@ https://ntrs.nasa.gov/search.jsp?R=19800005793 2020-03-21T20:28:10+00:00Z

NASA Tecnnical Memorandum 78615

N80- 14049

(NASA-TH-~T786 15) EFFECT OF TIP PLANFCRHM ON
BLADE LOADING CHARACTERISTICS FOR 2
TWO- ELADED BOTOR IN HOVER (NASA) 89 p

CSCL 011 Nnclas
G3/02 46351

HC A7> - MF 01

Effect of Tip Planform on Blade
Loading Characteristics for a
Two-Bladed Rotor in Hover

John D. Ballard, Kenneth L. Orloff,
and Alan B. Luebs

November 1979

NASAN

National Aeronautics and
Space Administration



NASA Technical Memorandum 78615

Effect of Tip Planform on Blade
Loading Characteristics for a
Two-Bladed Rotor in Hover

John D. Ballard
Kenneth L. Orloff, Ames Research Center, Moffett Field, California
Alan B. Luebs, Gates Lear Corp., Wichita, Kansas

NASA

Natiena! Aeronautics and
Space Agrninistration

Ames Research Center
Moffett Fieid Caitormia 94035



EFFECT OF TIP PLANFORM ON BLADE LOADING CHARACTERISTICS
FOR A TWO-BLADED ROTOR IN HOVER
John D. Ballard, Kenneth L. Orloff
Ames Research Center
and
Alan B. Luebs

Gates Lear Corp., Wichita, Kansas

SUMMARY

A laser velocimeter was used to study the flow surrounding a 2.13-m~diam,
two-bladed, teetering model-scale helicopter rotor operating in the hover con-~
dition. The rotor system employed interchangeable blade tips over the outer
25% radius. A conventional rectangular planform and an experimental ogee tip
shape were studied. The radial distribution of the blade circulation was
obtained by measuring the velocity tangent to a closed rectangular contour
around the airfoil section at a number of radial locations. A relatiomnship
between local circulation and bound vorticity is invoked to obtain the radial
variations in the sectional lifting properties of the blade. The tip vortex-
induced velocity was also measured immediately behind the generating blade and
immediately before the encounter with the following blade. The mutual influ-~
ences between blade loading, shed vorticity, and the structure of the encoun-
tered vortex are quantified by the results presented and are discussed
comparatively for the rectangular and ogee planforms. The experimentai load-
ing for the rectangular tip is also compared with predictions of existing
rotor analysis.

INTRODUCTION

Rotorcraft hover performance is influenced by the radial variatiomns of
the rotor-induced velocity field (refs. 1, 2). For a given rotor configura-
tion and operating condition, the designer can influence this induced-velocity
distribution through the choice of radial distributions of blade chord, twist,
and airfoil section. The precise manner in which these design parameters
affect the induced velocities has not yet been completely explained. A number
of discrete numerical procedures have been developed that model the individual
blade wakes and predict the rotor inflow and blade loading (refs. 3, 4).
Unfortunately, most of the data available for validation of techniques have
been restricted to total rotor 1lift and loading distributions., Thus, the dis-
crepancies between measured and predicted rotor performance (total thrust and



torque) have been attributed to an assortment of nonlinear or three-dimensional
effects and to inaccuracies in the specification of the vortex wake. What has
been lacking is a precise experimental description of the rotor-induced flow
field and the associated vortex wake geometry. Prior to the advent of the
laser velocimeter (LV), it was not possible to nonintrusively generate such a
quantitative description.

Many previous attempts to measuve the detailed structure of the rotor-
induced velocity flow field have employed flow-field-intrusive instruments
(refs. 5, 6). The extent to which the sensitive vortex flow field is modified
by probe interference leaves some question as to the quality of the resulting
data. On the other hand, the laser velocimeter can accurately measure flow-
field velocities without itself disturbing the flow (refs. 7, 8). Using an
LV, researchers have been able to measure vortex position, velocity profiles,
rotor-generated local circulation, and the flow associated with a vortex-blade
encounter (refs. 9-11). However, an accurate experimental assessment of the
manner in which the wake structure shed by a preceding blade influences the
characteristics of the radial distribution of 1lift on the following blade, has
not been available.

The radial distribution of 1lift is significantly influenced by the prox-
imity of the vortex wake from the preceding blade paszage. The velocity dis-
tribution of the encountered vortex has a significant influence on the inflow
patterns experienced by the blade, and subsequently on the ovcrall performance
of the rotor. It is conjectured that a significant improvemert can be realized
in rotor blade efficiency by tailoring the blade-tip planforms. This tailor-
ing can have a twofold influence. First, the vortex roll-up process is altered
(ref. 12) to generate a more diffuse vortex whose circulation remains the same
as for a rectangular planform but is distributed over a larger region, thereby
increasing core size and reducing maximum rotational velocities. Second, when
a following blade with this modified planform encounters the more diffuse
vortex, the character of the interaction is such that loading gradients and
the ensuing undesirable vibrations are reduced with an attendant improvement
in performance. Accordingly, this paper presents the results of an experiment
in which a laser velocimeter was used to measure flow-field velocities in close
proximity to a blade of a hovering rotor, including measurements of the bound
circulation and hence the sectional 1ift. The influence of a change in rotor
blade-tip shape (rectangular to ogee) on the vortex roll-up phenomena and the
influence of the modified wake on the radial loading distribution have also
been experimentally documented.
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airfoil leading edge, m
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blade pitc’ angle at 0.75R, deg
blade twist angle relative to 0.75R, deg
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velocity vector tangent toc £, m/sec



p air density, kg/m3

o rotor solidity referenced to mean geometric chord, %&
bce

o rotor solidity referenced to thrust effective chord, TR

] vortex age, deg

Q rotor rotational speed, rad/sec

ROTOR, TEST CONDITIONS, AND PROCEDURES

A hovering, two-bladed teetering model-scale rotor with interchangeable
tips was used for this investigation. The rotor characteristics and operating
conditions are presented in tables 1 and 2, respectively. The rotor hub had
been used in a previous study (ref. 11). Rotor blade construction necessitated
the low rotational speed. TFigure 1 is a photograph of the rotor operating with
the laser beams projected at a point in the rotor inflow. The rotor blade
characteristics and the two tip shapes studied (rectangular and ogee) are
shown in figures 2 and 3. Table 3 presents the ogee chord distribution.

TABLE i.- GEOMETRIC BLADE PROPERTIES

Parameter Tip planform
Rectangular] Ogee

Rotor hub precone, « 1.5° 1.5°
Number of blades, b 2 2
Rotor radius, R 1.05 m 1.05 m
Blade twist, Oy see fig. 2| see fig. 2
Airfoil NACA 0012 | NACA 0012
Flapping hinge undersling | 0.0086R 0.0086R
Reference blade chord 7.62 cm 7.62 cm
Mean geometric chord, ¢ 7.62 cm 7.22 cm
Thrust effective chord, cg| 7.62 cm 6.477 cm
Rotor solidity, o = %% 0.0464 0.0440

c = bee 0.0464 0.0396

R

Root cut out, X, 13.4% R 13.4%Z R




TABLE 2.- TEST OPERATING CONDITIONS

Parameter Tip planform
Rectangular Ogee
Rotor speed, @ 73.3 rad/sec| 73.3 rad/sec
Air density, p Standard Standard
atmospheric| atmospheric
conditiouns conditions
[} o
Collective pitch, 90.75 9.8 9.8
Tip Reynolds number, Re;_g |4x10° 4x10°
Tip speed, &R 76.6 m/sec 76.6 m/sec
Thrust coefficient to 0.099 0.099
solidity ratio, C,/c

TABLE 3.- OGEE BLADE TIP PLANFORM COORDINATES

Radial blade Radial blade
station, r/R Chord, cm station, r/R Chord, cm
0.75 7.62 0.94 4.48

-80 7.62 .95 3.43
-85 7.62 .96 2.40
-90 7.62 .97 1.47
.91 7.39 .98 0.88
-92 6.38 .99 .49
-93 5.54 1.00 .0

The laser velocimeter used tc make the present measurements had been

used in earlier studies (refs. 11-13). The addition of directional sensitivity
for both components of velocity was implemented in this test. The vertical
and chordwise components of the flow-field velocity were measured at the laser
focal volume (i.e., the point where the beams intersect). Rotor flow-field
surveys were made by incrementally traversing the LV focal volume along the
X, Yy, or z coordinate and obtaining the chordwise and vertical velocity com-
ponents. At each radial location, the local blade circulation was determined
by measuring the velocity component tangent to a closed rectangular contour
around the airfoil section (ref. 13). For steady-state flow (blade-~referenced
coordinates in hover) this measured circulation is related to the bound vor-
ticity, and subsequently to the section lift coefficient according to:
=f—-\z-.g;i-

OR R
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Data samples were transferred to the minicomputer processing and control
system only during an acceptance time of 60 usec after the blade had reached
the prescribed azimuth (ref. 13). This time corresponds to a blade rotation
of 0.25°, representing a blade movement at the tip of 6% of the chord and a
corresponding lesser amount at inboard radial locations.

The instantaneous mean velocity at each point 1is taken to be the ersemble
average of 20 data samples. The fidelity to which this ensemble average
approximates the true instantaneous velocity is highly dependent on the repro-
ducibility of the flow field at a fixed phase of rotor rotation (ref. 14). To
improve the reproducibility, both rotor rotation speed and blade flapping
angle were monitored and were required to be within prescribed limits (:0.5°
blade flapping angle and *0.2 rad/sec rotational speed). For conditions out-
side these limits, data transfer to the computer was inhibited. For data
samples that obey Student's T statistics, and for a flow that is reproducible
to within 77 (combined aperiodicity and turbulence intensity), 20 velocity
samples yield a 90% confidence level that the ensemble average is the correct
mean with less than 3% error. All velocities presented herein are these
ensemble averages normalized by rotor-tip speed (fR).

Because it is difficult to assure an exactly reproducible periodic flow
on a day-to-day basis, the accuracy in the measurements of the circulation is
given based on repeatability rather than absolute velocity measurement accu-
racy. In this respect, the circulation values were found to have a long-time
repeatability of better than 957%.

The circulation was determined at a sufficient number of radial locations
to accurately represent the radial distribution of circulation. An example of
the real~time data output format is presented in figure 4. Traverses were
also made radially to document the structure of the vortex wake in both the
roll-up region and after approximacely 180° of rotation just before encounter-
ing the following blade.

RESULTS

For both the rectangular and ogee tip configurations, the circulation was
measured about a closed rectangular contour enclosing each local blade radial
station. The velocity distributions within the tip vortex roll-up region were
measured close behind the blade tip and just before the tip vortex passed
beneath the following blade. The measured distributions (circulation, trail-
ing vortex velocity at ¢ = 0°, and trailing vortex velocity at y = 180°) are
presented in figuies 5 and 6, respectively, for the rectangular tip configura-
tion. The peak circulation is located at a radial station of 0.90 (see fig. 5).
From that position out to the tip, the steep gradient observed in the circu-
lation distribution indicates a concentration of the shed vorticity. That
concentration is apparent in the velocity profile shown in figure 6(a), in
which the vorticity is centered at an approximate radial station of 0.98.
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After 180° of rotor azimuth displacement (fig. 6(b)), this trailing vortex

has been displaced radially inward to a radial station of 0.86R, which repre-
sents the wake contraction. This velocity structure also demonstrates the
extent to which the vorticity has diffused outward from the vortex center. In
the region of the vortex center, scatter in the vortex velocity profile data,
taken at the same blade radial station, is evident and is an indication of the
inflow variations between velocity samples.

Measured distributions of circulation and trailing vortex velocity are
presented for the ogee tip configuration in figures 7 and 8. The peak circu~
lation value is at a radial station of 0.85 and the gradient of the radial
circulation (fig. 7) is clearly less than the gradient near the tip for the
rectangular blade. This reduction in gradient is also evident in the more
diffuse distribution of vorticity behind the blade (fig. 8(a)), with a nominal
center of vorticity at a radial station of 0.93. After 180° of rotor azimuth
displacement, the trailing vortex has been displaced radially to a station of
0.82R and is less concentrated than for the rectangular tip (fig. 8(b)).

The section lift coefficient and loading distributions are obtained from
the circulation distribution by the following expressions:

¢ = __2I/R%Q
£ (r/R)(c/R)

L r [

0Q2R3 ~ R OR2

The radial distribution of the loading and lift coefficient for the rectan-

gular tip is given in figures 9 and 10; thke distribution for the ogee config-
uration is given in figures 11 and 12.

DISCUSSION AND COMPARISON WITH THEORY

The operating conditions (blade collective pitch and rotational speed)
were chosen to be the same for both tip shapes. As a result, the rectangular
tip configuration produced 114 N of lift and the ogee configuration produced
101 N. Hence, although the ogee planform had 15% less weighted blade solidity
(based on thrust effective chord), it produced 115 less 1lift. The above
values for lift were determined by integrating the loading distribution:

L=beer
(o}

for both the rectangular tip configuration (fig. 9) and the ogee tip config-
uration (fig. 11). Measurements were not made over the inboard portion of
the span (r/R < 0.40) because of experimental limitations. Hence, to compute



the total 1ift, these loading distributions were extrapolated inward to th=2
blade cutout section by selecting a distribution that was in agreement with
analytical predictions.

Figure 9 also shows, for the rectangular tip configuration, two different
analytical methods that were used to generate loading distributions. The
vortex-line method uses strip theory to devise an analytically defined vortex
wake and to predict blade loading. The empirically prescribed wake method
uses lifting surface theory with an empirically prescribed discrete vortex
wake. The defined wake geometry constitutes the major difference between the
two predicted results for blade loading. The vortex-line technique uses rotor
momentum to predict the wake geometry, and the empirically prescribed wake
method was used with the Landgrebe Wake Model (ref. 2). Although both methods
predict an increased loading near the tip, the magnitudes are less than the
experimental value. However, the empirically prescribed wake model predicts a
peak loading and a radial distribution that in the vicinity of the tip is in
better agreement with the experimental distributions than the results obtained
from the vortex-line model.

For the ogee configuration loading distribution (fig. 11), it is noted
that the position of the peak loading is located farther inboard tham for the
rectangular tip. Also, there is a substantial reduction in loading over the
outer 10% of the blade radius; this reduction is a reflection of the ogee
planform. The radially inward displacement of the loading peak is partly the
direct result of the ogee planform and is also indirectly due to the tip vortex
of the preceding blade, which for the ogee tip is generated farther inboard
(fig. 8(a)) than for the rectangular tip (fig. 6(a)).

The abcve loading distributions were computed from the bound circulation
distribution for the rectangular (fig. 5) and ogee configurations (fig. 7).
Fo.- the ogee configuration, the location of the peak circulation occurs farther
intoard by approximately 5.5%Z of the radius than the peak for the rectangular
tip. The amplitude of the peak circulation js nearly the same for both tip
shapes, but for the ogee tip there is a reduccion in radial gradient outboard
of the peak and there is a substantial reduction in magnitude near the tip.
However, the distributions of the circulation in the vicinity of the tip (from
approximately 0.25R inboard to approximately 0.06R outboard of the peak), are
nearly identical for the two configurations.

With the above noted characteristics of the circulation distribution,
trailing vorticity generated by the ogee shape is expected to be significantly
more diffuse than for the rectangular tip. This is evident in the induced-
velocity distributions measured aft of the trailing edge (figs. 6(a) and 8(a)
for the rectangular and ogee tips, respectively). With the cgee tip, the tip
vortex is farther inboard by about 0.04R, both ar ¢ = u® and ¢ = 180°; hence,
both the bound circulation and the wake vorticity have been displaced inboard.
For the rectangular tip, this velocity distribution resembles that of a con-
centrated vortex; for the ogee tip the velocity distribution suggests a more
diffuse distribution of vorticity, as expected. Because the circulation peak
values are the same for both the ogee and rectangular tip configurations, the
total strength of the trailed vorticity generated by each should be the same;



this is so even though the ogee configuration may have a larger core diameter
and different distributions of vorticity and velocity through the core. 1If
this is true, then outside the region of rotational flow the induced velocities
should closely approach those of the concentrated vortex generated by the rect-
angular tip. This is substantiated by the similar distributions abou* *
circulation peak, which is significantly influenced bv the encounte: tip
vortex shed from the preceding blade.

The radial distributions of bound vorticity (circulation) were us~d to
determine the radial C; distributions that are presented in figures 10 ind 12
for the rectangular and ogee configurations, respectively. As expected, tue
primary peak in the C; distribution for the ogee tip configuration is located
farther inboard than for the rectangular configuration. There are, however,
other notable differences between the two configurations. First, for the ogee
tip there is a secondary peak farther outboard near the tip that is not appar-
ent for the rectangular tip. This peak is thought to be the result of the
self-induced upwash generated (due to the ogee shape) by the blade's own shed
vorticity inboard of the tip. That upwash is evident in the velocity distri-
butions near the trailing edge of the ogee tip (fig. 8(a)). 1In contrast, the
primary peak for both the ogee and rectangular tips is the result of the
upwash portion of the ind: ~ed velocity distribution from the tip vortex of the
preceding blade (figs. 6(b) and 8(b), respectively). The radial location of
the encounteraed vortex, correlates well with the variation in C;, that it
induces on the blade. The slightly greater magnitude of the gencral ogee tip
Cy distribution relative to that of the rectangular tip is the result of the
inboard shift of the tip vortex generated by the ogee tip. The induced veloc-
ity field of the ogee tip vortex is also moved inboard such that when combined
with the lower tangential velocities (Qr) the blade experiences an increased
induced angle of attack, and hence an increased Cy.

Lastly, for the rectangular tip configuration, there is a dip in the Cj
distribution at a radial station of 0.60. This dip (AC, = 0.04) corresponds
to a Ao of 0.4°; this measured effect was found to be repeatable. Although
there has been much speculation, no adequate explanation is available.

Figures 13 through 70 present the flow-field velocities tangent to a
closed rectangular contour around the airfoil; hence, the measu.ed bound cir-
culation for both planform shapes, as a function of blade -adial station.
Table 4 is a list of the figures.



TABLE 4.- LIST OF FIGURES

Figure no. Title

Figure 1.~ Photograph of laser velocimeter and rotor in hover condition.

Figure 2,- Basic rotor blade geometry.

Figure 3.- Photograph of rectangular and ogee blade-tip planforms.

Figure 4.~ Typical real-time presentation of data during circulation
measurement.

Figure 5.- Measured bound circulation for rectangular blade tip.

Figure 6.~ Wake velocity radial distribution for rectangular blade tip.

Figure 7.- Measured bound circulation for ogee blade tip.

Figure 8.- Wake velocity radial distribution for ogee blade tip.

Figure 9.~ Blade section loading for rectangular blade tip.

Figure 10.- Lift coefficient radial distribution for rectangular
blade tip.

Figure 11.- Blade section loading for ogee blade tip.

Figure 12.- Lift coefficient radial distribution for ogee blade tip.

Circulation Measurements for Rectangular Blade Tip

Figure 13.- Flow-field velocities about circulation contnur at blade
radial station 0.549R for rectangular blade tip.

Figure 14.- Flow-field velocities about circulation contour at blade
radial station 0.574R for rectangular blade tip.

Figure 15.- Flow-field velocities about circulation contour at blade
radial station 0.598R for rectangular blade tip.

Figure 16.- Flow-field velocities about circulation contour at blade
radial station 0.599R for rectangular blade tip.

Figure 17.- Flow-field velocities abuut circulation contour at blade
radial station 0,623R [or rectangular blade tip.

Figure 18.- Flow-field velocities about circulation contour at blade

radial station 0.648R for rectangular blade tip.
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TABLE 4.- CONTINUED

Figure no. Title

Figure 19.- Flow-field velocities about circulation contour at blade
radial station 0.699R for rectangular blade tip.

Figure 20.- Flow-field velocities about circulation contour at blade
radial station 0.748R for rectangular blade tip.

Figure 2i.- Flow-field velocities about circulation contour at blade
radial station 0.750{ for rectangular blade tip.

Figure 22,~ Flow-field velocities about circulation contour at blade
radial station 0.774R for rectangular blade tip.

Figure 23.- Flow-field velocities about circulation contour at blade
radial station 0.775R for rectangular blade tip.

Figure 24.- TFlow-field velocities about circulation contour at blade
radial station 0.779R for rectangular blade tip.

Figure 25.~ Flow-field velocities about circulation contour at blade
radial station 0.798R for rectangular blade tip.

Figure 26.- Flow-field velocities about circulation contour at blade
radial station J.799R for rectangular blade tip.

Figure 27.- Flow-field velocities about circulation contour at blade
radial sta‘ion 0.799R for rectangular blade tip.

Figure 28.- Flow-field velocities about circulation contcur at blade
radial station 0.823R for rectangular blade tip.

Figure 29.- Flow-field velocities about circulation contour at blade
radial station 0.825R for rectangular blade tip.

Figure 30.- TFlow-field velocities about circulation contour at blade
radial station 0.848R for rectangular blade tip.

Figure 31.- Flow-field velocities about circulation contour at blade
radial station (.849R for rectangular blade tip.

Figure 32.- Flow-field velocities about circulation contcr at blade
radial station 0.873R for rectangular blade tip.

Figure 33.- Flow-field velocities about circulation contour at blade

radial station 0.875R

for rectangular blade tip.
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TABLE 4.

- CONTINUED

Figure

Title

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure 45.-

Figure 46.-

Figure 47.-~

Flow-field velocities
radial station 0.880R

Flow-field velocities
radial station 0.899R

Flow-field velocities
radial station 0.899R

Flow-field veliocities
radial station 0.910R

Fiow-field velocities
radial station 0.923R

Flow-field velocities
radial station 0.948R

Flow-field velocities
radial station 0.949R

Flow-field velocities
radial station 0.960R

Flow-field velocities
radial station 0.965R

Flow-field velocities
radial station 0.975R

Flow-field velocities
radial station 0.980R

Flow-field velocities
radial station 0.990R

Flow-field velocities
radial station 0.999R

Flow-field velocities
radial statioa 1.003R

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation centour at
for rectangular blade tip.

about circulation cuntour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

about circulation contour at
for rectangular blade tip.

blade

blade

blade

blade

blade

blade

blade

blade

blade

blade

blade

blade

blade

blade
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TABLE 4.- CONTINUED
Figure no. Title
Circulation Measurements for Ogee Blade Tip

Figure 48.- Flow-field velocities about circulation contour at blade
radial station 0.398R for ogee blade tip.

Figure 49.- Flow-field velocities about circulation contour at blade
radial station 0.501R for ogee blade tip.

Figure 50.~ Flow-field velocities about circulation contour at blade
radial station 0.550R for ogee blade tip.

Figure 51.- Flow~field velocities about circulation contour at blade
radial station 0.600R for ogee blade tip.

Figure 52.- Flow-field velocities zbout circulation contour at blade
radial station 0.649R for ogee blade tip.

Figure 53.- Flow-field velocities about circulation contour at blade
radial station 0.700R for ogee blade tip.

Figure 54.- Flow-field velocities about circulation contour at blade
radial station 0.724R for ogee blade tip.

Figure 55.~ Flow-field velocities about circulation contour at blade
radial station 0.751R for ogee blade tip.

Figure 56.- Flow-field velocities about circulation contour at blade
radial station 0.775R for ogee blade tip.

Figure 57.- Flow-field velocities about circulation contour at blade
radial station 0.800R for ogee blade tip.

Figure 5%.~ Flow-~-field velocities about circulation contour at blade
radial station 0.800R for ogee blade tip.

Figure 59.- Flow-field velocities about circulation contour at blade
radial station 0.816R for ogee blade tip.

Figure 60.- Flow~-field velocities about circulation contour at blade
radial station 0.825R for ogee blade tip.

Figure 61.- Flow-field velocities about circulation «>ntour at blade
radial station 0.834R for ogee blade tip.

Figure 62,- Flow-field velocities about circulation contour at blade

radial station 0.846R

for ogee blade tip.
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TABLE 4.- CONCLUDED

Figure no. Title

Figure 63.- Flow-field velocities about circulation contour at blade
radial station 0.865R for ogee blade tip.

Figure 64.- Flow-field velocities about circulation contour at blade
radial station 0.876R for ogee blade tip.

Figure 65.~ Flow-field velocities about circulation contour at blade
radial station 0.901R for ogee blade tip.

Figure 66.~ Flow-field velocities about circulation contour at blade
radial station 0.925R for ogee i iade tip.

Figure 67.- Flow-field velocities about circulation contour at blade
radial station 0.948R for ogee blade tip.

Figure 68.- Flow-field velocities about circulation contour at blade
radial station 0.974R for ogee blade tip.

Figure 69.~ Flow~field velocities about circulation contour at blade
radial station 0.990R for ogee blade tip.

Figare 70.- Flow-field velocities about circulation contour at blade
radial station 1.000R for ogee blade tip.

CONCLUDING REMARKS

A remote-measuring, nonintrusive velocity probe, such as the laser
velocimeter, has been shown to be an effective way of examining the instan-
taneous inflow and vortex wake structures of a hovering model-scale rotor.

The exact location of the center of the vortex filament and the details of the
velocity distribution were measured with sufficient accuracy to indicate
vortex decay rate from vortex inception (p = 0°) to blade-vortex encounter

(¢ = 180°) for a two-bladed rotor. Moreover, closed-loop velocity surveys
were conducted from which the radial loading distribution could be determined.
The loading distributions for the rectangular and ogee tip configurations con-
firm the utility of the experimental approach. Indeed, subtle variations in
radial distributions of lift can now be measured with sufficient sensitivity
and repeatability to provide an accurate data base for the validation of
aumerical predictions that are designed to predict blade loading and subse-
quently rotorcraft performance.
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Figure 1.- Photopraph of laser velocimeter and rotor ip hover condition.
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Figure 3.= Photograph of rectangular and ogee blade-tip planforms.




(-0.45, 0.45) 0] (1.00, 0.45)

JAN 17, 79 s2
23:10:08
COLLECTIVE = 9.80 deg
TIP SPEED = 76.7 m/sec ols1 7 3
BLADE AZIMUTH = 89.98 deg eeEEE— :
DURING DATA COLLECTION — B - ;
S = PAUSE, THEN :
T=TERMINATE,OR ... e, A :
C =CONTINUE (-0.45, -0.30) ° (1.00, -0.30
O $2=0.243
® $S4=0.130
2 - D, =0.073
1 e
. 000y o0 ® Y 9
U, 0 _00,0%000%%0 40

00 |
Ak 0000 00

0300 ©
L1 1 °9°%f°® 4 4 4
-6 -4 -2 0 2 4 .6 8 1.0 1.2
x/c

O §1=0.003
® S3=0.228

2 — _l_ DZ = 0.050
o
u, 0 5 2 2 l 000 g9 0_0_0_0_4
2 §efe,, 00040900 °
-4 -3 -2 -1 0 .1 2 3 4 5
2/c

Y =0.750
2I'/Q2re = 0.605

Figure 4.~ Typical real-time presentation of data during circulation
measurement.

20



r/QRrR2

025

B O LV DATA
020 |-
015 |-
010
.005 |-
e N IR

BLADE RADIAL STATION, r/R

Figure 5.- Measured bound circulation for rectargular blade tip.

21



2r- v=0° -
[ ]

X/R = -0.065 e
Ak Z/R = -0.002 ~
[ J
| ! ! [ |
0 J | ] | |
-1 e o oy z ° :
x -2} “ee ‘.:0 o
G L
>
S>3l o
>
)
§ ) By | l | ]
|
[17]
>
3 r v = 180°
?_ X/R= 0.025
o Z/R =-0.069
w 1 -
> %
] | *‘ J'ﬂ"" ®
0 1 1 ’.t B Y LXK 399
ol T2 Y o
.2 ‘ ”*.‘.. .’
% +
.
Al A —1 1 1 1 |

RADIAL STATION, r/R

(a) Vertical velocity at
generating blade (¢ = 0°).

(b) Vertical velocity at
encounter with following
blade (y = 180°).

Figure 6.- Wake velocity radial distribution for rectangular blade tip.

22



1'/SSR2

025 —

O LV DATA
020 |-
015 |-
010 |-
.005 |-
e e R Z T

BLADE RADIAL STATION, ¢/R

Figure 7.- Measured bound circulation for ogee blade tip.

23



VERTICAL VELOCITY, Uz/QR

.21—' w=00

X/R = -0.075 ,
A Z/R = -0.007 -8
8 &8,
0 | | | 1 lorene |
] J 1 ir = |
a1k /A
[ ] [ 1]
Py L [ S0 ens o oo ' 1
2r- ¥ = 180°
X/R= 0.025
Z/R = -0.069
Ak
b
", .
0 | i + | | |
| | t | | |
1 * .... ™
- e, o".
oM
Py LR | ! ! |
0 7 8 9 10 1.1

RADIAL STATION, r/R

(a) Vertical velocity at
generating blade (y = 0°).

(b) Vertical velocity at
encounter with following
blade (y = 180°).

Figure 8.- Wake velocity radial distribution for

24

ogee blade tip.



SECTION LOADING, 2/p22R3

020
0.
016
014
012
010
008
006
004
002

—~—O—— CALCULATED FROM LV DATA
""""" ESTIMATED LOADING
=== == VORTEX LINE

T
=~ — PRESCRIBED WAKE HEORY

| |

1/1 | |
.1

2 3 4 5 6 7 8 9 10
BLADE RADIAL STATION, r/R

Figure 9.- Blade section loading for rectangu.ar blade tip.



V\'fl | | | | .
0 5 6 7 8 9 1.0

BLADE RADIAL STATION, ¢/R

Figure 10.- Lift coetficient radial distribution for rectanpular biade tip.



SECTION LOADING, £/pS22R3

020

016

012

008

004

0

A

-
2 3 4 5 6 7 .8
RADIAL STATION, ¢/R

Figure 1ll1.~ Blade section locading for ogee blade tip.

27



81
7
6
5
4
3
2
R =
NS s s

BLADE RADIAL STATION, r/R

Figure 12.- Lift coeffic.ent radial distribution for ogee blade tip.

28



O S2=0.176

® S4=0.128
DX = 0.065
2 - —_
000 eJ
u obo ©9°°200000990%000
x ® o L
-.1—.‘0‘1.0‘000". ®e
2 | [ N W B
-4 -2 0 2 4 6 8 1.0
x/c
O S1=-0035
® S3= 0.375
20~ DZ = 0.067
o .Ooo
) "'ol
U, $888
2 o 0000 ©@@0000
Y R T T N T T T S O
-4 -3 -2 -1 0 1 2 3 4 5 6 17
z/c
Y = 0529
2T /e = 0.658

Figure 13.- Flow-field velocities about circulation contour at blade radial
station 0.549R for rectangular blade tip.

29



O S2=0.174

® S4 = 0.068
DX = 0.065
2r -
I ~%00000 -
o o © 0 °c°0°0¢ag°°°°g_|

| 00000000 000°%°%°%
| | | | | }

-4 -2 0 2 A 8 8 10
x/c
O S1=-0.024
® S3 = 0.385
2~ —_1 DZ = 0.067

-2
-4 | | | | | | | | i J
-4 -3 -2 -1 0 1 2 3 4 b5 6 .7
z/c
Y = 0574
2I'/Qre = 0.653

Figure 14.~ Flow-field velocities about circulation contour at blade radial
station 0.574R for rectangular blade tip.

30



- 1 o
-2 | .I ] 1 | |
-4 -2 0 2 4 6 8 10
x/c
O S§1=-0.029
® S3= 0.364
2~ - DZ = 0.067

«

0

.
1

4 |
-4 -3 -2 -1 o 1 2 3 4 5 6 7

Y = 0.598
2T’ /Qre = 0.609

Figure 15.~ Flow-field velocities about circulation contour at blade radial
station 0.598R for rectangular blade tip.

31



O 82 =0.150
® 54=0.119
DX = 0.085

e ,00
U, o ° 0400000900909096 l
X

XYY
® ®
= ‘o.o‘|°o’oo'..
2 I I R N
-4 -2 0 2 4 6 8 1.0
. x/c
O $1=-0033
® S3= 0.346
2 DZ = 0.067
e®®°

-2
- | N N N N N N I |
-4 -3 -2 -1 0 1 2 3 4 5 6 7
z/c
Y = 0.599
2I'/Qre = 0.612

Figure 16.- Flow-field velocities about circulation contour at blade radial
station 0.599R for rectangular blade tip.

32



O 82 =0.189

® S4=0.097
2~ —r— DX = 0.065
A o
U o'eo ©007000000000°0°00]
x {
o P 'Y LA X
-.1—’00.1.000." o®
_2 L | I
-4 -2 0 2 4 6 8 10
x/c
O S1=-00256
® S3= 0314
DZ = 0.063
.Zr o
o ® %e0
o 0 e 8T “"*‘
1_2_8 8°oloocooo000?®
a1 11 L1111
-4 -3 -2 -1 0 1 2 3 4 5 6
2/c
Y = 0.623
2I'/Qrc = 0.667

Figure 17.- Flow-field velocities about circulation contour at blade radial
station 0.623R for rectangular blade tip.

33



O 82 =0.208
® S4=0.110
2~ —— DX = 0.065

A
U O 0e®%,
-1 "'....100........

] | | | l |

-2
-4 -2 0 2 4 6 8 1.0
x/c
O $1=-0.019
® S3= 0.346
2~ DZ = 0.067
L IR BN
9
0 .—0—0—‘

v, o882 ° °
-2 e 0090000000
Py S TR TSN TN (SRS TR TR NN N B I
-4 -3 -2 -1 o 1 2 3 4 b 6 7

2/c
Y = 0.648
2T’ /Qrc = 0.646

Figure 18.- Flow~field velocities about circulation contour at blade radial
station 0.648R for rectangular blade tip.

34



O 82 =0.016

® S4 = 0,151
2 - DX = 0.066
1loo0®0
0 oP %0 0000°, . 000°09°9
x 0a00®
e®eo0
-1L'o...o Y Y By
°
-2 | N TR R
-4 -2 o 2 4 6 8 10
x/c
O $1=0012
® S3=0265
2~ —_ DZ = 0.063
0 ...0‘°°oo...|
U, 88 )
_,2_8 ®olooo0oo00@?00°0°
I Y T N B B
-3 -2 -1 0 414 2 3 4 5 &
z/c
Y = 0.699
2I'/Qre = 0.630
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Figure 22.- Flow-field velocities about circulation contour at blade radial
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Figure 24.- Flow-field velocities about circulation contour at blade radial
station 0.779R for rectangular blade tip.
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Figure 25.- F.ow-field velocities about circulation contour at blade radial
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Figure 26.- Flow-field velocities about circulation contour at blade radial
station 0.799R for rectangular blade tip.
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Figure 27.- Flow-field velocities about circulation contour at blade radial
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Figure 29.- Flow-field velocities about circulation contour at blade radial
station 0.825R for rectangular blade tip.

45



O 82 =0.256
® $4=0.137
Ar- -T- DX = 0.062

20009900

000090945 . 0000900
U o 0 orw:t—‘

L ® ®
-1} ®e °
® Y [ N ) o
2 | ®leeeP® | | 1 |
-4 -2 0 2 4 .6 8 10
x/c
O $§1=0.030
® S3=0.182
DZ = 0.043
1l at
o0 0 9 00 PY
“'[ 8888 P
2 (o] o
2 °%<>ooc>000
-4 1 ] l ] l i J
-4 -3 -2 -1 0 A 2 3 4
z/c
Y = 0.848
2I'/Skrc = 0.619

Figure 30.- Flow-field velocities about circulation contour at blade radial
station 0.848R for rectangular blade tip.
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Figure 31.~ Flow-field velocities gbout circulation contour at blade radial
station 0.849R for rectangular blade tip.
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Figure 32.~ Flow-field velocities about circulation contour at blade radial
station 0.873R for rectangular blade tip.
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Figure 33.- Flow-field velocities about circulation contour at blade radial
station 0.875R for rectangular blade tip.
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Figure 34.- Flow-field velocities about circulation contour at blade radial
station 0.880R for rectangular blade tip.
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Figure 35.- Flow-field velocities about circulation contour at blade radial
station 0,.899R for rectangular blade tip.
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Figure 36.~ Flow-field velocities about circulation contour at blade radial
station 0.899R for rectangular blade tip.
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Figure 37.- Flow-fieid velocities about circulation contour at blade radial
station 0.910R for rectangular blade tip.
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Figure 38.- Flow-field velocities .pout circulation contour at blade radial
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Figure 39.- Flow-field velocities about circulation contour at blade radial
station 0.9%48R for rectangular blade tip.
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Figure 40.~ Flow-field velocities about circulation contour at blade radial
station 0.949R for rectangular blade tip.
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Figure 42.- Flow-field velocities about circulation contour at blade radial
station 0.965R for rectangular blade cip.
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Figure 43.~ Flow-field velocities about circulation contour at blade radial
station 0.975R for rectangular blade tip.
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Figure 44.- Flow-field velocities about circulation contour at blade radial
station 0.980R for rectangular blade tip.
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Figure 45.- Flow~field veloecities about circulation contour at blade radial

station 0.990R for rectangular blade tip.

6l



C 52=0098

2 ® $4=0004
~ T DX = 0.062
RS
I A T Y P oaat Lk Ladd da
~1 .......‘
-2 I L } 1 L
-4 -2 0 2 4 6 8 10
x/c
O St= 0.047
) ® $3=-0036
“T T DZ =0.040
OWW
U,
-2 b
. I B S N
-4 -3 -2 -1 0 1 2 3 a
2/c
Y = 0,999
20 /Qre =0.113

Figure 46.~ Flow-field velocities about circulation contour at blade radial
station 0.999R for rectangular blade tip.
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Figure 47.- Flow-field velocities about circulation contour at blade radial
station 1.003R for rectangular blade tip.
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Figure 48.- Flow-field velocities about circulation contour at blade radial
station 0.398R for ogee blade tip.

64



O 82 = 0.201
® $4 =0.177
20— DX = 0.076

- 0de©

. 00°990°0,6,00,000000900 I

U

" ®ece ee®0®’
.....‘Q

-1

-2 L L 1 L | ] L]
-4 -2 0 2 4 6 8 10 12 14
x/c
O S1=-0.102
® S3= 0.353
2 —_ DZ = 0.063
0 L I N ) o0 30T I
U ®
z 8 3 8 10} © o ©
-2 o Q@ 00
[ (0] 00O (0]

-4 L | | | | | ] 11
-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4
zle

Y = 0501
2I'/Qrc = 0.685

Figure 49.- Flow-field velocities about circulation contour at blade radial
station 0.501R for ogee blade tip.
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Figure 50.- Flow-field velocities about circulation contour at blade radial

station 0.550R for ogee blade tip.
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Figure 51.- Flow-field velocities about circulation contour at blade radial
station 0.600R for ogee blade tip.
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Figure 52.- Flow~field velocities about circulation contour at blade radial
station 0.649R for ogee blade tip.
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Figure 533.- Flow-field velocities about circulation contour av blade radial
station 0.700R for ogee blade tip.
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Figure 54.- Flow-field velocities about circulation contour at blade radial
station 0.724R for opece blade tip.
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Figure 55.- Flow-field velocities about circulation contour at blade radial
station 0,.751R for ogee blade tip.
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Figure 56.- Flow-field velocities about circulation contour at blade radial
station 0.775R for ogee blade tip.
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Figure 57.- Flow-field velocities about circulation contour at blade radial
station 0.800R for ogee blade tip.
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Figure 58.- Flow-field velocities about circulation contour at blade radial
station 0.800R for ogee blade tip.
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Figure 59.- Flow-field velocities about circulation contour at blade radial
station 0.816R for ogee blade tip.
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Figure 60.- Flow-field velocities about circulation contour at blade radial
station 0.825R for ogee blade tip.
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Figure 6l1.- Flow-field velocities about circulation contour at blade radial
station 0.834R for ogee blade tip.
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Figure 62.- Flow-field velocities about circulation contour at blade radial
station 0.848R for ogee blade tip.
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Figure 63.- Flow-field velocities about circulation contour at blade radial
station 0.865R for ogee blade tip.
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Figure 64.-~ Flow-field velocities about circulation contour at blade radial
station 0.876R for ogee blade tip.
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Figure 65.~ Flow-field velocities about circulation contour at blade radial
station 0.901R for ogee blade tip.
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Figure 66.~ Flow-field velocities about circulation contour at blade radial
station 0.925R for ogee blade tip.
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Figure 67.- Flow-field velocities about circulation contour at blade radial
station 0.948R for ogee blade tip.
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Figure 68.- Flow-field velocities about circulation contour at blade radial
station 0.974R for ogee blade tip.
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Figure 69.- Flow-field velucities about circulation contour at blade radial
station 0.990R for ogee blade tip.
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Figure 70.- Flow-field velocities about circulaticn centour at blade radial
station 1.000R for ogee blade tip.
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