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Summary

Non-intrusive measurements of velocit y about a spinner-propeller-
nacelle configuration at a Mach number of 0.8 have been performed.
A laser velocimeter., s p ecifically develcoed for these measurements
in the NASA Lewis 8- by 6-foot Supersonic Wind Tunnel, was used to
measure the flow-field of the advanced swept SR-3 prooeller. The
laser velocimetPr uses an ar g on ion laser and a 2-color optics
system to allow simultaneous measurements of ')-comoonents of
velocity. The axisvmmetric nature of the propeller-nacelle
flow-field permits two separate 2-dimensional measurements to be
combined into 3-dimensional velocity data. Presented are data
ahead of and behind the propeller bladef- and also a limited set in
between the blades. As pects of the observed flow-field such as the
tip vortex are discussed.
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around 0.8 to 0.85. The 24.5 inch diameter SR-3 propeller has
eight blades with 45 degrees of sweep a'. the tip. For all the data
presented herein, the blade angle, measured at 3/4 propeller radius
( s 3/4), was set at 60.5 0 , the wind tunnel Mach number was 0.8
and the corrected propeller rotational s p eed was 143 revolutions
per second. This yielded the design advance ratio, J, of 3.06 and
power coefficient, of 1.8. For additional details on the SR-3
propeller performance and geometrical characteristics see
References 5 and 6.

Laser Velocimeter System. A block diagram of the overall LV (laser
veloc.me er) system is shown in Figure 2. De p icted are the major
system components. Before going into detail on the system
comoonf^nts, Figure 3 is given to provide a sim p lified de_cription
of the principle of measurr ,,)ent of velocity by the fringe-type
laser velocimeter.	 In F +;-re 3(a) is given the schematic of a
typical fring e-type LV for a single color. After exiting the laser
the beam is split by a bPdm splitter into two parallel beams which
are then focused by a lens system to cross at 	 given point in
space. Figure 3(b) depicts the nature of the intersection of the
beams. Since the two beams each consist of coherent planar
wavefronts (of the same wave-length), the intersection reoion,
commonly referred to as the probe volume, contains parallel
interference fringes which have a

fringe-spacing_	 ?^
2 sin A 2

whf-re	 is the wave-11noth and e is the included
an(Ile between the two intersecting beams.

As :I very smali(of the order of 1 micron) Seed particle with
velocity, V z , crosses fringes, the radiation scattered from the
send particle is measured by a phntomultiplier sensing equipment
and the frequency and/or inverse period resulting is

Frequency =	 1	 =	 2VZsin( e /2)
T

where	 T	 is the oeriod.

A more detailed and sophisticated treatment of laser velocimeters
i ncluding the fringe-t y pe LV is aiven in Reference 18.

The ma ,ior components of the LV system are shown in Fiqures 4 thru
F. The components shown in Figure 4 are all essentially depicted
hV the block lahelled "LASER AND OPTICS" in Figure 2. The
Spectra-phvsics Model 171-8 Arqon Ion Laser has strong lines at
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wavelengths of 488.0 nm (blue) and 514.5 nm (green). Also seen in
Figure 4 is the four beam, two color TSI Inc. optics system which
was modified for use in this particular cunfinuration. The two
color beam exiting from the laser is color separated using a
dispersion prism which results in clear color separation with a
minimum of crosstalk between the beams. Also seen in Figure 4 is
the portion of the optics which includes the beam-splitting and
adjusting sections. For this set of experiments the four beams
were set up sL • ch that the olanes defined by the two beams of each
color were nominally orthogonal to each other and at nominally
45 0 to the hori.• Ont.31 plane of the wind-tunnel reference system.
This portion also includes the on-axis receiving optics including
the two photomultioli.er tubes.

The four beams exiting the TSI Inc. optics then pass through a zoom
lens s y stem (specially desioned and made by Pacific Optical). The
function of the zonm lens is, to vary the location of the probe
volume from 3 to 12 feet which provides the ability to survey
across the wind tunnel. The back-scattered radiation from the seed
particles in the probe volume was received through the 9-inch
output lens of the zoom lens system and entered the TSI optics
where it ultimately was sensed by the two photomultiplier tubes,
one for the 488.0 nm blue signal and one for the 514.5 nm preen
signal. These si gnals were amplified by t he TSI combined
power-supply and amoiifier unit and then were fed through coaxial
cables to the m p asurinq and monitor'nq instrumentation located
remotely from the wind-tunnel test s ection in the control room (nee
Fi g ure 6).

Probe Volume Movement. As indicated above the position of the beam
crass-over or probe volume was varied laterally (peroendicular to
the wind-tunnel side-wall) by means of the zoom lens system.
Vertical and horizontal displacement occurred by mechanically
movin g the optical hed- p late mounted on the traversino table (see
Figure 5). All three DC motors, one for the movable lens on the
zoom and the two for the traversing table, are driven by digital
motor controllers which in turn are controlled by a microcomputer.
The microcomputer sequences all the positioning functions. The
microcomputer also checks position limits to prevent overtravel and
times all functions to assure that the positioning motors are
resoondinq to commands.

Remote Control and Instrumentation. The amplified blue and green
signals  rom the photomultiplier tubes are fed into the Macrodyne
Two-channel LV Process-r, Model 2098 (Figure 6)which operates on
the counter principles (as a result of the number and timing of the
crossing of a seed particle). This processor has multiple
validation criteria, the most imoortant one being the 5 to 8 count
comparison. This check will eliminate the data being taken with
two or more particles in the probe volume at the same time. This
processor has the capability of p rocessing signals up to 100 MHz
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frequency and a 1 MHz data rate capability. Adju. ,;table high-pass
and low-pass filters are available to maximize the signal/noise
ratio of the signals. The output from the processor, given as the
Inverse of the frequency, is available in digital and analoque
forms. For purposes of on-line monitoring, the analogue signals
along with the unprocessed signals were fed into spectrum
analyzers, oscilloscopes and data-rate counters. The digital
signal from the processor was fed via an interface unit into the
minicomputer for further processing. For each blue and green
inverse frequencies (periods) handled by the minicomputer a
propeller position was acquired by the minicomputer. The propeller
position was generated by using the once-per-revolution signal
generated by a maonetie pick-up on the propeller shaft along with a
shaft angle encoder made by Real Time Systems Inc., Model 371.

The DEC 11/34 Minicomputer was p rogrammed to control the
positioning of the measurement point or probe volume in the three
directions as previously described. It interacted with the LV
processor and shaft angle encoder to accept data points consisting
of di g ital words giving the blue and green periods (1/frequency)
and propeller position. The number of data points accepted can be
as hi gh as 4000. The acquired data can be selectively stored on
disk or shown on a on-line graphics output (with y ard copy
available). A summary of the data was always lister+ on-line as
printer output. Available plots on the graphics output used were
(1) the periods as a function of propeller position and (2) a
histog ram of the inverse/periods for the accepted data.

Seeding of wind-tunnel. Many attempts were made to seed the
w nd- tunnel using various types of seeding materials, various
methods of p article formation and particle dispersion into the
wind-tunnel. The final version of the seeding system used for the
investigation reported herein incorporated the use of two units of
TSI InC., Model 9306, Six Jet Atomizer. The seeding fluid was
Di Oct y l Phthalate (DOP). The recommended air flow rate of 12
liters/minute was used. The atomizers are air driven at 55 psig.
Increasing the seed flow-rate beyond that s pecified tended to cause
aaglomeration of the seed particles. The seed particles were
introduced into the plenum of the wind-tunnel just upstream of the
flow-straightening tubes and screen. This position is 60 feet
upstream of the turbopro p model spinner. The seed was generated
outside the tunnel and flowed through 27 feet of pipe (1-inch
diameter). The end of the pi p e was open and pointed downstream.
Four such pipes were placed either in vertical or horizontal arrays
with the pipe se p arations being 12 to 15 inches apart. This
arrangement of the seed pipes provided the seed cloud required for
either the vertical surveys or the horizontal surveys through the
model centerline. Data supplied with the TSI Inc. Six Jet Atomizer
indicated that, using DOP, the particle size distribution was such
that 75% were less than 1 micron and 98% were less than 2.0 microns
at the atomizer discharge. Measurements of the particle lag near
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the hub of the spinner and the oscilloscope signals of the
particles crossino the fringes (Fig. 3) were consistent with the
TSI specifications. Within the middle of the seeding cloud, the
measured data rates varied from 500 to 1000 per second in the
free-stream to 50 to 100 per second behind the blades. When
measurements were taken in the periphery of the seeding clouds, the
data rates dropped to values lower then 50.

Experimental Procedure. Prior to each wind-tunnel run, the
propeller blade an

g
le was set. The seed pipes in the plenum were

arranged in the desired vertical or horizontal array. To obtain
radial (referenced to the model centerline) and axial velocity
comp onents from the two color LV optics, the seed pipes were
arranoed vertically along a line through the model centerline. To
obtain the azimuthal and axial velocity components, the seed pipes
were arranged horizontally along a line through the model
centerline.

The ali gnment of the optics was checked to assure that the two blue
beams and two green beams were crossing properly at their focus to
insure that good, bright and parallel fringes existed. As earlier
remarked, these blue and qreen frin ges were nominally orthogonal to
each other and nominally 45 0 to the horizontal plane. Next, by
using a low-speed, seeded 1-inch diameter air-jet, the quality of
the Doppler signal was checked both at the test-section and also
remotely in the control room. Finally, these signals were fed
through the LV processor and into the minicomputer for further
evaluation of the e state-of-readiness" of the LV optics. After the
readiness of the o p tical of the system was verified, the operation
of the zoom lens and transversing table were checked-out through
the minicomputer. The positions of all four beams relative to the
wind-tunnel reference frame were measured and calibrated. From
this information the beam angles and probe volume positions were
later calculated.	 Then, the oosition of the spinner tip (and other
parts of the model, as required) were noted in terms of the zoom
lens and traversino table read-outs.

Figure 5 shows the acoustically-treated environmental enclosure
which was mechanic;311y isolated from the the o p tical bed-plate.
Adjacent to the viEwina window, the enclosure had a hole
sufficiently-sized to permit the laser beams to exit the
enclo.,ure. Cooling water lines were connected to the enclosure.
When proper operatin g conditions of the wind-tunnel and turboprop
model were achieved, usually Mach 0.8 and either wind-milling
condition or an advanced ratio, J, of 3.06 for the turboprop model
the laser was remotely turned on and brought up to a beam power of
2 to 4 watts. Next the seeders were turned on. The TV monitors
were available to give indications of the laser beams in the seed
cloud and the general condition of turboprop model and the LV
system next to the test sectiion. The probe volume was positioned
via the computer terminal. The LV si gnals were checked by
monitorin g the oscilloscopes, spectrum analyzers anti data-rate
monitors and the rata-taking process commenced using terminal
instructions to the minicomputer.

f

1
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Data Ana4s^si^ss. The on-line outputs included earlier-mentioned
minicomputer  terminal print-outs and the hard copy from the
graphics terminal, (Fig. 6). The terminal print-out contained the
probe volume position information, LV processor information, number
of data p oints recorded and the time the data was taken. 	 For both
blue and green channels the mean and r.m.s. periods (1/frequency)
and frequency were given. Also given was whether or not all the
raw data points were stored on disk. A software program was
generated to permit the calculation of velocity components in the
Cartesian coordinates in the wind-tunnel reference frame. For a
given prone volume position, the acquired data over a complete
revolution of the propeller (360 0 of azimuthal coordinate
relative to the once-per-revolution pulse) is divided into 80
"angular" bins per 360 0 or 240 "angular" bins per 360 0 . The
averaged velocities in these "angular" bins were calculated. For
the data analyzed and presented herein, the data for the 8 blades
over 360 0 has been folded into and averaged over 0 0 to 450
relative to the once-per-rev pulse. Also calculated were the
time-averaged velocities for each probe volume position.

0 eratinq Problems. Initially, the major problems of concern were
e vlbrati ons due to the wind-tunnel compressor and the increase

in temperature in the air ahout the laser and optics during
transonic operation (up to 140 0F). Although the LV system did
not operate durinq supersonic operation of the wind-tunnel, it was
still necessary to provide cooling protection for the LV laser and
optics to prevent possible misalignment and damage. The initial
design to meet the vibration problem islated the traversing table
from the wind tunnel structure. The temperature problem was
handled by embedding water cooling coils on the surface of a box
covering the LV laser and optics.

First attempts at transonic operation revealed a problem not
previously anticipated. As the Mach number increased to 0.8 and
0.85, the laser beam power dropped off to near zero and could not
be brought into control. From discussions with the manufacturer's
staff, it was discovered that the laser becomes "detuned" as the
ambient pressure decreases significantly. Since it was not feasible
to set-up the laser at the reduced pressure levels encountered at
transonic operation, the problem was solved by enclosing the laser
in a pressure-tight enclosure with a quartz window at one end and
keeping the enclosed space at atmospheric pressure.
Problems with vibration and intense acoustic levels still
Interfered with maintaining alignment of the LV optics. So the
tunnel air-blast coming through the "transonic bleed" holes was
shielded from hitting the enclosure over the LV optics and laser by
an air-blast shield seen in Figure 5. To better isolate the LV
laser and o p tics, vibration isolation devices were inserted between
the optics bedplate and the traversing table and complete direct
mechanical separation between the two was maintained. 	 To reduce
the ambient acoustic pressure level of 155 db in the test
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chamber to permissible values, the environmental enclousre was
revamped using acoustical treatment material (Fig. 5) in addition
to the cooling coils embedded in the surface. Also, cooling of the
optical bedplate was installed to minimize warping of the bedplate
surface due to temperature variations.

Results and Discussion

The result; presented herein comprise a part of a complete set of
data taken to enable a mapping of the flow field for the SR-3
propeller operating at the design point of	 8314 = 60.50 , Mach
= 0.8, advance ratio, J = 3.06 and power coefficient, Cp = 1.8. Not
presented at all herein are a set of wind-milling data which, along
with the oowered data, permits the calculation of the radial blade
loading (Ref. 17). The data are in the wind-tunnel reference
frame and are given in terms of a cylindrical coordinate system.
It is centere0 along the turboprop model centerline with positive z
in the downstream direction referenced to the spinner tip. The
angular coordinate is measured clockwise facing downstream
(direction of propeller rotation) and 0 = 0 0 for a radius
pointing upward vertically.

Several typical examples of the type of raw data acquired are given
in Figure 7 which presents the period in nanoseconds (output from
the LV processor) as a function of the shaft angle encoder output
for the g reen sional. This data, cnnsisting of 1000 points, is
from the hard-copy available from the on-line graphics. This data
was acquired with the probe volume positioned at a radial distance,
r/R = 0.76, where the propeller radius, R = 12.25 inches. For
Figure 7(a), the probe volume is at z/R = 0.49 and the azimuthal
angle,O = 90 0 ). At this radial position the probe volume is ,just
ahead of the leadin g edge of the blade. The upstream influence of
the blade can be seen. Figure 7(b) is an example of the type of raw
data ohtained with the probe volume positioned 11 3n betweer" the
blades (z/R = 0.74 and O= 900). There is some evidence of blade
"flash" as the blades intersect the probe volume. It is
particul«rly heavy for the first and fourth blades in Figure 7(b).
The blade "flash" occurs are as a result of the blade surface
back-scattering into the probe volume a suficient amount such that
it appears as a "pseudo-particle" as far as the LV syrtem is
concerned. Figure 1(c) is for a probe volume position downstream
cf the trailin g_ edge (z/R = 0.98 and O= 180 0 ). Evidence of the
wakes of the 8 blades is seen as the 8 vertical stacks of points in
the plot (the larger the period, the slower the velocity). Because
the p robe volume diameter (diameter a 0.035 inches and the
length . 0.35 inches) is not much smaller than the blade wake
thickness a g ood resolution of the wake orofile may not he
possible. In addition to the evidence of the wake, FiqL,re 7(d)
(z/R = 0.81 and m= 180 0 ) shows an example of the shadowin g by the
blades that occurred over a oortion of the survey renicn at
=1800.
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Figure 8 gives a cross-section of the SR-3 propeller, spinner and
nacelle. The coordinates are given as r/R, radial distance and
z/R, axial distance, where R = 12.25 inches. The SR-3 blade is
shown in the sketch such that it is at the measured 03/4 and
the A0 or twist of the blade is also accounted for. Thus, the
SR-3 blade in the sketch is correctly represented at a 0 : Oo
(vertical upward position) as viewed by the lV rystem beams. Also,
specified in Figure 8 are two upstream stations, A and D and two
downstream stations, C and D, at which radial messurmments (z/R s
constant) are presented in later fioures.

In Figure 9 are given the time-averaged (and circumferentially
averaged) components of velocity, V ,VO 	 and Vr as a function
of r/R at constant values of z/R. Fiqure 9(a) presents the axial
component, Vz, as a function of r/R for Station A (z/R = 0.09),
Station B (z/R = 0.33), Station C (z/R = 0.89) and Ctation D (z/R
1.14). The velocity, V 7 , data of Fiqure 9(a) shows the trends
ex pected for a spinner-propeller-nacelle configuration. At Station
A for small values of r/R the velocity Vz is suppressed
considerably as a result of being near spinner the tip (z/R = 0.09)
and increases to near free-stream values of velocity at large
values of r/R. At Station B the velocit y V behaves similarly.
At Station C and D, the velocities Vz at values of r/R a 1.0 or
less are hinher than at Station B, as expected, because of work
clone by the propeller on the airstream as it moves through the
blades. Fiqure 9(b) gives the time-averaged azimuthal velocity,
V (^	 , as a function of r/R for Station A through 0. At Station q
and P, ahead of the blades, the values of Vm	 were quite small and
at Station C and D. behind the blades. the values of VA	 increased
considerably for r/R • 1.0 or less, as expected. Using values of
Vz from Figure 9(a) and V 	 from Figure 9(b) the measured swirl
ang les can be calculated $rom

	

swirl angle,	 c = tan- 1 	NO /Vz)

then At r/R = 0.75, (3/4 radius), at Station C

	

e = tan- 1	(72.5/825) = 5.00

and at Station D and r/R = 0.75

F = tan- 1	(45/890) = 2.90
The time-avera ged radial velocity, Vr, is given in Figure 9(c)
for Station A through D. The behavior for all the four stations as
r/R increases is similar and decrease from values of 150 to 175
feet/sec as r/R increases to values around 2.5 to 30 feet/sec. This
behavior is consistent with the presence of the spinner-nacelle.

Fi gure 10 p resents a tyical example of the velocity data acquired
with the probe volume position being in between the blades
(r/R = 0.76, zIR = 0.74, see Fiqure 8) and 0 of the probe
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volume position a 900 ). The data for the 8 blades has been
"folded over" so that the 30 angular bins (each bin - 1.5 0 ) coyer
an angular displacement of 45 0 . Figuire 10(e) pre sents the axis!
velocity, Vz, as a function of the azimuthal angle, 0 . 	 As
noted earlier,	 m a 00 is referenced to the once per rev
signal. In going from 0 0 to 12.75 0 the "pressure" or underside
of the blade is approached. At m = 17 . 25 0 and greater the field
adjacent to "suction" or upper surface of the blade is being
measured and, of course, the data at 45 0 is continued by going
back to 0 0 on the plot. In Figure 10(s) the data points at m
- 14.25 0 and 15.75 0 are not valid velocity points because of
the aforementioned blade " flesh" effect ( and also blade
thickness). Otherwise, the dote in Figure 10(a) appears to be
well-behaved. The unfolded data, not presented herein in the
Interest of brevity, does show a measure of blade-to-blade
differences in the flow-field which is to he ex pected. Figure
10(b) gives the azimuthal velocity, V0 , as a function of 0 .
Acain, the blade "flash" points as p noted. Also occurrring is an
abrupt change in Vm across the blade of about 60 feet/sec.

Figure 11 gives a com p arison of the velocities measured at a radial
position ,just inboard of the blad tip with those Just outboard of
the blade tip. With the probe vo..ume at 	 m = 90 0 ant! z/R = 0.89
(Station C Just downstream of the trailing edge of the blade tip),
the ",just inboard" radial position is at r/R = 0.98 and the "Just
outboard" radial station is at r/R = 1.02. Figure ll(a) gives the
axial velocity V 2 as a function of the azimutha^ angle, 0 , for
both values of r/R. Fig. 11(b) rives the azimuthal velocity, V^,
as a function of ^ for both values of r/R. Fig. 11(b) clearly
shows the effect of the tip vortex. The peaks in the velocity V
are of op posite sins comparing the r/R = 0.98 data with the
r/4 = 1.02 data. It should be noted here that V 0 is positive for
clockwise rotation lookinq downstream ( also, clockwise rotation of
propeller),	 Therefore, the neqative V0 at r/R = 1.02 gives the
tip vortex the correct rotation (from the lower surface to the
upper surface at tip of blade). Now, by lookinq at the Vz
velocity in Fiq. 11(a) at r/R = 1.02, outboard of the blade tip,
there is seen a sharp drop in velocity with the decrease in
velocity bei!-:g about 250 feet/sec. 	 This is also taken to be a
distinctive effect of the tip vortex of the blade. The VZ
velocity data given it Fic. 11(a) for r/R = 0.98 appears to have
come similarities with the in-between blade data of Fig. 10(a) in
that for values of ^ less than 24 0 , with the flow coming from the
"Pressure' side of the blade, the V . , velocities are less than
those at 0 greater than 240 with the flow coming from the suction
side of the blade. Because of the relatively thin blade w • ke near
the tip, none of the data points °e ve any evidence of the wake.
The ,jump in Vz velocity at r/R = ( 1 .98 in Fig. 11(a) should also
be partly the result, of the mesurement position being slightly
Inboard of the tip vortex of the blade.
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The final figure, Figure 12, illustrates another aspect of the tip
vortex by providing data on a set of axial traverse points at a
constant r/R. The data in Figure 12 is for constant r/R a 1.09 at
a probe volume 0 = 180 0 and with taking various z/R from 0.80 to
1.28. The value of r/R a 1.08 is further outboard than that for
Figure 11 (r/R : ;.02). A value of z /11 : 0.80 corresponds to an
axial nosition ,just downstream of the leading edge at the tip (see
Figure 8) and z a 1.28 is downstream of Station 0, In Figure
12(a), the axial velocity, Vz, is given as a function of the
azimuthal angle, 0 . Looking at the set of data reveals that as
this r/R : 1.08 survey point moves downstream the angle at which
the vortex is felt ( dip in the Vz velo ^. ity) increases. Also, the
magnitude of the dip in Vz increases as the survey station, z/R
moves downstream. Both then, effects are consistent with the
previously presented picture of the tip vortex and its screw-like
trajectory downstream of the propeller.

Figure 12(b) presents the radial velocity, Vr, as a function of
azimuthal angle, m (remembering that the probe volume 0 = 1800,
here). The data in Figure 12(b) is also for r/R = 1.08 and z/R
survey paints from 0.80 to 1.28. were, again, the results beg a
similar interpretation for the radial velocity, Vr, behavior in
Figure 12(b) as for the V z velocity behavior in Figure 12(a).
There is, in addition, an asymmetry of the Vr velocities about.
Vr = 0, but this was expected from the data on the time-avere(jed
Vr data presented in Fi?ure 9(c). A particularly good picture of
the tip vortex is seen or the z/R = 1.28 survey point as t goes
from 0 = 70 to about ^ = 130.



A laser velocimeter system has been successfully developed to
obtain velocity measurements in the hostile environment associated
with the transonic operation of the NASA Lewis 6- by 6- foot
Supersonic wind Tunnel. Particularly severe environmental problems
such as high levels of vibration and noise were overcome by
successful designs and redes +.gn of the LV system. The laser
velocimeter used an argon ion laser and a two-color optics system
which yielded two components of velocity simultaneously. By taking
advantage of the axisymmetric nature of the propeller-nacelle
flow-field the two-dimensional measurements on the vertical and
horizontal radii were combined into three-dimensional velocity
data. The LV system has obtained a set of flow-field measurements,
a part of which are presented herein to demonstrate the data
quality and to present and discuss certain characteristics of the
flow-field ahead of, within and behind the blades. This data was
taken at a Mach number of 0.8 and the propeller at an advance ratio
of 3.06 with a blade anele setting at three-fourths radius of
60.5 0 . This data should be useful for extending the under-
stGndinq of advanced propeller flow fields and for verifying the
emerging propeller analysis codes.
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