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Summary

This report presents the resuits of a program of helicopter
rotor noise measurement. The program was carried out using a
60-foot-diameter CH-47B rotor on the Bosing-Vertol engineering
rotor whirl tower shown below. The photograph displays smoke
being trailed from the tip of a 2-bladed rotor and is shown to
illustrate the technique of vortex visualization for measure-
ment of tip vortex position with respect to the following

blade. The data presented in this report were obtained on a
3-bladed rotor.

The primary objectives of the program were:

o0 To obtain acoustical data over a frequency range wide
enough to define all elements of rotor noise under well-
documented ambient conditions.

o To measure the tip vortex position with respect to a trail-
ing blade .using high-speed cameras and smoke to visualize
the tip vortex and to relate blade-vortex separation dis-
tance to noise level.

0 To determine the propagation characteristics of rotor noise.

0 To evaluate two current analytical procedures for predicting
rotor noise (References 1 and 2) against the measured data.

The testing on the 60-foot-diameter rotor encompassed a range
of tipspeeds from 600 to 900 feet per second (fps) and thrusts
from 6,300 pounds to 32,000 pounds (disk load 2.2 to 11.3
pounds per square foot, psf). The general arrangement of
microphones and cameras for the test program is depicted below.
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In addition to the successful acquisition and analysis of the
required Jdata, which is presented for use in future research,
the following significant results wer= obtained:

1. Rotational noise predictions by the method of Ollerhead
and Lowsonl show good agreement with test data at low
harmonics. To achieve agreement at the higher harmonics
will require better definition of the higher harmonic air-
loads. An overall comparison between test measurements
and predictions using Ollerhead and Lowson methods is dis-
played in the figure below which shows envelopes of test
and predicted noise levels for a range of thrust and tip-
speed conditions.

HARMONIC ROTATIONAL NOISE NOTE:
A HOVERING ROTOR ENVELOPES ARE

S
, ENVELOPE OF MEASURED SHOWN FOR CONDI-

93 ,’ DATA TIONS OF THRUST
\ _\.\YY\‘\ - FROM 9,000 TO

N 27,000 LF

8¢ @ Vi \ AND TIP-
L7 |

Q
T \
& ENVELOPE O
o
9]

! / SPEEDS

79 prEDICTIONS oLl -FROM 650
USING OLLERHEAD TO 850 FPS.

6AAND LOWSON METHOD

S Y T T T 2 T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
BLADE PASSAGE HARMONIC

iv




SPL-dB

Broadband noise prediction by the method of Schlegel, Xing,
and Mull? shows good agreement with the trends displayed
by the measured data but predicted noise levels are¢ signi-
ficantly lower than those measured. An overall comparison
between test measurements and predictions using the
Schlegel method is displayed in the figure below.
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Measurements using smoke to visualize the tip vortices
showed that intersections between a rotor blade and the
tip vortex shed from a preceding rotor blade can occur
over the entire operating range tested in this program.
These measurements established that the generation of
impulsive noise is not solely a function of blade-vortex
separaticn. Shown below are sound-pressure waveforms for
two thrust conditions that produced blade-vortex inter-
seccions. Tor the high-thrust condition at which the
waveform on the left was recorded, transient impulsive
characteristics appeared which were not observed in wave-
forms recorded at low-thrust conditions.
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Studies of this transient noise phenomenon conducted under
Boeing-funded aerodynamic research led to the examination of
the aerodynamic conditions on the rotor blade at high loadings
and high tipspeeds. As a result, a hypothesis was developed
which states that the impulsive noise results from a cor.bina-
tion of compressibility effects and blade-vortex interaction.
At critical combinations of 1lift lcadings and Mach number,
strong shock waves exist on the blade airfoil near the tip. In
recognition of this, the hypothesis states that it is the
oscillation of this shock caused by a vortex intersection which
generates the impulsive noise. Data from this program can con-
tribute significantly to further research directed at testing
this nypothesis.

Sound propagation of harmonics of rotcor noise revealed occa-
sionally strong interference of the wavefront reflected from
the ground with the directly incident wavefronts. Corrections
for this have been developed and show a significant influence
on the measured data, particularly for the data which was
recorded 3 diameters from the rotor center. This can be ob-
served as a fluctuating decay of harmonic levels, at this
microphone, in the data of Appencix B.
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Foreword

This program was conducted in fulfillment of Contract
DAHC04-69-C-0087 from the U.S. Army Research Office, Durham,
North Carolina, under the technical cognizance of Dr. S. Kumar.
The work was performed by the Boeing-Vertol Acoustics St.If
between June 1969 and January 1971. Mr. R. F. Child, Super-
visor of the Aerodynamics Research Staff, contributed the
theory of impulsive rotor noise g2nsration discussed in Section
4.4,
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Section 1
Introduction

The noise of 1lifting rotors has come under increasing study in
the past few years, particularly since rotary wing aircraft
have been deployed to mcbilize large portions of armed forces
throughout the world. The role which rotor noise plays is vital
in the areas of safety and survivability with regard to detec-
tion, and to communication and hearing damage with respect to
internal noise. 1In addition, commercial helicopter operators
have expressed a concern for improvements in rotor signatures
when operations produce complaints about noise. 1In response to
this, an increasing effort has been directed toward an under-
standing of the generation of rotor noise, although most
investigations have frequently been directed toward the solu-
tion of a specific problem and often lacked a broad base of
data for an adequate understanding. There have been several
programs aimed at measurement of pressures on the surface of a
rotor blade,3: 4/ 3 but they have been concerned mainly with
performance of the rotor and have not gathered data with suffi-
cient frequency response to be useful in noise research. For
the most part this was due to the general unavailability of
adequate instrumentation. Several programs have also been
performed ©/ 7 to collect noise data in the near and far field
of the rotor and at several positions of rotor azimuth,
although much of this data has been obtained on aircraft, and
therefore also includes all the other noise sources inherent in
a flight vehicle. In addition, smoke has been released at the
tip of a blade to study.the blade wake, in terms of the posi-
tion of the tip vortex. However, no published data currently
exists in terms of a complete noise measurement program for
adequate study of the generation and propagation of the noise
of lifting rotors.

The concern with rotor noise, on the part of the military was
strongly reflected by the action of the Army Research Office in
sponsoring a conference with the National Academy of Engineers
on July 30-31, 1968. The purpose of the conference was to
assess the state of knowledge and understanding of the scienti-
fic and industrial community regarding this problem, and to
recommend the areas of study which should be pursued in order
to bring the rotor noise problem under adequate control.

Some of the major problems which were brought to light included:

- Inadequate airloads data in the rotating system.

- Lack of full frequency range sound pressure data.

- Lack of well defined conditions for which noise data
in the fixed system was obtained.

A requirement for blade wake geometry definition.




Without this information, there is no adequate input for
improving rotor noise prediction, and certainly only superfi-
cial data exists for checking the validity of any prediction
methods developed. 1In general, it appeared that in an effort
to find rapid solutions to specific rotor noise problems, the
important step of defining the basic problem had been bypassed.

In discussing helicopter rotor noise, various descriptions have
appeared in the literature. These tend to categorize the noise
either by the physical source or by the type of sound produced.
Either terminology may be useful, depending on the context of
the discussion.

Dealing with the sound descriptions first, the grouping simply
divides those sounds which are not particularly impulsive in
nature from those which are. This gives rise to terms such as
"impulse", "bang" and "slap".

Classification of the noise by source leads, perhaps, to even

more ambiguity. The non-impulsive sounds are generally termed
rotational noise for those arising primarily from lifting {(or

thrusting) forces and vortex noise for those arising from drag
and/or thickness.

Some researchers prefer to refer to the latter as drag, or wake
noise in order to avoid confusion with some of the impulsive
noises which are associated with tip vortices.

In the area of impulsive noise, the basic distinction is gen-
erally made between Mach number effects, otherwise called "high
tip speed” or "compressibility" noise, and the noise which
appears to occur when a rotor blade comes through, or near, a
previously shed tip vortex. Here, no conveniently short terms
are applied and one must settle for such descriptions as "blade
vortex interaction”(or intersection) noise.

In view of the confusion in language, it is not too surprising
that similar confusion exists with respect to correlation of
analytical predictions with test results, especially if the
analysis deals with one particular aspect of the problem while
the data may arise from a combination of sources which may
prove difficult, if not impossible, to separate.

The concept of the program described in this report was to
attempt to clarify the situation (at least in part) by dealing
with the simplest situation, namely a single hovering rotor,
providing instrumentation adequate to the task of defining the
complete acoustical signature, devising a test technique which
would, insofar as possible, permit separate identification of
the noise sources, and then to compare these results with
current "state-of-the-art" analytical predictions in order to
more accurately assess current capabilities and to identify the
more serious shortcomings.

-t
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Section 2

Description of Test Procedure
2.1 ROTOR

The rotor system, tested in this program, is that designed for,
and used on the U.S. Army CH-47B "Chinook" helicopter. Specifi-
cally, it is a three-bladed, fully articulated rotor ocf 30

feet radius and a 25.25 inch chord.

The individual rotor blades are fabricated of a steel leading
edge "D" spar with fiberglass laminate covered trailing edge

boxes. The airfoil is a cambered 23010-1.58 section as shown
in Fiqure 1 arl1 the blade is untapered in eithe:r planform or

thickness. The tip of the blade terminates in a simple plate
closing the end of the outboard box and therefore is termed a
"square tip".

For the purpose of this investigation, the blade was modified
by the addition of smoke generators at the tip.

The smoke generators had been developed previously and evolved
in prSparation for a flight test program on a CH-46A helicop-
ter 19 In the development program, requirements included a
reliable system which could be ignited safely by a convenient
means in a 600g environment, had a long-life, refillable casing,
a burning rate which approached an explosion, and which produced
sufficient smoke to be visible in two coils of the filament.

The burned solids could not exceed 0.5 lb to prevent rotor
imbalance. The generator which resulted, shown being installed
in a blade tip in Figure 1, contained approximately 7 ounces of
a granular material. The chemicals used in the burning process
are proprietary to Steve Snyder Enterprises. A dual ignition
system consisting of glass vial explosive squibs was selected
for reliability, and the smoke color, which varied from white
used against a blue sky to dark gray used for overcast condi-
tions, was determined by the proportion of the two materials
used and did not contain any dye which would have slowed the
burning process. The total smoke produced was approximately 15
to 20 cubic feet. The generators required handling with reason-
able precaution and were safe and generally reliable in opera-
tion.

2.2 WHIRL TOWER

Testing was conducted on the Boeing-Vertol Engineering Rotor
Test Facility (Figure 2). The rotor hub on this tower is 50
ft. above the ground. It is powered by a 10,000 hp electric
motor which drives through a water-cooled clutch. The electric
drive, along with suitable gear reduction system, are housed in
the massive concrete base of the structure. This base serves
to minimize the drive system noise radiated outside to a level

3
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Figure 2.

Engineering Whirl Tower.
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Wwnich is negligible when making rotor noise measurements. The
fundamei tal control modes available are simply rotor speed ard
thrust, through collective pitch. No cyclic pitch, or shaft
angle variatioa, is availahle. Reotor rpm indication is directly
available to the operator and can be maintained to an accuracy
limited by variations in ambient ¢« ind, and generally within 1
rpm.

Rotor thrust is measured by two separate systems. The first is
a set of four calibrated load cells at the rotor head. Since
these are recorded independtnly on an oscillograph and require
calculation to obtain thrust, the program is controlled by
direct reading a motor torque. Through the use of a thrust-
torque calibration which had been pertormed on a similar set of
blades on the U.S. Air Force tower at the Aeronautical Systems
Division, Air Force Systems Command,Wright Patterson AF3, Ohio,
and by correcting for ambient temperature and pressure, torque
values corresponding to the desired thrust values were calcula-
ted prior to each test run, and these torques were used to set
up the test condition. The load cell data was obtained during
the test run for more precise values in the final data. Pitch
link loads, on each blade, were also recorded, and monitored,
tc ensure against excessive loads, instabilities, or operating
too deeply into the blade stall regime.

2.3 ACOUSTICAL INSTRUMENTATION

The microphones used were all cf the condenser type and were
located as illustrated in Figure 3. The microphones designated
0.2R, 1R, 1D, 3D, 5D were used to acquire the primary data. As
shown, they were supported by cables and arranged along a single
ray line from just below the blade tip, to the ground. The
direction chosen permitted a combination of a large distance
without proximity to other buildings or structures and was
generally upwind.

These microphones were especially selected for this program due
to their unucually high sensitivity at low frequencies and flat
frequency response characteristics. This is especially impor-
tant for the study of rotational noise, whose fundamental
frequency falls at blade passage period and may be below 10 Hz.

The specific equipment employed were Photocon 747 transducers
with Dynagage DG-605D type signal conditioning.

Ideally, it would have been desirable to have several radial
arrays of these low frequency microphones, each along a
different azimuth direction. Since program limitations and
equipment availability precluded such an extensive system, it
was decided to provide Ifour monitor systems located around the
tower base as noted in Figure 3. These were Bruel and Kjaer
Type 4131 condenser microphone systems of more conventional
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frequency range. 1In this prodgram it was not intended that these
microphones be used for primary data, but rather that this infor-
mation be available so that in the event that any of the primary
data should appear inconsisteat, it would be possible to deter-
mine if a change in directivity of the radiated sovnd might be
responsible.

2.3.1 Recording

The acoustical and atmospheric information was recorded on an
Ampex FR-1300 wide band FM system operating at a tape speed of
20 ips. The acoustical inputs were continuously monitored on
individual oscilloscopes to determine the required attenuation,
or amplification in order to ensure optimum quality data with
a high signal to noise ratio. The use of monitoring oscillo-
scopes also permits the engineer to observe noteworthy changes
in noise characteristics as the test progresses. The Boeing-
Vertol Mobile Acoustical Laboratory was used as a test control
center for data acquisition. Figure 4 shows several views of
the instrumentation employed.

2.3.2 Calibration

Prior to the test program each complete data system was cali-
brated. A system is defined as a combination of microphone
transducer, cathcde follower, all cables, signal conditioner,
and tape recorder recording track. Once calibrated, the ele-
ments remained as a non-interchangeabkle system for the remain~
der of the program.

The pre-test calibration was a pistonphone and electrostatic
actuator calibration in which a known pressure level is applied
directly to the sensing element at all frequencies over the
range of interest. The pretest calibration consisted of a
frequency response of the complete microphone systems including
transgucer and signal conditioning. Instrumentation, traceable
to the Natioral Bureau of Standards through Boeing standards,
included a Bruel and Kjaer calibration system consisting of a
Type 1024 signal generator, a Type 4142 microphone calibration
apparatus, a Type UA-0023 electrostatic actuator and graphic
level recordocr Type 2305. The signal generator and electro-
static actuator were swept over a frequency range of 20 Hz to 20
KHz. To avoid acoustical interference during the calibration,
the electrostatic actuator signal was maintaired more than 20
db above the ambient noise in the calibration room. Since the
electrostatic actuator had a lower limiting frequency of 20 Hz,
the low frequency calibration was obtained by taking the manu-
facturers calibration curve for the low frequency transducers
(this was valid down to 0 Hz) and superimposing it on the cali-
bration in the range where both were valid in order to extra-
polate to the low frequency range. This assumes a low frequency
linearity in the remainder of the system which, for the equip-
ment used, should be valid. These calibration curves are shown
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Figure 4. Test Instrumentation.




Y

in Figure 5.

A calibration of each system was performed in the field for a
minimum of once each day. This procedure employed a B&K Type
4220 Pistonphone which applies a 124 db rms, 250 Hz signal at
the microphone cartridge. By recording this signal on the same
tape as the data, a constant check is kept on system sensitivity.

2.3.3 Atmospheric Conditions Monitoring

Since this was essentially a hover program, small changes in
ambient wind conditions could become important. To monitor
these, an anemometer and wind vane were erected on a 50 foot
high mast approximately 150 ft. from the rotor tower. This
located the instrumentation at the same height above the ground
as the rotor, but kept it far enough away to be relatively
unaffected by the rotor downwash. The output of the velocity

indicator was recorded directly on the nagnetic tape along with
the sound pressure leve®' data.

Ambient temperature and barometric pressure were measured at
ground level but not recorded on tape. This data was used both
to correlate with the acoustical information and for the tower
torque/thrust calibration.

2.4 REVERBERATION EVALUATION

Prior to the test program, an evaluation was made to dete mine
the effect, if any, of the tower structure, nearby buildings,
and the terrain itself on the acoustical signals sensed by the
microphones.

The evaluation was performed by firing blank cartridges from
several points at the top of the tower and recording the signal
on all microphones. Acoustical reflections would then be indi-
cated by multiple signals at the sensors, by distorted wave-
forms, or by failure to follow an orderly decrease in signal
strenath with distance from the source.

2.5 PHOTOGRAPHIC INSTRUMENTATION

Smoke generators were ignited in the blade tips to mark the
vortex. High speed motion pictures were taken of the smoke.

Two cameras (see Figure 6) were placed on the tower, one looking
out from jusc under the rotor (Camera H) and one looking up frcm
the ground (Camera V). These two cameras provided vortex posi-
tion measurements at one azimuth. Two additional cameras were
mounted in the rotating system to measure the separation between
the vortex and the blade which follows the vortex generating
blade. Table I describes these cameras.

10
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TABLE 1
DESCRIPTION OF CAMERAS

Speed Focal

Camera Make Model Size Units Length

H (Horizon- Red Lake Lab. HI CAM 16 mm 1600 fps 10 mm
tal)

V (Vertical) Red Lake Lak. HI caM 16 mm 400 10 mm

Rotating 1 Milliken DBM 16 mm 400 10 mm

Rotating 2 Milliken DBM 16 mm 400 10 mm

In order to measure the films for vortex position, camera posi-
ticns and orientations were necded. Two cable grids with ping-
pong balls securely attached for the targets were used as shown
in Figure 7. This grid, visible from Camera H and the rotating
cameras, was positioned on the four flood light standards sur-
rounding the tower. The other grid was composed of two cables
strung from the top of the tower to the ground so that the tar-
gets were visible from Camera V. Measuring the images of the
targets and combining those measurements with knowledge of the
camera positions and the target positions, produced the desired
camera orientations. Data was read using a Benson Lehner Oscar
N data reader. Camera positions were measured, and camera
orientations were then established by photographing a grid of
targets placed at known locations in the field. B2 detailed
description of this procedure is presented in Appendix A.

2.6 TEST PROCEDURE

The control of the rotor tower was such that the most expedient
method of testing was to perform thrust variations at fixed
rotor speeds, and most data was taken in this manner. A stab-
ilized operating condition was established prior to the start
of each data point and a minimum of 30 seconds of acoustical
data was obtained at each point.

For those runs where smoke visualization instrumentation was
emplcyed, the start of the acoustical record preceded ignition
of the smoke generator and continued until all visible smoke
had dissipated. Separate signals on the acoustical data tape
were initiated by the start of the camera motors and by the
firing of the smoke generators. Figure 8 illustrates a typical
data sequence. Figure 9 and Table IV show the thrust, tip
speed matrix of all data points obtained. The matrix was
limited only by tower capability, blade strengtn, and/or entry
into blade stall.

13
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Section 3

Data Reduction
3.1 ACOUSTICAL DATA

The primary analysis used for the reducticn of the acoustical
data employed techniques and equipment referred to as Real Time
Digital Analysis. Application of this relatively new techaique
to the study of rotor noise is believed to be one of the major
innovations of this program.

In order to interpret correctly the results, it is important to
under~tand the fundamental concepts of the analysis and its
application and limitations with respect to rotor noise data.
Fundamentally, the recorded analog signai is continuously digi-
tized at a high rate and is processed in the digital mode.
Since it is in a digital form, it may be stored in a memory,
for detailed study, and/or operated on by various computational
techniques. As with most acoustical information, the data may
be studied in two primary manners. The first is the time
domain, or pressure-time history of the waveform and the second
is the frequency domain, often referred to as amplitude-frequency
spectrum,

Before discussing the detailed application of the processing to
rotor noise data, it will be helpful to characterize some
aspects of rotor noise and to agree on convenient terminology.
First of all, it is important to recognize that any real data,
even low wind hover, will display many transient changes due to
uncontrollable variables. These may be mincr in nature, or as
will be described in the Discussion of Results, may be so large
that they completely dominate the acoustical signature. For
many purposes, especially when comparing data with analytical
predictions, it is important to know if the data under discus-
sion is invarient with time or contains the aforementioned
transients. In this report, all data will be defined either

as "steady state", implying that it is valid at any time, or

as "transient", implying that it is only valid at a particular
instant in time.

A second set of definitions which apply to the frequency (rather
than the time) domain are the terms discrete and broadband which
describe the amplitude frequency distribution. There is no
rigorous definition of discrete but it can be easily understood
that it implies a concentration of acoustical energy in a rather
narrow range such that the levels at adjacent higher and lower
frequencies are significantly less. It should be kept in mind
that these discrete frequencies may be harmonically related to
the rotor passage, (and to vacii other) or may be independent if
produced by a non-harmonic source.

17




The term broadband noise implies an absence of discrete
frequencies and, therefore, an amplitude-frequency spectrum
envelope which is free from sharp peaks. The envelope of
bioadband noise may, however, be gradually and continuously
shaped such that one frequency range is higher than another.

3.1.1 Time Domain Analysis

Time domain analysis was pexformed using a Federal Scientific
129H Signal Averager. In its operation, the input consists cf
the acoustical data and a trigger pulse at once per rotor
revolution which was generated by a transducer at the rotor
tower.

In its simplest mode of operation, the averager, upon initia-
tion of a starting signal, will accept and digitize tle next
full rotor cycle (between trigger pulses) and retain it in
memnor for display or further operation. In this program the
display was on an oscilloscope screen and photographed for
retention.

In order to cbtain a steady state waveform representative of
the entire test condition, the averager may be instructed to
admit a specific number of rotor cycles and to sum them, with
precise phasing, in the memory prior to display. In this
manner, any elements which are random in the time pattern will
tend to cancel each other out, those which are highly repeti-
tive will reinforce each other, and levels which are transient
will have little effect, provided enough cycles are employed.
In analyzing the rotor noise, 128 cycles were included in each
summati 1. If transient waveforms are desired, the number of
cycles selected for summation can be reduced to as low as one.
Here it becomes important to carefully time edit the data in
order to ensure capturing the moment of interest.

3.1.2 Frequency Domain Analysis

Frequency Analysis was performed using a Federal Scientific
UA-6 "Ubiquitious" Analyzer. When working in the frequency
domain, similar principlecs apply except that the sweep rate
and resolution are functions of the frequency range selected.
The data analysis procedure employed in this program provided
a resolution of 1 Hz and produced approximately one spectrum
per second. Steady state spectra consisted of swmming thirty-
two sweeps.

In studying transient spectra, the maximum harmonic amplitudes
are generally of greatest interest. A simple method of captur-
ing this information is to open the lens of the oscilloscope
camera and take a time exposure which then superimposes all

the individual spectra analyzed auring the run. Figure 10
illustrates averaged and non-averaged waveforms and spectra for

18
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steady-state and transient conditions.

In this progvam, steady state harmonic analyses were used for
comparison with analytical predictions while transient analysis
was used to study tip vortex induced noise phenomena. In order
to compare the broadband vortex noise with analytical predic-
tion, conventional octave band analyses were performed using
analog equipment (B&K 2112 Spectrum Analyzer and B&K 2305 Level
Recorder). This method was used because the prediction method
is essentially a statistical matching of data, analyzed in

this manner, with blade operating parameters. Introduction of
an analyzer with substantilly different frequency response
characteristics, therefore, requires a further correction.

3.2 PHOTOGRAPHIC DATA

The Adetailed methodology for measuring blade-vortex separations
from motion picture film is given in Appendix A. The following
is a general description of the procedure.

3.2.1 Stationary Cameras

In order to find the position of a point in space using two
cameras, the method of triangulation could be used. However,
this method cannot be used on a curve such as the vortex.
Figure 11 illustrates the arrangement.

The difficulty arises because any point chosen on the vortex,;j,
as viewed by Camera H is not readily found in the picture from
from Camera V. In fact, a point chosen from Camera V, for
instance,kcould be anywhere along the vortex.

In order to surmount this problem, the plane K, defined hy

the y,, axis and Vk, is constructed. I, the point of intersec-
tion between HIJ and plane K, is found. Thus the angle ejk
between VI and Vk can be found. Now ¢jk is a measure of how
far k is from j; when ¢jk = 0, j and k are the same point.

Thus in order to find the coordinates of j, any point on the
vortox seen from Camera H, it is only necessary to move k along
the vortex until ¢jk = 0. j and k will then be the same point
and its coordinates can be found by triangulation.

In order to do this using the high speed movie film on this pro-

gram, two prerequisites must be met:

{1) frame pairs must be chosen consisting of one frame

from each camera taken simultaneously.

(2) in order to find the lines Vk and Hj, camera positions
and orientations must be known.

20
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Figure 11. Schematic for Analyzing
Stationary Camera Data.
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In order to obtain frame pairs whose exposures were taken
simultaneously, first, frames were chosen from 7Zznera V. Then
blade tip positions were measured on the photographs. Using
these measurements along with the camera orientations and posi-
tions, the blade azimuth could be calcu'ated for frames from
each camera. Thus, azimuth was determined as a function of
frame number. The frame from Camera H, whbich came closest in
azimuth to each frame from Camera V, was found. Since Camera V
was photographing 1600 frames/second, the longest time that
could have elapsed between the two exposures, one from Camera V
and one from Camera H. is half the time between frames on
Camera H or 1/3200th seconds. This is a short enough time that
the two frames can be considered to have been taken simultan-
eously.

Camera orientations were obtained from the film taken of the
calibration grid. Camera positions were known from a previous
survey and camera orientations were determined by measuring the
target positions on the film.

Using the above method measurements were made of the vortex
position from frame pairs chosen at intervals commencing with
a pair showing the vortex generating blade and ending when the
smoke was no longer visible from one of the cameras. Figures
12 through 18 show the results of these measurements.

The separation between the blade and the vortex generated by

the preceding blade was found by subtracting the measured
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