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SUMMARY

A model test was conducted to determine the effects of
aerodynamic interaction between main rotor, tail rotor, and
vertical fin on helicopter performance and noise in hover
out of ground effect (HOGE). The experimental data were
obtained from hover tests performed with a .151 scale Model 222
main rotor, tail rotor and vertical fin. Of primary interest
was the effect of location of the tail rotor with respect to
the main rotor. Penalties on main rotor power due to inter-
action with the tail rotor ranged up to 3% depending upon
tail rotor location and orientation. Penalties on tail
rotor power due to fin blockage alone ranged up to 10% for
pusher tail rotors and up to 50% for tractor tail rotors.
The main rotor wake had only a second order effect on these
tail rotor/fin interactions. Design charts are presented
showing the penalties on main rotor power as a function of
the relative location of the tail rotor. Also, findings on
the effect of fin blockage ratio on tail rotor thrust are
presented aiong with a comparison of these findings with
previously published data. €ignificant changes in rotor
noise levels were also observed. Increases in main rotor
noise due to tail rotor position and the presence of the
vertical fin ranged up to 6 and 5 dB, respectively. In-
creases in tail rotor noise due to tail rotor position
ranged up to 5dB. 1In the pusher configuration, fin effects
on tail rotor noise increased as interaction effects de-
creased. petailed test data are presented in the appendices
to this report. The program documented herein was sponsored
by Contract (NAS2-10771) with the National Aeronautics and
Space Administration, Ames Research Center.
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. INTRODUCTION

One of the least understood areas of helicopter perfor-
mance has been the aerodynamic interaction between various
components of the aircraft. Recent progress in helicopter
aerodynamic technology has led to near optimum isolated
hovering rotors; and only small further reductions in iso-
lated main rotor power can be expected in the future.
However, there are indications that a significant percentage
of hover power may be expended due to unfavorable aero-
dynamic interaction between main and tail rotors. Thus, it
has been suspected that a measurable reduction in total
power required to hover might be attainable with proper
location of the tail rotor with respect to the main rotor.

A number of studies of aerodynamic interaction on
helicopters have been conducted. (See Ref. 1, 2, and 3)
Although consideration of the particular interaction between
main rotor, tail rotor, and vertical fin has been included
in some of these studies, none have forused on the power
critical flight condition o. hovering OGE.

Research has also shown that the tail rotor tends to
dominate the noise spectrum of helicopters in the hover
condition (See Ref. 4 and 5). Tail rotor blade interaction
with the main rotor trailing tip vortex causes induced
spanwise and azimuthwise impulsive loading, which in turn
increases both harmonic and broadband noise from the tail
rotor.

The problem, then, is that the helicopter preliminary
designer has had little information to guide him in locating
the tail rotor with respect to the main rotor so as to
minimize power losses and noise due to unfavorable aero-
dynamic interactions during HOGE. An acceptable analy:ical
solution to this proktlem has yet to be developed. To provile
some insight into the variation and magnitude of these
interaction penalties on hover power and noise and to aid
further development of analytical methods, an experimental
approach to the problem has been undertaken and is the
subject of this report.

The ~ble

hQ

tive »f the teet w2s to develop criteria
chowing the 2ffzct cf the lengitudinal and vertical locaticn
of the tail rotor with respect to the main rotor on rotor
power required to hover OGE. The resulting design criteria
is presented in Figure 1. The contours in Figure 1 repre-
sent percent increase in main rotor power due to aerodynamic
interaction with the tail rotor. These results are based on
the representative fin blockages as shown and are a composite
of test findings for both pusher and tractor tail rotor
operation.
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A literature survey as w:ll as a survey of current
helicopters was conducted to aid in determining the range of
tail rotor locations and orientations to be tested. Results
of the survey of tail rotor locations for many production
helicopters are shown in Figure 2. Relative longitudinal
and vertical spacings between the tail rotor hub and main
rotor plane are shown in terms of tail rotor radius (r).

All of the helicopters shown have close to minimum longi-
tudinal spacing between main and tail rotors. The tail

rotor centerline of rotation averages l.lr aft of the main
rotor blade tip. Vertical spacing of the tail rotor vari s
from about .5r above the plane of the main rotor to about

l.4r below. The main rotor plane, for the purposes of this
study, was established as the horizontal plane of rotation

at the intersection of the pitch change axis with the main
rotor shaft. This reference plane is independent of blade
coning.* The range of tail rotor spacings tested in Reference
3 were from l.1lr to 2.1r aft from the main rotor blade tip and
vertically from 15r above to .5r below the plane of the main
rotor. The grid of tail rotor locations established for this
test is shown in Figure 1. Tail rotor locations ranged from
1.0r above the main rotor plane to 2.0r below, and from a
minimum longitwudinal spacing of l.1lr to 3.1lr aft of the main
rotor tip path plane. Identification of the specific grid
points may be found in Figure A-10.

The model used in this test represents a single (main)
rotor helicopter with antitorgue (tail) rotor. The model
components are a two-bladed main rotor, a two-bladed tail
rotor and a vertical fin; all scaied (.151) from the Bell
Mcdel 222. A detailed description of the model components
is presented in Appendix A. The effects of tail rot+tor/fin
separation (s/r), fin blockage ratio (S/A), and tai. rotor
direction of rotation have been previously investigated.
(See Reference 1 and 3). Variation of these parameters was
minimized for this test. Two tail rotor fin separations
were tested; one (s/r=.63) for all pusher tail rotor cases
and one (s/r=.38) for all tractor tail rotor cases (see Fig.
A-3). Two fin blockage ratios, i.e. fraction of the tail
rotor disk blocked by the fin, were also employed, one
(s/A=.18) for tail rotor locations at or above the main
rotor plane and cne (S/A=.39) for all tail rotor locations
helow the main rotor plane (see Fig., A-2)., Thc lesser
blockage ratic was considered represestative of high tail
rotors, whereas, the greater blockage ratio was considered
representative of low tail rotors. Direction of rotation of
the tail rotor was maintained as top blade aft throughout

*Total "live" coning was calculated for the model main rotor used
in this test. This thrust dependent, total coning resulted in
vertical displacements of the tip-path plane rangi:g from .28r

to .35r above the reference main rotor plane.
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the test.

The discussion of test results, which follows, presents
first the effects of aerodynamic interaction on rotor perfor-
mance and second the effects on rotor noise. The appendices
contain a detailed description of the test equipment, test
procedure, and data reduction (Appendix A), tabulation of
all aerodynamic performance data (Appendix B), main rotor
performance plots (Appendix C), acoustic analysis of isolated
rotor operation (Appendix D), and acoustics plots (Appendix E).

AERODYNAMIC PLERFOR! NCE
Interaction Effects on the Main Rotor

Aerodynamic interaction effects on main rotor performance
were determined by comparing main rotor power measured during
simulated yaw trim to power measured with the tail rotor
stopped. The test procedure involved a sweep of main rotor
thrust resulting in a range of thrust coefficients from approxi-
matelv ,002 to .0065. Tail rotor thrust was varied to maintain
yaw trim. Tail rotor thrust requirements were a function of
measured main rotor torque, longitudinal separation of the
main and tail rotors, and fin side force. Tail rotor thrust
required for yaw trim then was as follows:

Required "o /R = (QM/R.L)+F
In some cases, tail rotor thrust requirements exceeded the maximum
thrust capability of the tail rotor. In these cases, the tail
rotor was set to maximum collective pitch. Both the net thrust
coefficient required for trim and the actual net thrust coeffi-
cient obtained are shown in the data tables of Appendix B.

These untrimmed conditions did not appear to significantly

affect the interaction penalty trends on main rotor power.
Followi. these yaw trim sweeps, the tail rotor was stopped

while another thrust sweep was made with the main rotor to

obtain "isolated" rotor data as a baseline to determine the
interaction penalties. The "isolated" main rotor data then

was measured with the tail rotor and fin (for fin-on cases)

in place. The effect of the vertical fin on the isolated

main rotcr was insignificant. A detailed description of the

test nrocedure is given in Appendix A.

Plots of the variation of main rotor Cp with main rotor C

for both the yaw trim and isolated rotor thrust sweeps of
each test run are presenteu in Appendix C. The effects of
interaction on main rotor power are express=d as the ratio of
main rotor Cp with the tail rotor operating to main rotor Cp

with the tail rotor stopped. These ratios are obtained by
comparison of the curve fits of Cp versus CT for the inter-

T

ey
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actirng and isolated rotor cases. The variation of main rotor
power ratio with main rotor CT is also presented in Appendix C

for each test run. The accuracy of these main rotor power
ratios has been deteremined to be :1% of full scale measured
data. A more detailed description of the data reduction and
data accuracies is presented in Appendix A. For the purpose
of establishing the design guideline depicted in Figure 1,
interaction penalties on main rotor power were determined at
a selected main rotor C, of .005. The corresponding main

rotor disk loading at 30 kg/m2 represents a full scale 1.0g
hover maneuver. The effects of tail rotor locaticn on main
rotor performance at a main rotor CT of .005 are shown in

Figures 3 thru 6. Figures 3 and 4 show results for medel
configurations which included a vertical fin. Figures 5 and
6 show results for the limited number of fin-off cases.
Interaction penalties on main rotor power ranged up to 2.5%
for pusher tail rotor configurations and 3.5% for tractor
tail rotor configurations when the vertical fin was installed.
For the fin-on cases of Figures 3 and 4, the fin blockage
ratio was .18 for tail.rotors located at or above the main
rotor plane and .39 for tail rotor locations below the main
rotor as shown. With the tail rotor positioned at minimum
longitudinal spacing and .5r below the main rotor plane

(grid point 17 of Fig, A-10), both the .18 and the .32 fin
blockage ratios were tested. For the pusher tail rotor, the
penalty on main rotor power was essentially the same (2%)

for both blockage ratios at this grid point. However, for
tractor tail rotor operation the interaction penalty on main
rotor power was significantly higher for the low fin blockage;
3.2% increase in rain rotor power for .39 fin blockage ratio
versus 4.6% increase for a .18 fin blockage ratio.

Figures 5 and 6 show that interaction penalties on main
rotor power were essentially the same for fin-off cases as
compared to fin on cases for the more remote tail rotor
locations. With the tail rotor located in close proximity
to the main rotor, i.e. minimum longitudinal spacing and in
the plane of the main rotor (grid point 2), the penalties on
main rotor power were greater with no fin installed. The
penalty on main rotor power with a tractor tail rotor at
this position with no vertical fin was 5.1% versus 3.4% for
.18 fin bleckage and for pusher tail rotor 3.6% for nc fin
versus 2.2% for the .18 fin olockage ratio.

A 10° canted tail rotor configuration (thrusting up)
with a fin blockage ratio of .18 was also tested with the
tail rotor located at grid point 2. The vertical axis of
the fin remained parallel to the main rotor shaft. Lateral
separation between tail rotor and the fin (measured from
the rotor hub) was maintained the same as for the uncanted
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cases. For tractor tail rotor operation, the interaction
penalty on main rotor power remained the same as_for the un-
canted tail rotor with the same disk blockage. For pusher
tail rotor operation the canted tail rotor penalty on main
rotor power was greater than the corresponding uncanted case;
3.0% for the canted tail rotor versus 2.2% for the uncanted
tail rotor.

A contour map showing interaction penalties on main
rotor power versus tail rotor location is shown for pusher
tail rotor operation in Figure 7 and tractor tail rotor
operation in Figure 8. These contours are based on the
penalties resulting from the representative fin blockages of
Figures 3 and 4. It can be seen that the contour lines for
pusher versus tractor tail rotors are very similar in shape
and spacing except that tractor tail rotor induced penalties
are in general 1% (of mein rotor power) greater than for the
pusher tail rotor. This disparity held for fin-cff cases as
well.

During tractor tail rotor operation, the vertical fin
has the effect of a ground plane for the tail rotor. Thus,
the increased power penalty on the main rotor during tractor
tail rotor operation with the fin may be the result of the
interaction of "ground" vortices, created by the tail rotor
downwash on the fin, with the main rotor wake. Such vortices
would not be created by a pusher tail rotor because of the
absence of any ground plane in the tail rotor downwash.

This explanation still does not account for the greater
penalty to the main rotor for tractor versus pusher tail
rotor operation when no fin is installed. As seen in

Figure 9, however, because of the lateral offset of the tail
rotor, there is an appreciable difference in the relative
position of the rotor wakes. Such a difference could be
responsible for the greater main rotor penalty during tractor
tail rotor operation without the fin. Another factor that
cannot be ruled out as having some effect on the pusher
versus tractor tail rotor effects seen in this test is the
iocation of the tail rotor drive. As seen in Figure 9, the
drive was positioned in the downwash of the pusher tail
rotor. However, for tractor tail r.tor cases, the drive was
located on the inflow side of the tail rctor.

A ruft agrid was placed in the tail rotor wake approni-
mately l¢r downstream as shown in Figures A-1l and A-4. The
deflection of the tail rotor wake due to interaction with
the main rotor was observed by noting the location of the
wake impingement on the grid. A typical progression of tail
rotor wake deflection with increasing thrust is shown in
Figure 10. This case is considered representative of tail
rotor locations which resulted in the greatest penalties on
main rotor power, i.e. in close proximity to the main rotor
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tip path. In these cases, the tail rotor wake was typically
deflected forward and down as shown. This deflection is
believed to be strongly influenced by the interaction of the
radial component of inflow to the main rotor and the tail rotor
wake. It is possible that the downward deflection is due

to the top-blade-aft swirl velocity of the tail rotor wake
in the presence of main rotor radial inflow. In one trial
run with the tail rotor operating top-blade-forward, there
was no downward (or upward) deflection of the tail rotor
wake. A qualitative assessment of the patterns of tail
rotor wake deflection observed during the test supported

the results presented in Figures 7 and 8. Increasing de-
flections as well as earlier onset, i.e., at lower thrust
levels, correlated with increasing penalties on main rotor
power. The greater main rotor power penalties for tractor
tail rotor operation as compared to pusher operation were
also associated with increased tail rotor wake deflection.

A composite contour map of interaction penalties on
main rotor power which combines the results of pusher and
tractor tail rotor operatinn is shown in Figure 1. The
penalties are based on the representative fin blockages as
shown. To account for the disparity between tractor versus
pusher induced penalties observed in this test, the contour
lines of Figure 1 have been assigned a one percentage point
spread. Because of its general applicability, Figure 1 is
intended as a design gquide in considering the effect of the
location of the tail rotor on main rotor power in HOGE.

Interaction Effects on the Tail Rotor

Fin blockage effects on tail rotor power are depicted

in Figures 11 through 13. Plots of C versus CT for
Pr/r NET
the tested fin blockage ratios of 0, .18, and .39 are pre-
sented in Figure 11 for a pusher tail rotor and Figure 12
for a tractor tail rotor. The CT for stall is evidenced
NET
by the sharp break in the plotted data. The tail rotor data
for thrust levels above the stall break is not considered
representative of full scale hover interactions. Thus, tail
rotor results presented in Figqures 13 thru 17 are based on
dala measucred below the onset of stall, i.e. C < .0L.
TNET

Tha corresponding tail rofor disk loadings considered ranged
from about 44 to 63 kg/m and are considered representative
of full scale loadings. Tail rotor/fin interaction effects

on tail rotor power, expressed as a ratio of CP (fin-on) /
CP (fin-off), versus fin blockage ratio, S/A, at a constant

CT = .01 are shown in Figure 13. Data from the 6/10 -
NET
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scale model test of Reference 1 shows gcod agreement.

Main rotor effects on the tail rotor/fin interaction
are shown in Figures 14 and 15. 1In this figure the effect
on tail rotor power is expressed as the ratio of Cp (main

T/R
rotor on)/CP (main rotor off). The effect of the main
T/R
rotor on tail rotor power for trim conditions resulting in
CT = .01 (below tail rotor stall) was found to be small.
NET
However, because these effects were on the same order of
magnitude as the accuracy of tail rotor power measurements,
no design criteria was developed from these results.

Tail rotor/fin interference is often evaluated in terms
of net tail rotor thrust. A lateral or side force which
opposes tail rotor thrust is developed on the vertical fin
during both tractor and pusher tail rotor operation. Net
tail rotor thrust is defined as total thrust minus the fin
force. Net thrust, then, is that portion of the total tail
rotor thrust contributing to yaw trim. Figure 16 shows the
variation of net tail rotor thrust with fin blockage ratio
for pusher and tractor configurations. The ordinate axis is
expressed in terms of the ratio of total thrust to net
thrust. Data from References 1 and 3 are included. This
plot depicts a linear or near linear increase in the ratio
CT /CT with increasing fin blockage. The values of

T/R NET
this ratio range up to about 1.075 for pusher tail :. »ors
with high fin blockage and 1.50 for tractor tail rotors.
None of the results presented here include effects of the
main rotor. The effect of the presence of the main rotor
wake on the net thrust produced by pusher tail rotors, is
seen in Figure 17, The effect of the main rotor wake was
seen to aggravate the fin losses resuiting from the tail
rotor/fin interaction above. These effects were negligible
for tractor tail rotor operation.
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ACOUSTICS

~he acoustic analysis addressed changes in the harmonic
and broadband noise sources of the main and tail rotors over
the range of test variables. Harmonic noise is identified
Dy discrete narrow peaks in the acoustic spectrum which
occur at integer multiples of the blade passage frequency.
Broadband noise consists of continuous multi-frequency
sources whose peak level is determined at a characteristic
center frequency. Both components are heard as independent
noise sources with completely different aural signatures.

Scaling effects must be considered when applying the
results found to full scale rotors. It is generally thought
that harmonic noise can be directly scaled and without any
oroblems (reference 7). However, several components of
broadband noise are Reynolds number sensitive and so cannot
always be directly scaled from model data. It is not the
purpose of this test to research scaling laws for model data
and so care must be taken when applying the test results
related to broadband noise to the full scale situation.

Examination of the data primarily involved micro-
phone 4, which was located directly aft of the tail rotor.
At this locaticon, the sound path between the rotors and the
microphone was unobstructed. A main rotor thrust of 780
newtons and its associated tail rotor thrust of 62 newtons
represent the normal disk loading in hover for the full
scale rotor. These thrust levels are used in this report
when a comparison is made between microphone locations or
between ts.l rotor positions.

Sample acoustic spectra generated by model main and
tail rotors are shown in Figures 18 and 19, respectively.
Figure l18a shows the model main rotor fundamental harmonic
(2/rev) to be 77 hertz, with associated harmonics at multiples
of this ifundamental frequ...cy. The broad curve forming the
base of the harmonics (denoted by a dashed line) is con-
sidered to b~ tue broadband noise component. The frequency
range over .hich broadband noise is maximum varied slightly
with different thrust levels. The average center frequency
of pec' oroadband noise was found to be 2000 hertz.

Fiagure 18b illustrates that the 2/rev and 6/rev com-
pc..ents of Figure 18a also are seen to dominate the time
uistory of that record. Higher harmonics up to 40/rev are
also identifiable in the signal.



The model tail rotor frequency spectrum shown in Figure
19a is similar to that of the main rotor, except that the
tail rotor source frequencies shift to a higher frequency
range. Another exceptior. is the high amplitude ccmponent of
i/rev at 208 hertz and its associated higher harmonics at
3/rev, S/rev, etc. This is believed to be due to different
aerodynamic loading on each blade, caused by the blades
being sligitly out of track. This problem did not interfere
with the test data of interest, since the fundamental
harmonic at 416 hertz (2/rev) and its associated harmonics
are substantially higher in amplitude than the harmonics
caused by the slight out of track. As in the case of the
main rotor, tail rotor broadband noise is shown to be the
broad curve forming the base of the harmonics (dashed line)
which peaks at about 3000 hertz. Because of its relatively
low sound level, tail rotor broadband noise was difficult to
extract from the data. In some cases, it was necessary to
read peak levels at center frequencies greater than 3000
hertz.

Figure 19b shows that the tail rotor signal is made up
of two primary harmonic tones, 2/rev and 4/rev. In some
configurations, harmonics at 6-, and 8- and 10/rev are also
of significance.

Isolated Rotors

An extended analysis of the isolated main and tail
rotor acoustic data is presented in Appendix D. It dis-
cusses the effects due to the presence of the vertical fin,
sound directionality around the rotors and temperature
effects on the test data. It also presents a summary of
baseline thrust sweeps for each rotor.

For the main rotor, this analysis shows that variations
of noise with temperature were less than 3dB and so was con-
sidered not to be important for this test. The presence of
the vertical fin was found to significantly increase main
rotor 2/rev and broadband noise at the top forward tail
rotor position. Main rotor noise was generally unaffected
by the fin located at the other positions.

The presence of the fin when running the tail rotor
alone was alsc feocund <o be import rctor 4,/rcv was
seer %9 increase up tc 1l0dB rpecan fl A "“T”"”’t
lzsscr impact was seen on tall reo be ans
Placing the tail rotor in either pusher or tractor configuration
was seen to have little 3ifference on noise levels.
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Representative test run data points are presented in
Appendix E for isolated main rotor, isolated tail rotor and
main rotor/tail rotor interaction cases. Thrust sweeps for
microphone 4 and samples from the other five microphones at
one thrust level are included. This data is discussed in
Appendix D for the isolated rotor cases and in the following
sections for the interaction cases.

Main Rotor/Tail Rotor Interaction

The model main and tail rotors, when operating together,
resulted in a fairly balanced system acoustically where
neither rotor completely dominated the noise spectrum. In
all cases of primary interest, the noise components of both
rotors were easily distinguishable.

Interaction effects between the main and tail rotors
cause substantial and sometimes unpredictable changes in the
noise spectrum produced. The interaction effects on each
rotor are discussed separately in the following sections.
The influence due to pusher and tractor configurations 1is
also examined.

Interaction Fffects on the Main Rotor. - Figures 20 and
21 show the effect of thrust level on main rotor fundamental
harmonic (2/rev) and broadband noise for the tail
rotor pusher and tractor configurations, respectively.
Except for the top forward tail rotor position, both figures
show little effect on the main rotor fundamental. The noise
level at the top forward position remained about 6dB above
the average of the other positions through the thrust range.
This is believed to be due to the proximity of the fin to
the main rotor tip and not to any rotor/rotor interaction
effect. This is discussed in more detail in Appendix D.
Test data showed that the second through the fifth harmonic
acted similarly to the fundamental harmonic at each position.
Harmonic above the fifth appeared not to be sensitive to
interaction and were much more stable for the various tail
rotor locations.

Figures 20b and 21b do show a significant increase in
broadband noise for both the pusher and tractor configura-
tions. The levels for the worst cases are approximately the
same for both configurations, although the levels drop off
taster for the pusher configuration to isolated rotor levels
as the tail rotor is lowered or moved back (a decrease of
14-20 4B). The isolated main rotor runs, discussed earlier,
showed main rotor broadband noise to increase because of the
presence of the fin. The interaction runs showed no such
change. Apparently, the interaction effects on the main
rotor broadband noise were greater than the fin effects.

11
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Interaction Effects on the Tail Rotor. - Figure 22 shows
the interaction effect on tail rotor harmonic noise (average
of 2-, 4-, 6- and 8/rev) for the pusher and tractor configura-
tions. The noise level is seen to be maximum with the tail
rotor located at or slightly below the main rotor plane and
decreases slightly as the tail rotor is moved away from this
central position. This shows that either a very high or
very low tail rotor position is best for low harmonic noise.
A- the tail rotor is moved back in tractor configuration,
the noise still decreases about two dB. As the tail rotor
is moved back in pusher configquration, fin effects appear to
prcodominate and increase noise levels by six dB from where
it would have been without the fin in place. The larger
spread of data in the pusher configuration than in the
tractor configuration also shows more influence on that con-
figuration by the main rotor.

Figure 23 shows the variation in noise levels with
position for the first five tail rotor harmonics. The
pusher and tractor configurations are compared at a typical
operating thrust of 62 newtons. In the pusher configuration,
the fundamental harmonic is greatly influenced by tail rotor
position (a 15-20 dB spread); higher harmonics are influenced
to a lesser extent (a 5-10 dB spread). In the tractor con-
figuration, the fundamental harmonic does not tend to change
a drastically (a variation of less than 8dB); higher harmonics
tend to vary more {as much as 204B), depending on tail rotor
position. The increase in the second harmonic is seen in
the pusher configuiration as the tail rotcr moves away from
the area of highest interaction and the effect of the vertical
fin increases. The fundamental harmonic is suppressed at
the same time.

The effect on broadband noise is shown in Figure 24.
In the pusher configuration, tail rotor position in and
above the main rotor plane cause an increase in tail rotor
broadband noise. The least interaction occurs well below
the main rotor plane. In the tractor configuration, the
broadband noise component is insensitive, for the most part,
to tail rotor position. This close grouping is similar to
the close grouping in the fundamental harmonic for the same
configuracion shown in Figure 22b.

12
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A .151 scale model test was conducted to determine the
effect of tail rotor location (with respect to the main
rotor) and orientation (pusher versus tractor) on rotor
performance and noise in hover out of ground effect.

Effects of a vertical fin were included in the investigation.

Effects of Aerodynamic Interaction on Rotor Performance

1. Main rotor power required to hover out of ground effect
was increased up to 3% over isolated main rotor power
due to aerodynamic interaction with the tail rotor and
vertical fin.

2. The interaction penalty on main rotor power was greatest
with the tail rotor located in close proximity to the
main rotor plane (i. e. within .5r above, below and aft
of the minimal longitudinal spacing in the plane of the
main rotor) and was more sensitive to longitudinal
spacing than vertical spacing.

3. Interaction penalties on main rotor pot r were dgreater
(by about 1% in terms of isolated main rotor power) for
tractor tail rotor configurations than for pusher tail
rotors.

4, With the tail rotor located in close proximity to the
main rotor, interaction penal! ies on main rotor power
were greater without the fin than with the fin installed.

5. The primar. influence on tail rotor performance in
hover out of ground effect was fin blockage. The main
rotor wake and location of the tail rotor with respect
to the main rotor had only a second order effecc on the
tail rotor/fin interaction.

6. The ratio of total to net tail rotor thrust required
for yaw trim varied almost linearly with fin blockage
ratio and ranged up to 1.50 for tractor tail rotors and
1.08 for pusher tail rotors with a fin blockage equal
to 39% of the tail rotor disk area.

Effects of Aerodynamic Interaction on Rotor Noise

1. Main rotor noise increased up to 6dB when the tail
rotor was located at/or ahovae anrd in nloce preoximity to
the main rotor plane. This effect diminished and
eventually disappeared as the tail rotor was moved
below the main rotor plane or away from the main

rotor.

13
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The presence of the fin at the top forward position
caused an increase of up to 5dB in the main rotor
fundamental harmonic noise and smaller increases in
main rotor broadband noise. The presence of the fin
showed little effect on main rotor noise at the other
tail rotor locations.

The harmonic noise level for tail rotors located at
minimum longitudinal spacing from the main rotor was
noticeably less for the extreme high and low tail rotor
locations.

The presence of the vertical fin was seen to cause a
significant increase in harmonic noise for the pusher
tail rotor. This fin effect increased as the pusher
tail rotor was moved down and then away from the main
rotor. The vertical fin showed little effect on tractor
tail rotor noise during the hover interaction.

14
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APPENDIX A

ORIGINAL PAGE IS

TEST EQUIPMENT OF POOR QUAL"Y
Model

The model represented a single (main) rotor helicopter
with antitorque (tail) rotor. The model consisted basically
of a main rotor, a tail rotor, a vertical fin, the respective
rotor drive systems, rotor stands and base (see Fig. A-1l).
Both rotors and vertical fin were .151 scale of the Model 222. The
1.829m diameter main rotor was a two-bladed semi-rigid,
teetering type. The .316m diameter tail rotor was a Locke
Number scaled, stiff-in-plane, two-bladed teetering rotor
with collective pitch. Basic data for the main rotor, tail
rotor and vertical fin is summarized in Table A-I.

TABLE A-1I.

BASIC MODEL DATA

Number of Blades

Radius, m

Disk area, m2

Blade chord (constant), m
Solidity

Blade twist (linear), rad
Precone, rad

Pitch/flap coupling, rad
Flapping stops, rad
Direction of rotation
Rotor speed, rad/s

Tip speed, m/s

Blade airfoil

Span, m
Chord (average), m
Area, m
Airfoil

MAIN ROTOR TAIL ROTOR
2 2
.9144 .1581
2.627 .078
.110 .038
.076 .153
.178 0.0
.061 0.0
.192 0.0
+.209 +.209 :
CCW looking down Top blade aft
241.4 1306.7
220.8 206.5
FX080 NACA0012

VERTICAL FIN

2.438
.720
1.757
15% Clark Y Modified
(Cambered side to the right)

Leading edge sweep 2ngle, rad

Upper
Lower
Incidence angle, rad

.529
.926
.026 Nose right
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The main rotor was mounted on a drive system which in-
cluded a 56 kw variable speed electric motor, a speed reducer,
a tilting and yawing pylon assembly, rotor controls, and a
five component rotor balance. The speed reducer output
shaft drove the mast through a spline coupling and flexible
disk coupling at the rotor balance. Main rotor fore and aft
cyclic and collective were remotely controlled. Direct
current motors were used for the control actuators. A
collective control actuator was mounted above the rotor
balance. The cyclic actuators rode on the slider assembly
to provide fore-and-aft and lateral swashplate tilt. A
forty slip ring assembly, used to carry signals from the
rotating system, was located below the speed reducer gearbox.
The tail rotor drive assembly consisted of an adjustable
base assembly, an 11 kw variable speed electric motor, a
drive shaft, a collective control mechanism and motorized
collective actuator. The vertical fin support was attached
to the tail rotor drive base assembly.

Both rotor drive systems were mounted atop stands to
place the rotors out of ground effect. The resultant height
to diameter ratio for the main rotor was 1.55. The stands
were designed to slide on a base for lateral and longi-
tudinal positioning of the rotors. Vertical positioning was
obtained by use of shims under the tail rotor drive base.
Canted tail rotor cases were sinulated by tilting the main
rotor mast and vertical fin through the required angle.

Test stand changes from pusher to tractor tail rotor operation
were made as follows: (1) the main rotor stand was moved to
the opposite side of the "T" shaped base, (2) the tail rotor
drive assembly was rotated 180 degrees, and (3) the tail
rotor hub and blade assembly was inverted to maintain top
blade aft orientation. The vertical fin was also turned
around to maintain its fore-aft orientation. Relative
positioning of the tail rotor and fin for the various test
configurations is shown in Figures A-2 and A-3. Figure A-2
shows the two fin blockages used in the test., Figure A-3
shows the lateral separation of tail rotor and fin.

Test Facility

The model was situated in a 16m diameter covered whirl cage
test facility (see Figure A-4). The cage consisted of a
concrete floor, wire mesh walls, and a conical wooden roof
5.4m high at the wall and 3m high at the center. Canvas
curtains were used to block outside winds. A l.2m opening



(a) S/A=.18

(b) s/Aa = .39

Figure A-2. Fin blockage ratios used in test.
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(view looking down)

Vertical fin Forward ¢ M/R (typical)
1 e, 631 =
s=,63r
.52!‘ - o |
* — — 4
\\\5 Thrust
is> ! ~—— o1 —g=. 381
flapping axis ‘
.08r - fu—ro .03r
—~={ =~ 044 rad (typical)
(a) Pusher T/R S/A = .39 (b) Tractor T/R S/A = .39
s=,63r . 631 ]
I
52 r
: Thrust |
+ — |—+
— .llr .11:——1 '
|
(c) Pusher T/R g/A = ,18 | ' —s=, 38r
@i 1ractor T/R
S/A = ,18

Figure A-3, Lateral separation of the tail rotor and
vertical fin.
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was maintained above and below the curtains to avoid recirculation.
Contral inputs to the model were made from an operator's

console located along with the data acquisiticn sys.cm in a
building adjacent to the whirl cage.

A 2 meter by 3 meter wire mesh tufted grid was situated
approximately 2m to the left of the tail rotor in order to
show the tail rotor wake .Location and any main rotor -ecir-
culation. A closed circuit TV camera was placed approxi-
mately 2.4m behind the tail rotor.

Five microphones were located in a semicircle around
the tail rotor at a radius of 3.35m and a height of 2.75m
(in the plane of the main rotor). The same 1istance was
maintained to the tail rotor whether in pusher or tractor
mode (see Fig. A-4). A sixth microphone was placed 5.1lm in
front of the tail rotor at a height of 1.22m. These locations
were chosen to minimize interference with maving the rotor
test stand and yet maintain a maximum distance from any
reflective surface. The reflective surfaces of the floor,
roof, and walls were not treated and appeared to have no
significant impact on the mcdel data taken. Figure A-5
shows the microphone numbering system useu for the test.

Model Instrvmentation

The main rotor balance sensed thrust, E force, Y force.
pitching moment and rolling moment through strain gaged
flexures. Main rotor torquc was sensed by strain gages on
the mast. Main rotor cyclic and collectiver inputs were
sensed with linear potentiometers. Flapping and feathering
motions were sensed by rotary potentiometers. Rotaticnal
speed and azimuth position were sensad by a magne-vc pickup.
To monitor for safety, the main rotor hub and blades were
strain gaged to sense pitch horn loads, hub beam and chord
bending, and blade beam bending.

Tail rotor torque was measured as reacted drive motor
torque. This torque was sensed by a strain gaged motor
support member. Tail rotor thrust was sensed by an inde-
pendent, side-mounted thrust balance witn strain gaged
flexures. Tail rotor collective input was sensed by a
rotary potentiometer. Tail rotor rotational zpeed and
azimuth position were sensed by magnetic mickup. Fin side
turce was sensed by a strain gaged load cell supporting the
vertical fain,
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Figure A-5, Microphone identification.
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The accuracy of rotor thrust and torque measuraments,
with the one exception of tail rotor torque, was #2% of full
scale measured data. Computed increases in main rotor power
due to aerodynamic interaction were accurate to :1% due to
the specialized test run procedure. That run procedure
involved the following: (1) extensive warm-up and temperature
stabilization, (2) consecutive records at each prime data
point, (3) repeat of each prime data point during each run,
and (4) conduct of a follow-on isolated main rotor thrust
sweep for each run. Due to the low sensitivity of the tail
rotor torque gage, accuracies for tail rotor power measurements
could be verified to be no better than :10%. However, tail
rotor power measurement was demonstrated to be reasonably
repeatable, and good correlation was obtaired with test data
of Reference 1 (see Figure 13).

Data Acquisition

Model Data - The data acquisition system provided on-
line data reduction for those data items shown in Table a-
II. The analog signals were filtered at 2 Ez to provide
essentially steady-state data. Rotor speed pulses were con-
verted to analog signals. These data items were then scanned
sequentially at a rate of 1000 channels per second. At this
rate, there were approximately 2 observations per main rotor
revolution and 1 observation for every three tail rotor
revolutions for each respective data item. The sample size
for each time-averaged update was 25. The sample thus
spanned approximately 12.5 main rotor revolutions and 67.5
tail rotor revolutions. The observations from the scanner
were digitized by a digital voltmeter for input to the on-
line computer. The computer was used to store the digitized
data observations, adjust for zero tare, time average the
sample, compute the five component balance interaction
functions, and reduce the data to engineering units. This
reduced data was continuously updated, displayed on a CRT
and printed on a hardcopy during each test run. The com-
puter :¢lso solved for tail rotor thrust required for yaw
trim according to the following equation:

Required TT/R = (QH/R/L) +F

This data was displaved to aid the operator in attaining a
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TABLE A-II. DATA ITEMS SCANNED AND REDUCED
ON- LINE

Main Rotor Tail Rotor Vertical Fin
1. Thrust 1. Thrust l. Side
Force
2. H Force 2. Shaft Torque
3. Y Force 3. Collective
4. Pitching Moment 4. Rotor Speed

5. Rolling Moment
6. Shaft Torque
7. Collective

8. Rotor Speed

rd

TABLE A-III. DATA DISPLAYED AT OPERATOR'S CONSOLE

Digital Analog Meters*

Main Rotor - Thrust
Shaft Torque
Collective
Longitudinal Cyclic
Lateral Cyclic

Tail Rotor - Thrust
Shaft Torque
Collective

Digital Displays

Main rotor speed
Tail rotor speed

CRT Displays

Main Rotor - Hub beam vs. chord bending
Pitching moment vs. rolling moment
Pitch link lioad
Flapping

Tail Rotor - Shaft torque

* Indicates percent full scale

A-10




trimmed hover condition for the prime data points. A time
code generator was used to give a unique record number and
time of day for each prime data point. The operator's
console was provided with various visual displays as shown
in Table A-III.

Acoustics Data - The acoustics data acquisition system
consisted of six microphones mounted on tripods, a six
channel microphone amplifier, a time code generator, and a
l4-track instrumentation tape recorder. Levels were moni-
tored with a narrow band analyzer/oscilloscope and a digital
voltmeter. The data acquisition system is shown in Figure
A-6.

B&K 4131 one-half inch pressure response microphones on
B&K preamplifiers with wind screens attached were used. The
microphone diaphragms were kept parallel to the plane of the
main rotor for flat frequency response. The signals were
conditioned by a six channel microphone amplifier with 10 dB
per step gain adjustments.

The microphone system was calibrated at the beginning
and end of each tape reel and at the beginning and end of
each day with a Pistonphone calibrator. This calibrator
provides a 124 decibel RMS 250 Hertz tone. System frequency
response was checked daily with a portable random noise
generator.

Time code and record numbers were recorded along with
the microphone signals on an Ampex FR-1300 1l4-track tape
deck. The tape recorder used IRIG B intermediate band FM
electronics and a tape speed of 30 inches per second, which
gave a frequency response of DC to 10 KHz and a signal to
noise ratio of 46 dB RMS. The same record numbers and time-
of-day were used as for the model data acquisition system.
A prime data signal was used to show valid data for each
record. The time code, based on hours, minutes and seconds,
were in IRIG B format. Additional code bits were used to
provide record numbers and indicate prime data.

All of the components of the system were calibrated and
tested prior to setup by the BHT Standards and Calibration
Laboratory, previding traceability to the National Bureau of
Standards. The system frequency respcnse of one channel of
the system, not including the microphone, is shown in Figure

A-1ll
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A-7. The combined ambient background noise and the tape
recorder noise floor is shown in Figure A-8 for an inter-
mediate gain setting. None of the test data taken was
affected by either the system frequency response or the
recorder noise floor. The system frequency response did
cause loss of data above 10 KHz and the recorder noise floor
dominated the spectrum below 80 Hz, but these regions were
not of interest during this test.
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TEST PROCEDURE POOR QuALTY

The test was conducted in a series of 110 separate test
runs over a period of two months. The individual test runs
were distinguished by defining the following parameters: 1)
operating mode, 2) tail rotor location, 3) Pusher versus
tractor tail rotor, 4) cant of tail rotor, 5) fin blockage
ratio. The configuration code developed to specify these
parameters is shown in Figure A-9. Data was recorded for
three operating modes: 1) isolated main rotor, 2) isolated
tail rotor, and 3) interaction, i.e., both rotors operating.

Identification numbers defining the tail rotor location
matrix are shown in Figure A~10. The initial grid of tail
rotor locations established for this test consisted of grid
point numbers 1 through 12 shown in Figure A-10. Spacing
between the initial grid points was in increments of 1.0r.
This grid was explored starting with the tail rotor locations
nearest the main rotor and proceeding to the more remote
tail rotor locations. This exploration continued for each
row to the point at which main rotor power was unaffected by
operation of the tail rotor. Within this established boundary,
a number of intermediate grid points at .5r increments were
added. Data for grid points 5 and 9 through 12 has been
omitted from this report due to equipment problems which
occurred during those test runs. Based on the results
obtained from the remainder of the test, it is believed
that these grid points are outside the boundary of tail rotor
locations that produce significant interaction in hover. A
summary of the valid test runs is given in Table B-I.

The following run procedure was developed to demonstrate
repeatability and to compensate for thermal effects on the
main rotor thrust measurement:

1) Ambient conditions (Outside air temperature,
barometric pressure, wind velocity) measured and
recorded.

2) We rm-up Run - Both rotors at operating speed and
e.evated load.

3) Initial static zero - Rotors stopped.

4) ftabilization Period - Both rotors at operating
sy red and elevaced ivad

5) Interaction Data -~ Trim at approximately 4 main
rotor thrust levels. Set main rotor collective to
obtain desired thrust. Adjust tail rotor collective
to obtain required antitorque. (Where required anti-
torque was in excess of the tail rotor maximum
thrust capability, the tail rotor was operated at
maximum collective of .30 radians). Take two
consecutive prime data records. Repeat trim
points.,

A-1l6
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Figure A-9., Test configuration code.
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6) Isolated Mairn Rotor Data - Tail rotor stopped.
Take prime data record at approximately 4 main
rotor thrust levels. Repeat 4 thrust levels.

7) Final static zero - Rotors stopped.

As mentioned before, openings below and above the
canvas curtains covering the walls of the whirl cage were
maintained to avoid recirculation of rotor wake. Because of
these openings to the outside, wind velocity was measured at
the model prior to start-up of each test run. Runs were
conducted only if maximum winds were less than l.5m/sec.

The procedure of taking two consecutive records for each
prime data point and repeating this trim condition within
each test run (resulting in four records for each trim
condition for a given run) helped minimize the effects of
any wind gusts occurring during a test run.

The four main rotor thrust levels comprising the
thrust sweeps were, in terms of Cp, .0021, .0035, .0050,
and .0064. In some instances, the antitorque requirement
for trim exceeded maximum tail rotor thrust capability. 1In
these cases, tail.rotor collective was set to maximum and
the record was taken in this untrimmed condition.

A-19
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DATA REDUCTION
Aerodynamic Performance Data

Due to low frequency filtering and sample averagina as
discussed previously, the values for prime data present -+ in
Appendix B are believed to fairly represent steady state
conditions. An adjustment was made to the original recorded
data to account for any difference between initial and final
static zero values as measured for each run. Curve fits of
power coefficient, Cp versus thrust coefficient, Cop for both

rotors were obtained by a regression technique and based on
an equation of the general form:

- 3/2

Cp ao + alcT
This model was based on the theoretical relationship of
induced power in hover to thrust. (Equation 34 of Ref.6).
Profile power contributions were considered secondary in
effect and not included in the model. Tail rotor data
exhibited an abrupt change in the Cp versus C, relationship

at the onset of rotor stall. For this reason, where suffi-
cient data was available, two separate curve fits were
applied to the tail rotor data, one below and one above the
stall break.

Acoustics Data

After a first look at the data using a real-time narrow-
band analyzer, representative prime data records were pro-
cessed for high speed digitizing and copying onto digital
tapes for further analysis. All data were digitized at a
rate of 32768 samples per second to ensure high resolution
and to place the Nyquest frequency well above the highest
freguency of interest.

The digitized data were subsequently processed through
a time history plot program and a spectrum analysis program.
Corrections for reference calibration level and amplifier
gain were automatically made in each computer program.
Since the system frequency response consistenly appeared
within tolerance, no adjustments for frequency response were
applied to the data.

Time histories are plotted for approximately 1.5 revo-
lutions of the main rotor (39 milliseconds per plot) for
isolated main rotor and for approximately 2.5 revoiutions of
the tail rotor (13 milliseconds per plot) for isolated tail
rotor cases. This analysis allows determination of peak
amplitudes and reveals any distinct characteristics of the

A-20



waveform.

The spectrum analysis program uses the Fast Fourier
Transform {(FFT) technigque to reduce data. Blocks of 32768
samples are first processed to provide a frequency spectrum
analysis with a one Hertz resolution. The resulting fre-
quency coefficients are then smoothed using a four hertz
sweeping filter. Each contiguous block is then ensemble
averaged for the length of the prime data record to give
statistically valid data and plotted on a leg frequency
scale. Each record presented in this report was averaged
for twelve seconds. The frequency analysis technique allows
identification of noise-jroducing components, determination
of what source actually dominates the noise, and reveals the
relative contribution of harmonic and broadband noise.

A-21
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TABULATED TEST DATA

This appendix is a tabulation of measured performance
data. All data is shown in €I units. The tables are ordered
by test run number. The test configuration for each run is
indicated by the configuration code in the table heading.

An explanation of the code is presented in Figure A-9. Tail
rotor l-cations are defined by grid point as shown on Figure
A-106. A summary of all test runs included is shown in Table
B-I. For test runs including both main and tail rotor
operation, a table of main rotor data is presented first,
followed by a table of tail rotor data. The NMODE item shown
for main rotor data is defined as follows:

INTERACTION - Both main and tail rotors operating.

*ISOLATED -~ Main rotor only operating; tail rotor stopped.
® Included at the end of each Interaction run.

T/R @ FLAT PITCH - Main rotor operating at low thrust;
tail rotor operating at zero thrust.

Within each table the entries are arranged by prime data
record number. At each prime data "trim" point, two con-
secutive recourds were recorded as a check on repeatability
of the time averaged data. These consecutive "repeat"”

records are denoted by the suffixes A and B on the record
numbers.

Rotor collective setting THETA applies to 3/4 radius setting
for the twisted main rotor blade. Fin force is positive in
the opposite sense of positive tail rotor thrust. Fin and
net tail rotor thrust coefficients are defined as follows:

2
C = F/B p(wr)
TFIN T/R

C

2
C ACTUAL = (T.,.~-F)/A_,.p (wr)
Tuer  Tuer T/R T/R

2
C REQUIRED = (Q., ,~/L)} /A, ,,0 (wr)
TNET /R T/R
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TABLE B~XI. SUMMARY OF TEST RUNS
Run Number Configuration ;| Run Number Configuration
30 T6P 86 I2TF18
49 T2PF18 87 T2TF18
52 T2PF18 88 I2TCF18
54 T3PF39 89 T2TCF18
64 I8PF39 90 12T
65 18P 91 I13TF18
66 I4P 92 I6TF18
67 I4PF39 93 I16TF39
68 I3PF39 94 T16TF39
69 I3pP 95 I19TF39
70 I7PF39 96 I7TF39
71 I6PF18 97 I3TF39
73 I13PF18 98 I3T
74 I1PF18 99 I18TF39
75 I2PCF18 | 100 I4TF39
76 I14PF18 101 I8TF39
77 I15PF18 102 I17TF39
78 I16PF18 103 T17TF39
79 I17PF1l8 104 I17TF18
80 T17PCFl8 105 T17TF18
81 I17PF39 106 I14TF18
82 I18PF39 107 I15TF18
83 I19PF39 108 I20TF18
84 I2PF18 109 I1TF18
85 I2p 110 T1T
o
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APPENDIX C

MAIN ROTOR PERFORMANCE PLOTS

ORIGINAL PAGE IS
OF POOR QUALITY

Plots of main rotor performance are presented in this
appendix. The plots are ordered by run number. A summary

of test runs is presented in Table B-I.

Configuration codes

and grid points are presented in Figures A-9 and A-10. 7Two
plots are shown for each main rotor case.
plot of the variation of power with thrust, expressed in the
non-dimensional coefficients Cp and CT‘ Discrete test data

The first is a

points for both the interaction mode (both rotors operating)
and isolated mode (tail rotor stopped) are included on each
plot along with the respective regression curve fits. The
second plot shows the interaction effects on main rotor
power, expressed as the power ratio C

(Isolated), versus thrust coefficient.

M/R

derived from the curve fits of CP versus C

for the regression curve fits was Cp =

(Interaction)/C

Pu/r

This power ratio is

The model used

ao+alCT3/2 (ref. p. A-20.)

The average standard derivation of main rotor Cp (measured

value versus curve fit) for all of the Cp-CT curve fits of

Appendix C was 1.3% of the mean C_.

approximately .003,

P

The average mean C_ was

p

Due to equipment problems, Run 092 was cut short.
Insufficient data was obtained for isolated main rotor
operation during this run to enable a satisfactory curve fit
of that portion of the data.

Dependent on tail rotor location and fin blockage, tail
rotor stall occurred during the main rotor thrust sweeps with
yaw trim. Table C-I shows the calculated main rotor Cp at the

onset of tail rotor stall.
the main-rotor-off data of Figures 11 and 12.

Tail rotor stall is determined from

The C at

TyET

whicihi cail rotor stall occurred in the presence of the main rotor
wake mey di.fer from the main-rotor-off cases. Kowever, the

tail rotor stall point for main-rotor-on cases was not defined
due to an insufficient number of data points for these cases.

TABLE C-I.

CALCULATED C x 10

5

M,/R

AT ONSLT OF T/R STALL*

Location of T/R Hub
{aft of M/R tip)

S/A for Pusher f}R

S/A for Tractor T/R

0.0 .18 .39

0.0 .18 .39

l.1r
l.6r
2.1r

37.45 | 35.89 32.77
40.17 | 38.50 35.15
42,39 | 41.10 37.53

40.57 | 37.45 3l.21
43.52 | 40.13 33.47
46.46 | 42.39 35.74

* Tail rotor stall as

rotor off (Figs. 11 and 12)

c-1

determined with main
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APPENDIX D OF POOR QuaLrTY

ACOUSTIC ANALYSIS OF ISOLATED ROTOR BASELINE

This appendix examines the isolated main rotor and tail
rotor baselines and discusses the effects of the physical
environment on the results. Particular items of interest
are the effects of the presence of the vertical fin and the
effects of the test building on noise, both of which can
change the amplitude and distribution of acoustic energy
generated by the rotors.

Isolated Main Rotor

Figure D-1 shows the effects of thrust variation on
isolated main rotor noise. An increase in noise with thrust
of approximately 5 dB over the thrust range 300 to 1000
newtons is seen in all three indicators (DBA, fundamental
harmonic, and the broadband peak). The increase in noise
level with thrust is reasonably linear, since the rotor was
always operating below stall. Figures E-3 through E-7
(Appendix E) contain the data plots for the isolated main
rotor thrust sweep at microphone 4.

Under ideal conditions, the same noise level will be
produced in the plane of the rotor at all azimuths. 2 check
of the test rotor is shown in figure D-2. This shows the
DBA and broadband peak levels to be relatively uniform,
although the fundamental harmonic has slightly more scatcer.
This scatter is believed due to reverberation effects of the
whirl cage enclosure. Figures E-~8 through E-12 (Appendix F)
show data for a constant thrust level for microphones 1, 2,
3, 5, and 6.

Since all tests were run at constant tipspeed and the
ambient temperature varied significantly during the test,
the tip mach number also varied. This initially caused
concern when comparing data from different days. However,
Figure D-3 shows that the variation appeared to have minimal
effect on the noise. The DBA level increased approximately
0.7 dB between the hottest day and the coldest day. The
fundamental harmonic varied up to 2.6 dB; however, it is of
lesser significance at scaled frequencies. Significant
changes were not expected in the hover condition, since the
hiighest tip Mach number achieved of 0.66 was below the 3de-
localization Mach number for the FX-083 airfoil.

The isolated main rotor cases were run with the non-
rotating tail rotor and the fin in place. This appeared to
have no effect on the majority of main rotor acoustic data.
One exception occurred when the tail rotor and fin were

D-1
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ORIGINAL PAQGE IS
OF POOR QuALITY

located at grid point 1 in the pusher configuration. At
this location, both the main rotor fundamental harmonic and
the broadband component increased 2-5 dB for all thrust
levels while the higher harmonics are relatively unaffected.
This increase is believed to have been caused by the close
proximity of the fin to the main rotor tip.

Isolated Tail Rotor

The isolated tail rotor cases included both pusher and
tractor configurations and test for the effects of fin
blockage. Fin effect tests included the baseline fin-off
and fin-installed runs with both 18% and 39% blockage. A
canted fin run was also made to simulate a canted tail
rotor.

Figure D-4 summarizes the effects of thrust on isolated
tail rotor harmonic noise, with and without a fin. Recause
of the large data scatter, a logarithmic average of the
first four harmonics (2, 4, 6 and 8/rev) has been plotted.
Harmonics above 8/rev quickly drop off in amplitude and so
do not contribute significantly to the total energy. This
plot shows a moderate increase in noise with thrust level,
an average increase of 8 dB over the entire thrust range,
which is similar to that for the main rotor.

The presence of a fin increase tail rotor noise by 4 to
5 dB. This is mainly due to a large increase in the amplitude
of the 4/rev component when the fin is added. An examination
of test data showed that in the case with no fin, the 2/rev
component either dominates the spectrum or is equal in
amplitude to the 4/rev component. In the cases with fin
blockage, most of the harmonics match the no-fin cases. The
4/rev harmonic, though increases approximately 8-10 dB.

The test data also showed no discernible effects between
different fin blockages, nor any effect due to canting the
fin relative to the tail rotor.

Figure D~5 summarizes the thrust level effect on isolated
tail rotor broadband noise. Here a dramatic change appears
when the tail rotor enters stall at approximately 45 newtons
of thrust. Above stall, broadband noise increases at a rate
of approximately 1.2 dB per newton of thrust, compared to
approximately 0.1 4B per newton of thrust below stall.

Mixed results are seen for the no-fin and fin-on cases.
Below stall, the trend is similar to that of the tail rotor
harmonic noise, where fin blockage increased noise by 4dB
above the no-fin case. Fin blockage in the pusher mode
continues this trend above stall. However, the run in
tractor mode stays significantly below the other runs by as
much as 8dB. Figures E-13 through E-20 (appendix E) show an



*astou
dTuowivy I030X IFel PIIVTOST UO 3D93IFD TAAIT 3ISNIYL °*p-d @anbrd

(SNOLMEAN) LSNYHIL HOLOY TIVL
oL 09 0s oy (1] 04 (00 § 0

L] L}

(0] :]

1 L L} ¥ |}

GE IS
QUALITY

ORIGINAL PA
OF POOR

— 1001

-4 01T

(SOINOWMYH ¥NOJd LS¥Id 40 IOVEIAY)

NId ON yausna QO —oet
NId ON worovds A\
NId yaHsna 0O
v INOHLOMOIW NId soroviy \/

(80) TIATT UNSSTAd ANNOS



*3sTOU puedproxq
¥ead 030X [Ye3l PIajRIOSY UO 3ID9JId TIAIT IsSnAY] °G-d 2INbTJ

(SNOIMAN) ISNYHL YOLOY TIVL
oL 09 0s op o€ (1} 4 o1t

OF POOR QUALITY

ORIGINAL PAGE IS

\J A ] L] ' ] ¥ ¥

ZH 000t = XMVAd ANVEQYOdd
¥ GNOHAOYOIW

NId ON ¥IHSNd

NIJd ON ¥OLOVHL

NId ¥ydaHsSnd
NId JOLOVYY L

ocoQd

(8d) 1TIAZT FYASSI™d ANNDS




example isolated tail rotor thrust sweep for the tractor
configuration with fin installed for microphone 4.

The directivity of isolated tail rotor is shown in
Figure D-6. There is a slight increase of 2-3 dB in the
harmonic noise at the 135 degree (microphone 3) and the 225
degree (microphone 5) locations. The increase in noise at
the 0 degree (microphone 1) location is probably due to the
effect of the whirl cage, as was the main rotor noise level
at this location. The effect of the fin adding 2 to 4 dB to
the lower harmonics is generally true at all locations,
except for the 270 degree location. The presence of the fin
appeared to have no effect on broadband noise at this thrust
level (62 newtons). Figures E-21 through E-25 (appendix E)
show data for the same thrust level for microphones 1, 2, 3,
5 and 6 for the tail rotor.
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APPENDIX E
ACOUSTICS PLOTS

Narrowband acoustizs analyses ¢- noise generated by the
model are presented in graphical form in this appendix.
Plots are presented for selected test runs as shown in Table
F-I., Time history plots are included for the single rotor
cases. In most cases, results are plotted for various rotor
thrust levels at a given azimuth (i.e., microphone 4 shown
in Figure A-5) along with results for various azimuths at a
given rotor thrust or trim point. Microphone location
numbers are described in Figure A-5. The test run configura-

tion code is explained in Figure A-9 and tail rotor locations
are shown in Figure A-10.



TABLE E-I.

SUMMARY OF ACOUSTICS PLOTS

1

OPERATING MODE TEST RUN CONFIGURATION PAGE

NUMBER (See Fig. A-9)
Isolated Main Rotor 084 I2PF18 E-3 thri E-12
Tail rotor/fin 094 T'6TF39 E-13 thru E-25
Ma‘n rotor/tail rotor/fin 074 I1PF18 E-26 thru F-33
Main rotor/tail rotor/fin 109 I1TF18 E-34 thru E-43
Main rotor/tail rotor/fin 076 I14PF1l¢ E-44 thru E-47
Main rotor/tail rotor/fin 106 I14TF18 F-48 thru E-51
Main rotor/tail rotor/fin 084 I2PF18 F-52 thru F-55
Main rotor/tail rotor/fin 079 I17PF1l8 E-56
Main rotor/tail rotor/fin t°1 I17PF39 F-57
Main rotor/tail rotor/fin 104 I17TF18 E-58 -
Main rotor/tail roto~/fin 055 I3PF39 F-59 thru F-62
Main ro‘or/tail rotor/fin 097 I3TF39 E-63 thru E-66
Main rotor/tail rotor/fin 099 I18TF39 E-67
Main rotor/tail rotor/fin 067 I4PF39 E-68 thru E-7¢
Main rotor/tail rotor/fin 100 I4TF39 E-77 thru E-20
Main rotor/tail rotor/fin 042 I5PFl8 E-81
Main rotor/tail rotor/fin 096 I7TF39 E-82 thru E-84
Main rotor/tail rotor/fin 064 I8PF39 r-85 thru F-38
Main rotor/tail rotor/fin 101 I8TF39 E-89 thru F-93
Main rotor/tail rotor/fin 040 I9PF18 E-94
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