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SUMMARY 

An experimental and analytical investigation was conducted to 

determine the effects of blade section camber and blade planform taper on 

helicopter rotor hover performance and to assess the accuracy of several 

theoretical methods in predicting such performance. The tests were 

conducted using small scale model rotors (nominally k  feet in diameter) 
operating in and out of ground effect at full-scvLe tip speeds. The NACA 

23112 airfoil, which is a section specifically designed to produce very 

low pitching moments such as required for helicopter blade applications, 

was selected for the cambered blade. A nominal taper ratio of 2:1 was 

selected for the tapered blade tests. The experimental results indicated 

a significant improvement in the maximum thrust capability of the cambered 

blade compared to blades having an NACA 0012 airfoil section. In addition, 

more efficient operation was achieved for the cambered blade at moderate 

thrust levels compared to the symmetrical blade. Blade taper increased 

rotor efficiency below stall but also reduced the rotor thrust level at 

which stall occurred. The earlier stall of the tapered blades is 

attributed to a greater interference of the blade tip region with the tip 

vortex from the preceding blade. The performance analyses based on the 

assumption of undistorted (i.e., uncontracted) wakes over-predicted rotor 

thrust for both the cambered and tapered blade rotors. However, improved 

performance prediction for the cambered blade rotor was achieved with a 

prescribed distorted wake analysis using symmetrical blade wake geometry 

data. These same wake geometry data, however, were found to be unreliable 

in predicting tapered blade performance, since, unlike camber, blade taper 

significantly influences wake geometry, and quantitative wake data defining 

this influence were not available for this investigation. 
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FOBEWORD 

This investigation was sponsored by the U. S. Army Air Mobility 
Research and Development Laboratory, Eustis Directorate, under Contract 
DAAJ02-71-C-0012, Task lFl6220UAAU201. Efforts under this contract were 
initiated in October 1970 and completed in October 1971. The experimental 
program reported herein was conducted during the period February to 
April 1971. 

The technical representatives of the Contracting Officer for this 
contract «pre Mr. William T. Yeager, Jr., and Mr. G. Thomas White of the 
Eustis Directorate. 
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INTRODUCTIOM 

I'' 

An investigation was previously conducted at the United Aircraft 

Research Laboratories (UARL) under Army sponsorship in which the effects 

of number of blades, blade twist, blade aspect ratio, tip speed, and 

collective pitch on hover performance were measured for model helicopter 

rotors having untapered blades with symmetrical airfoil sections . The 

objective of the investigation reported herein was to extend these tests 

to include the effects of two additional parameters which were expected 

to have a significant influence on performance. These parameters were 

blade camber and planform taper. Hover performance data were obtained 

using test equipment and model fabrication methods identical to those of 

Reference 1 and thereby providing a more complete body of extensive, self- 

consistent experimental data quantifying the effects of primary helicopter 

rotor design parameters. 

An additional objective of this study was to evaluate the accuracy 

of several hover performance methods in predicting the effects of camber 

and taper on hover performance. These included both undistorted wake 

analyses and a UARL-developed prescribed wake analysis using distorted 

wake geometry data. 

v 



EXPERIMENTAL PROGRAM 

TEST EQUIPMENT 

Model Test Facility 

The test program was conducted in the model rotor hover test facility- 

located at the United Aircraft Research Laboratories (UARL). The test 

facility, shown in Figure 1, consists of a large enclosed area approxi- 

mately 1+5 by 55 feet with a ceiling height of 1+0 feet. The facility is 

equipped with a rotor test rig, flow visualization equipment, and a 

movable ground plane to simulate in-ground-effect operation. 

The model rotor test rig is shown in Figure 2. A Uo-horsepower, 

variable-speed electric motor was used as a power source, and the rotor 

was driven through a 3:1 speed reduction system to allow operation at a 

tip speed of 700 feet/second at maximum available power. Average rotor 

thrust and torque measurements were obtained through strain-gaged load 

cells mounted on the rotor support frame. The motor-balance assembly is 
shown schematically in Figure 3. Additional instrumentation, used to 

monitor operation, included a solid-state counter for measuring rpm, 

vibration meters, and a model power control console. 

Flow visualization data were taken for selected flight conditions; a 

description of the equipment and procedures is given in Reference 1. 

Model Rotors 

The model rotor system consisted of a multibladed rotor hub and 

specially designed model blades. The rotor hub, shown in Figure k,  was 

designed to accommodate any number of blades up to and including eight. 

Flapping hinges were provided (but no lag hinges), and blade collective 

pitch was varied manually. The model blade consisted of an aluminum spar 

and a balsa trailing-edge section, as shown in Figure 5. The blades were 

untwisted and designed such that the elastic axis and section center of 

gravity were coincident at the quarter-chord position (within 1 percent 

of the chord). The mass and stiffness properties of the model blades 

greatly exceeded those of model blades dynamically scaled from typical 

full-scale designs. For example, the Lock number when operating at 

700 feet/second tip speed was approximately 3, whereas the Lock number of 

a full-scale blade of similar aspect ratio (l8.2) is typically 10. Hence, 

model blade coning angles were lower than full-scale coning angles. 
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However, the testing of such rotor blades has permitted concentration on 

the aerodynamic, rather than aeroelastic, aspects of rotor hover 
performance. The blade parameters are summarized in Table I. 

TABLE I.    MODEL ROTOR BLADE PARAMETERS 

Blade Parameter Design 1 Design 2 Design 3 

Linear Twist, 0;^   (deg) 0 0 0 

Aspect Ratio, AR 18.2 18.2 18.2*                 j 

Radius, R (in.) 26.75 26.75 26.75 

Chord,  c  (in.) 1.1+7 lM 1.1+7** 

j    NACA Airfoil Section 0012 23112 0012 

1    Taper Ratio (root chord/tip chord ) 1:1 1:1 2:1 

Root Cutout  {% R) IIK8 Ik.8 11+.8                i 

j    Flapping Hinge Offset  {% R) 6.8 6.8 6.8 

*Aspect ratio is based on ' 
!    **Chord at the 0.75 R stati 

the 0. 
Dn. 

75 R chord. 

Design 1 (untapered, symmetrical blades) was fabricated and performance 

tested by United Aircraft under Contract DAAJO2-69-C-OO56 prior to this 

investigation. However, additional in-ground-effect performance data for 

this design were obtained during this investigation. The remaining two 

blade designs (Designs 2 and 3» referred to as cambered and tapered blades, 

respectively) were constructed specifically for this investigation. The 

airfoil profile coordinates nondimensionalized by chord are listed in 

Table II, and photographs of the two blades are shown in Figure 6. The 

NACA 23112 airfoil^ was selected for the cambered blade for this investi- 

gation. This airfoil is desirable for helicopter application since it 

achieves high lift coefficients typical of cambered airfoils while 

producing nominally zero pitching moments. 



TABLE II.    AIRFOIL mOFILE COORDINATES 

( Cambered Airfoil Tapered Airfoil                      | 
NACA 23112 NACA 0012 

i          x/c y/cupper y'clower x/c y'cupper y/clower 

1    o 0 0 0 0 
0                        1 

1       0.0125 0.0276 -O.OII9 0.0050 - j 

0.025 0.0372 -O.OI67 0.0125 0.0189^ -0.0189^ 

0.050 0.0507 -0.0211 0.025 0.02615 -O.O2615 

0.075 0.0601 -O.O2U5 0.050 0.03555 -0.03555 
1       0.100 0.0665 -O.O272 0.075 0.0U200 -O.OHOQ 

1       0.15 0.07^3 -O.O326 0.10 O.OU683 -O.OU683 

0.20 0.0771 -0.0377 0.15 0.053^5 -0.053^5          j 

0.25 0.077^ -O.Okll 0.20 0.05738 -O.O5738         1 

0.30 0.0761+ -O.Ok37 0.25 0.,059^1 -O.O59U1 

o.Uo 0.0710 -O.OI+52 0.30 0,. 06002 -O.O6OO2         j 

0.50 0.0628 -O.OU33 0.1+0 0.05803 -O.O5803          i 

j       0.60 0.0525 -O.O39O 0.50 0.0529U -O.O529I+ 

1     0.70 o.ohoQ -O.O323 0.60 0.0U563 -O.OU563 

0.80 0.0285 -0.021+2 0.70 o.0366i+ -O.O366U 

0.90 0.0152 -0.0139 0.80 0.02623 -O.O2623 

0.95 0.0083 -O.OO78 0.90 0.01UI+8 -o.oii+i+8 
1.00 0.0013 -0.0013 0.95 0.00807 -0.00807 

1.00 0.00126 -0.00126       i 

Leading edge radius/c = 0 .0158 

Each rotor was tested with the following numbers of blades and rotor 

solidities: 

Number of Blades, b Rotor Solidity, cr 

(based on c at 0.75 R) 

2 
k 
6 
8 

0.035 
0.070 
0.105 
O.lUo 

m&i* 
.:;/i;.M^:-r- ^^^^^^^^"^ 
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TEST PROCEDUBES 

Calibration 

The thrust and torque calibration derivatives were determined 
directly in strain gage units per pound (SGU/lb) and strain gage units 
per foot-pound (SGU/ft-lb), respectively, by applying known forces and 

moments to the rotor hub. 

A dowel pin, mounted perpendicular to an arm extending from the root 

of the blade along the blade chord (see Figure k),  was used to manually 
set collective pitch angle relative to a flat surface on the blade 
retention fitting (attached to the hub). For each blade, the distance 
from the pin to the flat surface, measured by means of a depth micrometer, 
was calibrated relative to the collective pitch at the three-quarter 
radius. Blade tracking was checked by observing the blade tips through a 
transit, with lighting supplied by a strobotac triggered at a specified 
number of flashes per rotor revolution. In this manner, several blades 
were observed at once and their relative tip positions compared. 

Test Parameters 

Experimental data were systematically obtained to measure the effect 
of the following parameters on hover performance for rotors with blade 
section camber and planform taper. Reference data were obtained for a 
conventional rotor having untapered, symmetrical blades at 6 and 10 
degrees collective pitch. The additional data presented herein for 
operating out of ground effect were obtained from Reference 1. 

Primary Test Parameter 
Nominal Test Values 

2, k,  6, 8 
525, 600, 700 fps 
0 to max*, deg 
3.5, 2.0, 1.33, 0.67 

1. Number of Blades, b 
2. Rotor Tip Speed, ÜR 
3. Collective Pitch, 675 
1+. Height Above Ground/Rotor Radius, ZG/R 

*Determined by operating stall limits. 

Variations of the first three primary test parameters were equivalent to 
independent variations in three related parameters. That is, variations 
in number of blades were equivalent to variations in rotor solidity. Tip 
speed values of 525, 600, and 700 feet/second corresponded to tip Mach 
numbers of 0.^-6, 0.53, and O.63, respectively. Finally, variations in 

-—M.w«xw<a-S»M*(^l*«t*Aft 
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collective pitch were used to produce major variations in rotor thrust 

level. Five values of collective pitch (nominal values were 0, 6, 8, 10, 

11 degrees for Designs 1 and 3, and -2, h,  6, 8, 9 degrees for Design 2) 

were selected to span the thrust level from zero to maximum thrust. As 

a precautionary measure, the preliminary maximum collective pitch was 

selected so that all the required data were obtained before more extensive 

data, specifically in the stall region, were taken. As indicated by the 

above listing of parameters, data regarding the effect of rotor height 

above the ground was investigated for rotors using three blade designs. 

A rotor height ratio (distance above the ground to rotor radius) of 3.5 

simulated out of ground effect operation wnile ratios of 2.0, 1.33» and 

0.67 simulated various levels of in ground effect operation. 

Test Confisuration 

The test parameter combinations that were investigated are listed in 

Table III, The untapered blade rotor having an NACA 0012 airfoil will 

hereafter be referred to as the "reference rotor". 

TABLE III. TEST PARAMETER COMBINATIONS 

Blade Rotor  Height Above 

Airfoil    Taper Condi- Ground/ 

Section    Ratio tion   Rotor Radius 

No. of 

No. of Collective 

No. of  Tip   Pitch 

Blades Speeds Values 

NACA 23112   1:1 

NACA 0012 

NACA 0012 

2:1 

1:1 

NACA 23112   1:1 

NACA 0012 

NACA 0012 

2:1 

1:1 

NACA 0012**  1:1 

0GE 3-5 2,^,6,8 3 5* 

OGE 3.5 2,U,6,8 3 5* 

OGE 3.5 M,8 2 2 

IGE 2.0,1.33,0.6? M,8 2 2 

IGE 2.0,1.33,0.67 M,8 2 2 

IGE 2.0,1.33,0.67 U,6,8 2 2 

OGE 3.5 2,U,6,8 3 5* 

•^Minimum number. 

**Performance results obtained from previous investigation. 
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The hover performance for the combination of parameters presented as the 
last item in Table III were obtained from tests conducted as part of the 

experimental investigation reported in Reference 1. 

Data Acquisition 

The procedure for data acquisition fundamentally consisted of 

selecting the test configuration (blade design, collective pitch, ground- 

plane position, and number of blades) and recording performance data at 

the required tip speeds. The ambient temperature and pressure in the 

enclosed area were monitored and recorded during the test. The rotor 

thrust and torque data were acquired by manually recording the outputs of 

the thrust and torque load cells on self-balancing potentiometers in 

strain gage units (SGU). Oscillations of the potentiometer readings as 

high as ±10 SGU (±0.3 lb) for thrust and ^30 SGU (±0.2 ft-lb) for torque 

were observed for some test conditions. To establish representative 

steady-state values, average readings were recorded. The repeatability 

of the data was determined as described in Reference 1. 

For most rotor configurations, the maximum collective pitch at which 

operation was possible was limited by the occurrence of a sharp increase 

in rotor noise level as the tip speed Mas  increased beyond a certain level. 
This boundary was explored during the tests of Reference 1 and was found 

to be related to stall flutter. The reference and cambered blade designs 

indicated a sharp transition to a higher rotor noise level at the stall 

flutter boundary; however, the tapered blade did not indicate a distinct 

stall flutter boundary. The noise level for this rotor indicated a 

gradual transition from normal operating noise to a steady and relatively 

intense noise level. It was this steady and intense noise level which was 

defined to be the boundary for maximum thrust. 

Flow visualization was not an objective of this test; however, to 

obtain a sampling for comparison with the reference rotor, data were 

obtained for three hover conditions with six-bladed rotors operating at 

600 feet/second tip speed out of ground effect. Flow visualization data 

were obtained for cambered blades at two thrust levels (CT/CT = 0.0281 and 

0.1015) and for tapered blades at one thrust level (C^/cr = O.Oi+33). The 

tip vortex positions are shown in Figure 7 for the cambered blades at 

CT/CT
-
 = 0.0281 and for the tapered blades at CT/CT = 0.0^33 and are compared 

to those of the reference rotor at Cy/cr =  0.0300. The apparent difference 

of the blade azimutn spacing for the reference rotor shown in Figure 7c is 

due to a different camera mounting position. This rotor was photographed 

earlier under another investigation1. 



TEST DATA ACCURACY 

Static data repeatability for thrust and torque was determined from 

repeated calibrations of the strain gages while determining the calibra- 

tion derivatives discussed in the Test Procedures section. The 

repeatability values are listed below as two standard deviations: 

Thrust, lb   Torque, ft-lb 

Static Data Repeatability:    ^.ISl       ^.^O 

The dynamic data repeatability was determined by considering the range of 

C^/cr and CQ/T from average values calculated from repeated test points 

during a test run. Either two or three repeated data points were recorded 

during a run*, where a test run consisted of test data recorded between the 

starting and stopping of the rotor. A mean range was calculated for all 

the conditions with repeated data, and the averages are listed below; 

Average 

CT/cr      Cq/o- 

Dynamic Data Repeatability:   *().00015   i:0.00002U 

The quoted values do not reflect scatter due to any differences in setting 

collective pitch. The differences due to any errors in setting collective 

pitch were significant, but they had very little influence on the rotor 

thrust-torque relations, as will be shown in the presentation of the 

performance results. 

The estimated accuracies with which the parameters determining a 

given test condition could be set are given below: 

Parameter 

Collective Pitch, 6^ 

Tip Speed, QR 

Rotor Height, ZG/R 

Accuracy 

*0.2 deg 

±1 fps 

iO.OS 
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DISCUSSION OF EXPERIMENTAL ROTOR PERFORMANCE RESULTS 

■ 

All experimental results are presented in graphical form in Figures 

8 through 17 to demonstrate the influence of blade camber and taper for 

various combinations of number of blades (solidity), tip speed, and 

simulated ground height. Figures 8 through 10 present the basic perfor- 

mance characteristics (out of ground effect) of the reference rotor 

(symmetrical airfoil, no taper) and the rotor having cambered and tapered 

blades. The data for the reference rotor (Figure 8) was obtained from 

Reference 1; however, additional data for the reference rotors with U, 6, 

and 8 blades were also obtained during this test program to verify the 

Reference 1 results. The influence of collective pitch, number of blades, 

tip speed, camber, and taper are shown in Figures 11 through 15. The 

experimental data points have been removed from Figures 11 through 15 for 

clarity, and the faired curves are presented for discussion purposes. 

Finally, performance characteristics in ground effect are presented in 

Figures 16 and 17 for the three rotor systems. The results are discussed 

in the following paragraphs. 

Thrust Limits 

• 

As noted previously, the maximum thrust (collective pitch) was 

limited for untapered and cambered rotor configurations by the occurrence 

of a sharp increase in rotor noise level as tip speed was increased. The 

exact nature of this boundary is not known but as discussed in Reference 1 

may be related to incipient stall flutter triggered by blade-vortex 

interference. For this investigation the boundary was defined qualita- 

tively by the test engineer during the test. The boundary was easily 

defined for the reference and cambered blades; however, it was more 

difficult to establish for the tapered blades. The noise level for the 

tapered blades at a specific collective pitch setting grew gradually with 

increasing thrust (through increasing tip speed), and testing was 

terminated when the noise level was Judged to be as intense as that for 

the other rotors. Any uncertainties for this rotor due to this procedure 

were, fortunately, of little consequence since rotor torque data showed 

clear evidence of stall long before the noise limit dictated termination 

of the tests. Thus the physically interesting thrust range was covered 

for all rotors tested. 

•. 

Using the above procedures, it was generally found that the maximum 

thrust was reduced as the tip speed increased (e.g., compare Figures 8a, 

8b, and 8c). Furthermore, the cambered blade flutter boundary was above 

the untapered, symmetrical and tapered blade boundaries as a result of 

\, 
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the higher c^^ of the cambered airfoil (e.g., compare Figures 8a, 9a, 
and 10a). The lowest boundary occurred with the tapered blade, apparently 

as a result of early tip stall (see Figures 8a and 10a). The occurrence 

of such stall is related to blade-vortex interference which is evident 

from the flow visualization photographs of Figure J.    When comparing the 
positions of the tip vortex relative to the following blade, it can be 

seen that the cambered blade vortex has a greater vertical displacement 

than that for the tapered blade vortex. The tapered blade vortex actually 

impinges on the following blade and thus induces high angles of attack 

causing local stalling. The close proximity of the vortex is attributed 

to the reduced outboard blade area resulting in lower induced axial trans- 

port velocities. 

Effect of Collective Pitch 

The performance results are presented in Figures 8 through 10 in 

terms of rotor thrust versus torque to minimize the scatter introduced by 

any variations in setting the collective pitch, öyc. Nominal values of 

collective pitch are indicated by the dashed lines in each figure. In 

addition, Figure 11 shows representative Cy/cr and CQ/CT variations with 
collective pitch, Ö75. The results shown in Figure 11 correspond to the 

faired cambered and tapered blade data of Figures 9b and 10b, respectively. 

As anticipated, rotor torque increases rapidly at the higher collective 

pitch settings due to the divergence of the airfoil drag characteristics. 

The cambered blade data in Figure 11a indicate a reduction of slope, or 

falling-off, of lift at the high collective pitch settings for b =2, k, 
and 6. The slope reduction is even more pronounced for the tapered blade 

data shown in Figure lib, indicating that the rotors were indeed operating 

with portions of the blades stalled. 

Effect of Solidity and Number of Blades 

Rotor solidity was changed, for each blade design, by varying the 

number of blades from 2 through 8, as indicated in Figures 8 through 10. 

Since each of the figures represents rotors with fixed blade chord 

distribution, radius, and tip speed, 0^/0- and Cn/tr are directly related 

to the thrust and torque per blade (blade thrust and torque loading). 

Comparison of the results for varying numbers of blades within each figure 

indicates improved blade efficiency (thrust/blade (Cy/cr)  per torque/blade 

(CQ/CT)) with decreasing solidity. The improved blade efficiency is pro- 

duced from two sources. First, and most important, the fewer number of 

blades (or lower solidity) at a given blade loading will produce a lower 

total -Jirust and disc loading of the rotor. As a result, the average 

10 
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downwash (■which is a measure of the energy expended) induced by the rotor 
wake will be lower and, hence, the blade induced drag -will be less. A 

second smaller effect (discussed in Reference l) arises from the local 

interference caused by the tip vortex shed from one blade on the loading 

cf the following blade. 

Although lower solidity at constant blade aspect ratio implies 

greater blade efficiency, a limit exists to which it also implies greater 

rotor efficiency. This is because of blade stall. Plots representing 

typical total rotor performance coefficients (Cx and Co) for rotors with 

cambered and tapered blades are given in Figures 12a and 12b, and 

correspond to the test conditions shown in Figures 9b and 10b, 
respectively. Since the blade radius and tip speed are constant in 

Figure 12, CT and CQ are proportional tc the total rotor thrust and 

torque. Both Figures 12a and 12b show that the rotor thrust per unit 
rotor torque can be improved by decreasing solidity (blade area) until 

blade stall occurs. 

Effect of Tip Speed 

The influence of rotor tip speed (test values were 525, 600, and 

700 feet/second) on hover performance is presented in Figure 13a for the 

cambered blades and in Figure 13b for the tapered blades. Both figures 

show the faired test data for 2- and 6-bladed rotor configurations. The 

test tip speeds at 525, 600, and 700 feet/second correspond to tip Mach 

numbers of O.hS,  0.53, and 0.63, respectively. Generally, an increase of 

the tip speed causes an increase in the rotor torque due to compress- 

ibility effects at constant thrust values, and the effect becomes more 

pronounced -with increasing thrust and increasing tip speed. 

Effect of Blade Section Camber 

The relative influence on performance due to camber is shown in 

Figure 1^-. The faired curves through the performance data (from Figure 9) 

are again used to compare rotor performance. Representative results are 

shown in Figure 1^ for 2- and 6-bladed cambered rotors and are compared 

to the reference rotor (symmetrical airfoil) data taken from Figure 8b. 

The results indicate an improvement in efficiency of approximately 

6 percent for the cambered blades at the thrust level where the reference 

rotor stalls and a significant extension of the maximum thrust capability. 

The end points on the curves of Figure lU (and 15) represent the stall 

boundary. 

11 
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The higher torque requirement of the cambered blades at zero thrust 

indicated on Figure ik  is consistent with the higher drag of two- 
dimensional cambered sections at zero lift coefficient. 

Effect of Blade Planform Taper 

Representative effects of blade taper are shown in Figure 15 for 2- 

and 6-bladed rotors. The solid lines represent the faired curves through 

the tapered blade data of Figure 10b, and the dashed lines represent the 

faired curves through the reference rotor (untapered blade) data of 

Figure 8b. The results indicate an improvement in hover performance of 

approximately 5 percent for the tapered blades at moderate thrust 

coefficients. This would be expected due to the more uniform downwash 

distribution produced by the taper. However, as thrust is increased, 

blade stall occurs sooner for the tapered blade (discussed in the Thrust 

Limits section), and its thrust-torque relationship takes on a typical 

torque divergence character. Tne most significant aspect revealed by this 

investigation relative to tapered blades is the problem of blade-vortex 

interference. This has been shown by both the photographic information 

of Figure 7 and the noise level performance results to be a more serious 

problem than with conventional untapered blades. The reduced blade tip 

area, by virtue of the blade taper, develops a lower tip circulation 

strength, thereby reducing the primary factor which imparts the downward 

motion of the tip vortex. A similar effect would be caused if blade twist 

were introduced on an untapered blade due to the reduction in tip angle of 

attack as was demonstrated in Reference 1. However, because of its lower 

tip angles, the twisted blade is more tolerant of the upwash induced by 

the tip vortex, and its performance is not adversely affected. The 

results of such vortex interference on the tapered blade not only reduce 

its performance at high thrust levels but also can produce dynamic blade- 

out -of -track (BOOT) phenomena. BOOT was not experienced during the model 

tests since the blades were significantly stiffer than dynamically scaled 

blades and, therefore, were restricted in their response characteristics. 

Ground Effect 

As part of these tests, a systematic investigation of the in-ground- 

effect (IGE) performance for the three blade designs was conducted with 

various combinations of tip speed, number of blades, ground-plane height, 

and collective pitch. Tip speeds of 525 and 700 feet/second were 

6-, and 8-bladed rotors. 

rotor with respect to the ground was varied from 3.5 R> which is 

essentially out of ground effect (OGE), to 0.67 R» which is well within 

position of the 

 ■■• ^ . .-- - -• 
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ground effect.    The rotor configuration and collective pitch setting were 
held fixed during the series of simulated rotor height variations.    The   | 
effect of rotor height above ground on the rotor performance coefficients 
is shown in Figure 16 for the three blade designs with 6-bladed rotors 
operating at ,700 feet/second tip speed M  As demonstrated by the typical 
results in Figure 16, the| variation of thrust with torque is essentially- 
linear as the rotor height is varied. 

Thrust augmentation is normally defined as the ratio of IGE thrust 
to OGE thrust at,constant torque, as represented by the following 
equation: 1 

IGE 

06E 

(CT/cr) IGE 

L(cTM OGE CONSTANT CQ/CT 

The IGE data for the three blade designs are presented in Figure 17.    It 
lean be observed that the data (except for differences due to scatter) are 
generally independent of blade solidity (corresponding to k, 6, and ci 
blades) and variations iia the OGß thrust level (corresponding to 
approximate collective pitch values of 6, 8, and 10 degrees).    The thrust 
at the minimum rotor height was increased approximately 20 percent ^or 
each rotor over the thrust developed by operating OGE.    Slight increases 
of thrust augmentation appear with increasing tip speed; however, no clear 
improvement in-ground-effect performance is distinguishable between the 
untapered, tapered, and cambered blades. \ \ 
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THEOBETICAL METHODS FOR PREDICTING HOVER PERFORMANCE 

\ 

An objective of this investigation was to evaluate the accuracy of 

certain theoretical methods, including two developed at UARL, in predic- 

ting the performance of rotors having cambered and tapered blades. The 

methods used for analyses are listed below: 

1. Blade Element-Momentum Analysis 
2. Goldstein-Lock Analysis 
3. Prescribed Classical WaKe Analysis 
h. Prescribed Distorted Wake Analysis 

Each method is described below, with emphasis placed on the. last two, 
since the first two methods have been in widespread use for many years. 
The four methods are identical to the analyses employed for the investi- 
gation of Reference 1.    In Reference 1, the Prescribed Distorted Wake 
Analysis was termed the  Prescribed Experimental Wake Analysis. 

The operating conditions for which rotor performance was computed 
are listed in Table IV. 

i TABLE IV .  OPERATING CONDITIONS ANALYZED 

Tip Collective 
Taper Twist Aspect No. of Speed Pitch 

Rotor Airfoil Ratio (deg) Ratio ' Blades (fps) (deg) 

Model NACA 23112 1:1 0 18.2 6 6oo ^,6,8,9*,10,11, 

12,13* 

Model NACA 0012 2:1 0 18.2** 6 

\ 

600 0.7*,U.7*,6.7, 
8.7,10.7,11.7   I 

Full- f'.ikorsky 1:1 Non- 15.1 6' 698 12.9          j 
I'.cale cambered 

Airfoil 
linear, 
-10.6 

All conditions investigated correspond to or,E operation 
*Condi tions calculated with Blade Ele uent-Momentum and Golstein -Lock Methods only. 
**Baaed Cn the chord at 0.7? R. 
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BLADE ELEMENT-MOMENTUM ANALYSIS 

This analysis is based on the assumption that the lift acting on an 

annulus of the rotor disc is equal to the change in momentum of the air 

passing through that annulus. Each annulus or, equivalently, each blade 

section is assumed to operate independently of all other sections. The 

relations developed can be shown (Heyson3) to be eqin v^ient to those 

obtained using vortex theory in which the rotor is modeled by an infinite 

number of blades and the vorticity deposited in the wake of the rotor 

forms a continuous cylindrical vortex sheet having a diameter equal to the 

rotor diameter. The equations relating local blade thrust and local 

induced velocity at the disc are solved iteratively on a digital computer 

using appropriate two-dimensional airfoil data to account for any stall or 

compressibility effects that may be present. Losses due to flow around 

the tips of the blades are accounted for by jpecifying a "tip loss factor", 

■which assumes complete loss of lift over a small, arbitrary percentage of 
the blade tip region. As used herein, the parameters specified as input 

to the analysis were rotor radius, solidity, blade chord, tip speed, blade 

twist, collective pitch, blade coning angle, air density, speed of sound, 

airfoil c* and c^ data, and tip loss factor (0.97)« 

In summary, the Blade Element-Momentum Analysis neglects effects due 

to the finite number of blades as well as those related to wake contrac- 

tion. 

GOLDSTEIN-LOCK ANALYSIS 

This analysis is effectively the rotary-^/ing equivalent of the 

classical lifting-line analysis used successfully for fixed wings. The 

analysis is based principally on the work of Goldstein^, who obtained a 

solution for the velocity potential for the flow about an axially trans- 

lating, doubly-infinite, rigid helicoidal surface. This surface was 
shown by Betz5 to represent the minimum energy wake of a propeller (or 

rotor) having a finite number of blades. By satisfying the flow boundary 

conditions on the helical surfaces representing the wake, the optimum 

(or Goldstein) distribution of circulation in the wake was obtained. 

Goldstein's results were applied by Lock", who showed how the results 

could be used to design a propeller. This was accomplished by assuming 

the propeller to be lightly loaded so that the wake was essentially 

uncontracted, in which case the circulation distribution in the wake can 

be related directly to the circulation distribution on the blade. Through 

this assumption and the use of the Goldstein velocity potential to define 

the induced velocities at the plane of the propeller, the blade twist and 
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chord distributions necessary to produce the Goldstein (optimum) circula- 
tion car. be determined.    Lock also postulated techniques for handling the 
inverse problem, wherein the blade geometry is defined and the circulation 
distribution and the associated propeller performance are required.    This 
situation arises, for example, when one designs an optimum propeller for 
operation at a specified design condition and then wishes to know the 
performance of this propeller at off-design operating conditions.    In his 
approach. Lock assumed that the circulation at each blade section was part 
of a Goldstein optimum circulation distribution but allowed the optimum 
distribution associated with each section to be different.    This implies 
a different wake pitch angle variation with radius than would be the cose 
for a blade whose locel circulation values formed part of the same optimum 
distribution.    The rcdulting wake structure is, therefore,  technically 
inconsistent with the optimum wake assumptions made by Goldstein; however, 
reasonable answers are expected for conditions where large departures from 
the Goldstein optimum circulation distribution are not involved.    Numeri- 
cal implementation of the Goldstein-Lock method, which involves an 
iteration at each blade section between the local circulaticn and local 
wake pitch angle, was accomplished using an existing computer program 
provided by the Sikorsky Division. 

In summary, the Goldstein-Lock Analysis accounts for the finite 
number of blades on a rotor  (thereby eliminating the need for fictitious 
tip loss factors) but still retains the assumptions that the blades are 
lifting lines and that the wake is uncontracted  (light loading). 

UARL PRESCRIBED WAKE HOVER IERFORMANCE PROGRAM 

The next two analyses to be discussed employ the UARL Prescribed Wake 
Hover Performance Program (or briefly, the Prescribed Wake  Program) for 
the  solution of the blade circulation and inflow distribution and the 
corresponding integrated rotor performance.    Complete generality (within 
the framework of the assumptions to oe mentioned) regarding the specifica- 
tion of the geometry of the wake was maintained in the computer program. 
This generality permits the evaluation of a wide variety of wake 
geometries such as a classical undistorted wake geometry (hereafter 
referred to as the classical wake),  or a realistic model of a distorted 
wake.    The incorporation of these two wake models in the Prescribed Wake 
Program results in the analyses listed below: 

1. Prescribed Classical Wake Analysis 
2. Prescribed Distorted Wake Analysis 

16 
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These analyses are identical except for the representation of the wake. 

A description of the wake model used in each will be presented in the 

following sections. Other than assumptions regarding wake shape, the 

following are the major assumptions that currently exist in the 

Prescribed Wake Program: 

1.  Each blade is represented by a lifting line (bound vortex) 

divided into a finite number of segments (blade segments), each 

having a different circulation strength. The aerodynamic 

characteristics determined at the centers of each segment are 

assumed to be representative of the entire segment. 

The wake is represented by a finite number of vortex filaments 

trailing from the blade segment boundaries. Each filament is 

divided into straight segments, the lengths of which are 

determined by a specified wake azimuth interval, A^w. The 

circulation strength of each trailing vortex filament is 

constant along its length and is equivalent to the difference 

between the circulation values of its adjacent bound vortex 

segments in accordance with Helmholtz laws of conservation of 

vorticity. 

3.  The blade and wake characteristics are assumed to be independent 

of azimuth position. 

h.      The airflow at the blades is assumed to be two-dimensional 
(radial induced velocity components are neglected). For the 

rotor performance calculations, tabulated two-dimensional air- 

foil data (cj , Cd, a)  are provided which include compressibility 
effects (Mach number variations). For the circulation calcula- 

tions, a set of lift curve slopes and stall angles of attack 

are provided which vary with each Mach number. 

5. Tangential induced velocity components are neglected. 

6. Small-angle assumptions are included for the inflow angles in 

the circulation solution. 

7. Following the blade circulation and inflow solution, conven- 

tional strip theory is assumed to be applicable to compute the 

rotor performance characteristics. 

17 
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The method differs from that developed by Rorke and Wells' in that the 

blade inflow distribution is determined completely by the induced effects 

of the wake (by application of the Biot-Savart la^) as opposed to intro- 

ducing approximate momentum considerations. A flow diagram showing the 

required input, sequence of major operations, and output of the program is 

presented in Figure 18. As indicated in this figure, the program is 

divided into three independent parts. The first transforms the wake 

geometry input to wake coordinates. The second contains the computation 

of the wake influence coefficients at the blade, as defined by the Biot- 

Savart law, and the numerical procedure for solving the circulation 

matrix and associated induced velocity distribution. In the third part, 

performance characteristics are computed. A provision for automatic 

plotting of the wake filaments is included. Sample computer plots are 

shown in Figure 19 for a typical distorted wake and a classical wake 

model. The computer time required by the Prescribed Wake Program normally 

varies from approximately 15 seconds to 2 minutes (UNIVAC 1108 computer) 

depending on the number of blades, number of wake elements, and number of 
internal iterations required. 

For all applications reported herein, the blade^wake model ii:  the 
Prescribed Wake Program was represented as follows: 

Number of blade segments 15 

Number of wake filaments per blade lo 

Number of wake revolutions 11 

Wake azimuth increment 30 deg 

The 15 blade segments were distributed such that 10 were spaced at 0.02 R 

intervals over the outer 20 percent of the blade span. Wake revolutions 

beyond the eleventh were found to have a negligible effect on rotor 

performance. 

PRESCRIBED CLASSICAL WAKE ANALYSIS 

The use of a classical wake in the UARL Prescribed Wake Program forms 

the Prescribed Classical Wake Analysis. This analysis is, in many 

respects, similar to the GoIdstein-Lock Analysis described above, in that 

a finite number of blades is assumed, each blade is represented by a 

lifting line, and an undistorted wake geometry is prescribed. The 

primary differences in the analyses are as follows: 

1.  The helical sheets of vorticity representing the blade wakes are 

approximated by a finite number of discrete trailing vortex 

filaments to facilitate numerical solution (on a computer) of 
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basically the same equations which, for the optimum case, 
Goldstein solved analytically.    The availability of a numerical 
solution also permits a more direct solution of the inverse 
problem wherein the geometry of the rotor is specified as 
opposed to the circulation distribution. 

2.      The wake geometry assumed in this version of the analysis 
differs from that for the Goldstein optimum wake in that the 
axial transport velocity of each vortex element in the wake is 
constant with radius and is equal to the momentum value. 
Tangential transport velocities are assumed to be zero.    For the 
low helical wake pitch angles associated with helicopter rotor 
disc loadings, the outer portion of the wake used approximates 
the Goldstein wake. 

A sample plot of the classical wake trajectory was presented in Figure 19. 

PRESCRIBED DISTORTED WAKE ANALYSIS 

m 

This analysis differs from the previous analysis in that a more 

realistic, generalized distorted wake geometry based on experimental flow 

visualization data is used as input to the Prescribed Wake Program. 

Rather than input coordinates for each vortex element in the wake, 

equations (l) through (5) given in Reference 1 are used to define the wake 

and the individual coordinates are computed in the program. Use of the 

wake equations greatly simplifies the input requirements while retaining 

sufficient accuracy for the computation of induced velocities at the rotor 

blades. 

Figure 19 indicates how the computer transforms the input wake 

constants to coordinate form and plots the resulting wake pattern. On 

the left side of this figure are the top and side views of the computer 

representation of a typical distorted wake. For clarity, only the wakes 

from 1 blade and 12 vortex filaments are shown. For this test condition, 

5 of the 16 vortex filaments over the outer 8 percent of the blade were 

used to represent the tip vortex. The spanwise division between the 

vortex sheet and tip vortex regions is determined by the requirement that 

the vortex filaments grouped in the tip vortex have the same circulation 

sense and one which is consistent with a negative derivative of the final 

computed bound circulation distribution (-dP/df) over the tip region of 

the blade. This results in the radial location of the peak bound circula- 

tion as the dividing point between the inboard sheet and tip vortex 

portions of the wake. An iteration is built into the computer program to 
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insure this consistency. The roll-up of the tip vortex filaments into a 

single filament was approximated by truncating the inner tip vortex fila- 

ments at an input azimuth (30 degrees was used in this investigation) and 

assigning the experimental tip vortex geometry and the combined circula- 

tion strength to the remaining filament (Figure 19). In addition, the 

inboard vortex sheet which had not rolled up with the tip vortex was 

allowed to extend for as many revolutions as the tip vortex. 

I 
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EVALUATION OF THEORETICAL METHODS 

MODEL BLADE AIRFOIL DATA 

Airfoil data in the Reynolds number-Mach numbe.'r ranges of the model 
rotors are extremely limited. Therefore, the airfoil data used in the 

theoretical calculations were based on extrapolations of available two- 

dimensional data, together with adjustments made through a synthesization 

procedure, to provide correlation between the test results for the two- 

bladed rotors and the results of the Goldstein-Lock Analysis. Initial 

airfoil data were estimated from data given in Reference 2 for the NACA 

23112 airfoil and in References 8 through 10 for the NACA 0012 airfoil. 

Performance results were first compared on CT/CT versus CQ/CT plots for the 
three tip Mach numbers tested to determine the general quality of 

correlation between test and the Goldstein-Lock Analysis. More detailed 

comparisons were then made on Cy/w versus 0^5 and Cn/cr versus öyc plots 

to estimate the relative magnitude of change required in the airfoil lift- 

curve slope and drag data to improve correlation. Approximately five 

iterations were required at each tip Mach number condition to achieve 

acceptable correlation in both the thrust-torque results and the thrust- 

torque -collective pitch results. The final synthesized airfoil data 

based on two blades (Figures 20 and 21) were then used in all other 

theoretical calculations. The use of synthesized airfoil data based on 
two blades is consistent with the procedures of Reference 1. 

The airfoil characteristics above 8 degrees shown on Figures 20 and 

21 could not be synthesized accurately since the rotors were not tested 

in a fully stalled condition (at least according to the theory used in 

the synthesizing process). The stall characteristics for the NACA 0012 

and the NACA 23112 were estimated from available low-Reynolds number 
(500,000) data. 

It should be noted that at the same nominal flight condition, the 

distorted wake analyses produce section angles of attack well above those 
from the Blade Element Momentum and Goldstein-Lock Analyses. 

EVALUATION OF PERFORMANCE METHODS 

The performance prediction methods were evaluated by comparing the 

results with experimental data for two model rotors and one full-scale 

rotor. The two model rotors were 6-bladed configurations, and the full- 

scale rotor was a Sikorsky six-bladed 72-foot rotor which was tested on 

the large-scale whirl tower. The blade chord for the full-scale rotor 
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was approximately 2.k feet with a Sikorsky designed cambered airfoil 
section having two-dimensional lift characteristics similar to the NACA 
23112 airfoil.    The results are discussed below. 

Model Rotors 

Performance Predicted for Rotors With Cambered Blades 

; 

The performance results from the Blade Element Momentum, Goldstein- 

Lock, Prescribed Classical Wake, and Prescribed Distorted Wake Analyses 

are presented in Figure 22 for a 6-bladed rotor with an NACA 23112 

airfoil section operating at 600 feet/second tip speed. The results from 

each method are compared on a CT/CT versus CQ/CT plot with symbols indica- 

ting the theoretical points calculated at nominal values of collective 

pitch. The test data from Figure 9b are presented again in Figure 22 for 

comparison with corresponding theoretical data. The performance predicted 

by the Blade Element-Momentum and Goldstein-Lock methods correlated well 

with the experimental Cy/cr and Ca/cr at low thrust levels (below Cy/cr of 
0.07); however, the performance becomes increasingly optimistic with 

increasing thrust for both methods. The Prescribed Classical Wake method 

did not demonstrate a similar trend with increasing thrust. In fact, 

excellent correlation appears to have been achieved up to 12 degrees 

collective pitch. This apparent correlation at high collective pitch 

values (10 through 12 degrees) is misleading since it was established in 

Reference 1 that the Goldstein-Lock and Prescribed Classical Wake Analyses, 

because of improper wake simulation, are not reliable for predicting 

performance for 6-bladed rotors at high thrust levels. The correlation of 

the classical wake results in Figure 22 can be related to the use of 

synthesized airfoil data and the method used to generate these data. 

Since a 2-bladed rotor and undistorted wake analysis were used (Goldstein- 
Lock), possible offsetting effects due to the synthesized data and 

undistorted wake, particularly in the stall region, could produce small 

performance differences sufficient to indicate correlation with the test 

results. 

The distorted wake performance curve shown in Figure 22 was 

generated using a wake geometry based on the generalized wake procedure 

of Reference 1. As indicated in that reference, the performance is very 

sensitive to the tip vortex axial position, particularly at the higher 

thrust levels as shown in Figure 22. At the 11 degree collective pitch 

condition shown in Figure 22, the distorted wake results indicated a 

thrust level approximately 6 percent greater than the experimental level 

at the same power. This could be the result of inaccuracies of the 
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synthesized airfoil data at high angles of attack and/or from inaccuracies 
in the wake geometry used.    For example, a 0.01 R upward displacement of 
the tip vortices as they passed beneath the following blades produced 
correlation.    Adjustments in the tip vortex position by 1 percent of the 
radius are not unreasonable since the accuracy of the measurement ex' this 
position was approximately 1 percent.    The cambered blades permitted 
operation of the rotor at thrust levels considerably in excess of those 
encompassed by the charts of Reference 1.    Without a complete set of model 
two-dimensional airfoil data, it is not possible to identify the exact 
cause of the discrepancy.    For full-scale blades, where airfoil data aud 
wake data are available, any such discrepancies would be amenable to 
analysis. 

Section Characteristics of Cambered Blades 

The difference in the performance results of th^ various analytical 
methods became more explicit when comparing the individual blade aero- 
dynamic characteristics.    Figure 23a presents the radial distributions of 
axial induced velocity and section angle of attack predicted by the four 
methods.    Shown also on Figure 23a are the tip vortex and inboard sheet 
positions of the wake used in the Prescribed Distorted Wake Analysis.    The 
most significant difference noted in these distributions is the induced 
velocity and angle of attack near the blade tip for the distorted wake 
case.    It is evident from the position of the tip vortex from the preced- 
ing blade that a significant upward velocity will be induced outboard of 
this point and a downward velocity inboard.    As shown in Figure 23a, the 
downward velocity results in an angle of attack approximately equivalent 
to the nondistorted wake methods; however, outboard of the vortex the 
induced angles of attack reach levels nearly twice as great.    The effects 
of the wake-distortion on the blade thrust and torque distributions are 
shown in Figure 23b; they indicate that the improved performance shown in 
Figure 22 results largely from an increase in lift near the blade tip. 
Although the section characteristics with the vortex located nearer the 
blade are not shown, the effect of moving the vortex was to reduce the 
angles of attack inboard, thereby reducing the lift, and to increase the 
angles outboard, producing incipient stall without an increase in lift. 
A slight reduction in torque occurred inboard; however, a significant 
increase was produced outboard due  uo stall.    Therefore, it is imperative 
to accurately define the wake geometry, especially the tip vortex position, 
when predicting rotor hover performance. 
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Performance Predicted for Rotors With Tapered Blades 

The performance for the   6-bladed    rotor with 2:1 planform taper is 
shown in Figure 2k for a tip speed of 600 feet/second.    The predicted 
performance agrees with the test results at lower thrust levels, but 
becomes excessively optimistic with increasing thrust.    The discrepancies 
between the test and theoretical results are considerably more prominent 
for the tapered blades than for the cambered blades.    The discrepancies 
appear to be related primarily to vortex-induced blade stall and the lack 
of systematic wake geometry data for rotors having tapered blades.    Due to 
the limited  scope of this investigation, the condition shown in Figure 7b 
for the   6-bladed    rotor operating at 600 feet/second tip speed and 6.7 
degrees collective pitch   is the only tapered blade configuration for 
which flow visualization data were obtained.    Therefore, the following 
conclusion for the tapered blade wake must be considered within the 
limitation of the flow visualization data.    It was seen in the flow 
visualization pictures of Figure 7 that the blade tip vortex of the 
tapered blade moved downward at a slower rate than did the vortex for the 
cambered blade.    In fact, the movement of the vortex was delayed 
sufficiently to cause impingement of the vortex on the following blade. 
The Prescribed Wake Analysis is not currently equipped to accept blade- 
vortex intersections since data are not available to define the velocity 
distributions within the vortex core and the behavior of a vortex filament 
when it impinges on a rigid body such as a blade.    The only wake geometry 
data available for this investigation was that obtained from Reference 1 
for constant-chord,  linearly twisted blades.    Apparently, such data are 
not applicable for tapered blades.    The limited photographs taken during 
this study (Figure 7) were not sufficient to develop a generalized wake 
for tapered blades.    As a result, the constant-chord, zero-twist data of 
Reference 1 were used to generate the distorted wake performance curve of 
Figure 2h.    For completeness, this curve has been included; however,  it 
should be noted that significantly improved performance prediction would 
be expected if accurate tapered-blade, wake geometry data were used. 

Since it is evident that proper tip vortex representation is vital 
to accurately predict tapered blade performance, it is not surprising 
that the methods assuming no wake distortion are also inadequate to pre- 
dict tapered blade performance.    This is borne out in the poor agreement 
with the test results shown in Figure 2k.    It becomes obvious that 
additional wake geometry investigations must be conducted before a reliable 
tapered blade performance method is available.    This should also be 
coupled with a test program to define model airfoil two-dimensional 
characteristics as a function of Mach number.    Since adequate tapered 
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blade wake geometry data were not taken (recording of such data was 
beyond the scope of this investigation), reliable blade section charac- 
teristics could not be computed; however, the general trends would be 
expected to be similar to the cambered blade results presented in 
Figure 23. 

Full-Scale Rotor 

The theoretical methods described previously were also used to 
calculate the hover performance of a full-scale    Gl-bladed   rotor with 
blades having a cambered airfoil developed and tested by the Sikorsky- 
Division of UAC.    Sectional lift and drag data for the airfoil were 
supplied by Sikorsky, and the data were applied to all the full-scale 
performance calculations.    The results of the theoretical calculations 
are shown in Figure 25 and are compared to the experimental data, which 
have been corrected for ground and hover-stand interference effects.    As 
shown in Figure 25, the performance is optimistic for the results 
predicted by the Blade Element-Momentum, Gold stein-Lock, and Prescribed 
Classical Wake methods   (all unddstorted wake analyses).      Although only 
one hovering condition was investigated, these results are consistent 
with other full-scale theoretical results presented in Reference 1 for 
these same performance methods.    The performance was also predicted with 
the Prescribed Distorted Wake method, where the wake geometry was based 
upon the generalized wake procedure of Reference 1.    The results of 
Figure 25 show that the prescribed wake method with wake distortions 
produced a thrust level slightly below the test results; however, correla- 
tion can be improved with minor adjustments in the tip vortex axial 
position within the accuracy of the wake data.    For example, by position- 
ing the tip vortex 0.005 R farther below the rotor disc, the performance 
represented by the semicircular point in Figure 25 is obtained. 

The spanwise distributions of induced velocity and section angle of 
attack are shown in Figure 26 for the 12.9-degree collective pitch 
condition shown in Figure 25.    The prescribed distorted wake results 
indicate a rapid increase in angle of attack near the tip, which has been 
caused by the strong influence of the   distorted   tip vortex on the induced 
velocity distribution.    This characteristic increase in angle of attack 
near the tip of the blade has been substantiated by tests on the Sikorsky 
whirl stand, where pressure measurements were recorded at three spanwise 
stations over the outboard 15 percent of the blade.    The angle of attack 
distribution and rotor performance could be calculated to within the 
experimental limits of the test data with the  Prescribed Distorted Wake 
method by making small adjustments in the generalized wake of Reference 1. 
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This emphasizes the importance of simulating wake contraction in 
predicting blade section characteristics.    Although this ability to 
calculate the details of the blade characteristics and rotor performance 
is encouraging,  it would be desirable to substantiate the method with 
more comprehensive pressure data taken over the whole blade.    Furthermore, 
a systematic investigation of the sensitivity of performance and section 
characteristics to small changes in the tip vortex position should be 
conducted, since they (performance and section characteristics) have been 
shown to be strongly dependent upon the tip vortex position.    Thus, 
through these systematic variations, it may be possible to establish a 
procedure to adjust the generalized wake model so that it is possible to 
consistently predict the rotor performance. 
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RESULTS PW  CONCLUSIONS 

The results and conclusions presented below are based on model rotor 

tests at relatively low Reynolds numbers; however, the performance trends 

indicated by these results should be applicable to rotors operating at 

full-scale Reynolds numbers. 

1. For model rotors operating at full-scale tip speeds, the use of 

■camber significantly increases the maximum rotor lift capability relative 
'to blades with a symmetrical (NACA 0012) airfoil section. 

2.  Rotors with untwisted, linearly tapered blades having a nominal 
taper ratio of 2:1 stall at lower thrust levels than rotors with untwisted, 

untapered blades. Tiie earlier stall is related to higher blade-vortex 

interference caused by a reduced tip vortex vertical displacement of the 

tapered blade. 

3.  At equivalent power levels, camber increases the rotor thrust 

approximately 6 percent at high thrust levels, however, no improvement in 

performance is gained at low thrust levels. 

k.      Rotors with linearly tapered blades having a nominal taper 
ratio of 2 :1 operating below stall initiation produce approximately 5 

percent more thrust at a given power than a rotor without taper. 

\ 
5. Camber and 2:1 blade taper do not significantly influence in- 

ground -effect performance. \ 

\ i 
6. Nondistorted (uncontracted) wake performance analyses generally 

predict higher thrust levels for cambered and tapered rotors than are 
measured experimentally. 

\ 

7. A distorted wake performance analysis provides an improved 

method for predicting cambered rotor performance for model as well as 

full-scale rotors. 

8. Tapered blade wake geometry data are needed to assess the 

accuracy of the distorted wake program in predicting taperöd blade 

performance. 
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RECOMMENDATIONS 

1. The cambered blade section used in these studies should be 

evaluated further. Such work should include (l) acquisition of static 

and dynamic airfoil characteristics at full-scale Reynolds and Mach 

numbers and (2) an assessment of the forward flight performance and aero- 

elastic characteristics. 

2. Flow Visualization data should be obtained for model rotors with 

cambered blades inasmuch as camber permits operation ^t thrust levels 

beyond those covered by existing data. Similar data should also be 

acquired for tapered blades. 

3. Experimental two-dimensional airfoil data at the Reynolds and 

Mach numbers for model airfoils shoulä be obtained to allow a iriore 

thorough evaluation of the accuracy of distorted wake analyses. 

i 
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Figure 2.    Rotor Test Rig. 
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Figure 3. Schematic Cross Section of Rotor Test Rig. 
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Figure k.    Rotor Hub. 
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Figure 6. Cambered and Tapered Blades for Model Rotors. 
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(a) CAMBERED BLADES 

Figure 7. Sequence of Photographs Showing the Time History of Wake for 
Cambered, Tapered and Untapered Blades in Hover -- b = 6. 
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Figure 7. Continued 
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Figure 7.    Concluded. 
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Figure 8.    Experimental Model Rotor Hover Performance for Blades With 
NACA 0012 Airfoil Section and 1:1 Planform Taper Ratio. 
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Figure 22.    Comparison of Results of Theoretical Analyses With Experimental 
Hover Performance for Model Scale Rotor Blades With a 
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