance frame.  The mass and damping of the 
balance frame was more than adequate to prevent any significant 
responses to vertical inputs. 

The pylon response is shown by Figures 45 and 46.  The response 
to longitudinal excitations of the rotor hub is shown by 
Figure 45. The major responses are the pylon mode at 
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approximately 3.0 cps and the first longitudinal strut mode at 
approximately 5,3 cps.  The lateral response data are shown by 
Figure 47. The principal pylon responses are the lateral 
pylon mode at approximately 2.8 cps and the lateral main strut 
mode at approximately 2.6 and 6.0 cps. 

The test module frame response data are given by Figures 47 
through 49. The longitudinal response is shown by Figure 47. 
The principal responses are the pylon mode at approximately 3.0 
cps and the first longitudinal main strut mode at approximately 
5.3 cps.  The high response at approximately 3.0 cps is also 
characteristic of the pylon and rotor hub.  The response at 
the first longitudinal main strut mode is characteristic of 
the pylon but not the rotor hub.  This particular frequency 
was within the planned range of rotor operation for the test 
program and was the basic reason for reducing the height of 
the main struts. 

The lateral response of the test module frame is shown by 
Figure 48. The basic responses are at the pylon and the 
lateral main strut mode frequencies.  The response to first 
lateral strut and the pylon mode frequencies is also a 
characteristic of the pylon and rotor hub.  The response to 
the second and third lateral strut modes is a characteristic 
of the test module frame and pylon only.  The rotor hub 
response to these modes is insignificant due to the effective- 
ness of the pylon isolation. 

The lateral response at the aft crossmember of the test module 
frame is shown by Figure 49. The principal response is located 
at 6.3 cps, which is the first torsional mode of the strut 
system.  This mode is characterized by an out-of-phase bending 
of the vertical members of the main struts. Both a rotor 
excitation coincidence and higher-than-normal values of oscil- 
latory rotor torque would be required to produce a significant 
excitation of this mode. 

Balance Frame Damping - The effect of balance frame damping is 
shown by Figures 50 and 51. The resoonse of the test module 
frame to the balance frame modes was significantly reduced by 
the addition of the dampers.  The response of the pylon and 
main struts was highei with the dampers installed.  These 
changes in response characteristics are attributed to the 
isolation effect of the balance frame modes on the higher 
frequencies. Without the dampers; th»  isolation was apparent 
above 3.0 cps. The pylon and strut modes were not isolated and 
exhibited a higher response with the dampers installed.  This 
effect was observed on the test module frame during both the 
longitudinal and the lateral hub excitations. 
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Excitation Coincidence - The excitation coincidences for the 
original and shortened main strut configurations are shown by 
Figures 52 through 55. The operating ranges fcr the two dif- 
ferent diameter rotors tested are also given in the figures. 
With the original strut configuration, the first longitudinal 
strut mode was coincident with one-per-rev rotor excitation 
of the 48-foot-diameter rotor at 320 rpm, as shown by Figure 
52.  The second lateral strut mode was coincident with one- 
pcr-rev excitations of the 48-foot rotor at 360 rpm and also 
two-per-rev excitations of the 34-foot rotor at 180 rpm, as 
shown by Figure 53.  The 48-foot rotor coincidences were con- 
sidered to be unacceptable, and the main struts were shortened 
to raise the strut modes. The strut modification shifted the 
frequency to remove these coincidences from the operating 
range, as shown by Figures 5k  and 55. 

The pylon modes were coincident with the one-per-rev rotor 
excitations of the 34-foot rotor at 180 rpm for both the 
original and the short strut configurations. The coincidence 
with the longitudinal pylon mode (Figure 52) was eliminated 
by removing the aft pylon mount, which lowered the pylon 
longltudal frequency to approximately 2.6 cps. The lateral 
pylon coincidence and the two-per-rev coincidence at 200 and 
225 (Figures 53 and 55 respectively) could not be changed 
without additional modification to the main struts or the 
support system stiffness. The required changes would have 
caused further delays in the test program and also would 
unnecessarily complicate the support system.  It was determin- 
ed that the test program requirements could be satisfied by 
selecting specific rotor speeds to avoid the excitation 
coincidences, and the program proceeded on this basis. 
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Figure kl.    Photograph of Ground Floor Shake Test Facility. 
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Figure 43. Hub Response to Lateral Excitation, 
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Figure kk.    Hub Response to Vertical Excitation 
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Figure U8. Module Response to Lateral Excitation. 
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Figure 49. Module Response to Lateral Excitation 
at the Tail Strut in the Wind Tunnel. 
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APPENDIX IV 
TABULAR DATA 

The data presented in this appendix were recorded by the Large 
Scale Aerodynamic Branch of the NASA Ames Research Center. 
These data were taken during two separate teat periods, and 
repetition of many test points will be not"id. Table V relates 
the test conditions, rotor, and the page number of the data. 

Data Reduction 

Six-component forces and moments were measured by the wind 
tunnel balance system. Tare corrections were applied to the 
balance data to account for forces and moments produced by 
the exposed model support struts, the faired body, and the 
rotating hub. The rotating hub tares included all hardware 
inboard of the 2.66-foot radius station. The tares were 
applied based on wind tunnel dynamic pressure and shaft angle. 
Rotor downwash effects on the tares were neglected, and no 
data adjustments were made for wall effects. 
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j      TABLE V. WIND ' FUNNEL BALANCE TABULATED DATA 

Table 
Number Des( :riptl on 

Page 
Number 

Standard Blades 

V-l /i = 0.30, M(i.o, 90.) 
= 0.79 113 

V-2 M = 0.30, M(i.o, 90.) 
= 0.85 113 

V-3 fi = 0.30, M(i.o, 90.) 
= 0.95 114  1 

V-^ fi = 0.35, M(i.o, 90.) = 0.85 114 

V-5 ß = 0.35, M(i.o, 90.) = 0.95 115  1 

V-6 f* = 0.40, M(i.o, 90.) 
= 0.85 115 

48-Foot Taper cd-Tipped Blades 

V-7 V- = 0.13, M(i.o, 90.) 
= 0.80 116  j 

V-8 M = 0.20, M(i.o, 90.) 
= 0.85 116 

V-9 /* = 0.24, M(i.o, 90.) 
= 0.87 117 

1 V-10 P = 0.27, M(i.o, 90,) = 0.90 117  j 

V-ll M = 0.30, M(i.o. 90.) 
= 0.79 118 

V-12 ^ = 0.30, M(U0, 90.) 
= 0.85 119 1 

V-13 M = 0.30, M(i.o, 90.) = 0.95 121 j 

V-I4 ^ = 0.30, M(i.o, 90.) 
= 1.0 122 

V-15 M = 0.35, M(i.o, 90.) 
= 0.85 124 

V-16 M = 0.35, M(i.o, 90.) 
= 0.94 125 
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TABLE V - Continued 

Table 
Number Description 

48-Foot Tapered-Tipped Blades 

Page 
Number 

V-17 M = 0.35, "(1.0, 90.) = 0.95 125 j 

V-18 M = 0.35, "(1.0, 90.) = 1.0 127 1 

V-19 /* = 0.35, "(1.0, 90.) ^ 1.025 128 

V-20 /* = O.kO, "(1.0, 90.) = 0.84 128 | 

V-21 P =  O.UO, "(1.0, 90.) = 0.85 128 

V-22 /* = 0.40, "(1.0, 90.) = 0.95 129 

3'4-Foot-Diameter Blades 

V-23 M= 0.51, "(1.0, 90.) = 0.65 130 j 

V-24 *=  0.66, "(1.0, 90.) = 0.55 
131 1 

V-25 't= 0.79- "(1.0, 90.) = 0.52 131 
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A joint U. S. Army Aviation Materiel Laboratories/NASA-Ames/Be11 
Helicopter Company experimental Investigation of three full-scale sets 
of rotor blades was conducted in the NASA-Ames Large Scale Wind Tunnel. 
Tested were: (1; production UH-lD (NACA 0012 profile) W-foot-diameter 
blades, (2) modified UH-lD blades reduced in thickness at the tip, and 
(3) IH-1D blades reduced in diameter to 3k  feet. The production blades 
were evaluated at Mach numbers up to 0.95, the thin-tipped blades to 
Mach 1.025, and the 3^-foot rotor to advance ratios of 0.79. The pro- 
duction and thin-tipped blades are compared to show the compressibility 
effects. At higher tip Mach numbers, a significant reduction in power 
required was obtained with the thin-tipped blades. Additionally, the 
state of the art of calculating rotorcraft performance at high tip 
speeds and advance ratio is reviewed, and limited experimental data 
obtained with special boundary layer instrumentation installed at the 
3/U rad:^ and surface pressure instrumentation installed near the 
blade tip are presented. 
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