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FOREWORD

This report summarizes the acoustic test results on two
advanced concepts of'upperysurfaoerblowingApropulsiVe 11ift
devices. '

In a companion report NASA. CR-137747,»which was prﬂpared o
by Rockwell International Corporation, the aerodynamic character-
. istics of the same devices is summarized

The work described 1n this report was performed by Bolt
Beranek and Newman for Rockwell International, under NASA Ames
Research Center Contract No. NAS2-8607.

This.report'has been designated BBN Report No. 3130.
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The viability and utility of short takeoff-and-landing (STOL)
aireraft will be determined by both the aerodynamic and acoustic

performanee of the propulsive 11f% devices used to power these
aircraft.

This report deals with gome advanced conoepts of upper-.
surface-blowing (USB) devices which were designed to attain
acceptable noise 1evels, both in the community and inside the
aircraft while minimizing or eliminating the aerodynamic per-.
formance penalties usually assoclated with noise suppressing '
nozzles. _ _ L ‘ . L :

The underlying prineiple of this approach is that by foreing
the propulsive 1ift flow to turn through a oascade of large
‘aspect-ratio slots, efficient turning'at'lower‘noisellevels= N
will result, The small size of the slots will also shift the.
nolse spectra to higher frequencies, where the atmospheric atten~ |
uation is more effective. The potentially serious problem of
cabin interior low frequency noise is also alleviated since the
fuselage can attenuate the high frequenoies ‘which result from.the;
slotted nozzles. '

An additional and perhaps the most. important, advantage
-;of the multislot nozzle concept is that the high frequency noise
‘that results from these devices can be reduced at the source
“by modifying the noise generation mechanisms. Porous edges and -
edge blowing are the type of methods that are readily applicable
to the slotted nezzle, design., This study, however, deals only
with the effects on ‘the noise of the slot's size and 1ocation."i
__'No attempt has been made to modify ‘the composition of the. indi-_
"'cidual elements or the detailed structure of the flow around
‘these individual elements, - .




This series of tests dealt with two 1/5-scale models of
propulsive 11f¢ devices, the first having a 7-slot'nozzle,
_ including 2-slot articulating flap, and the second having a split
nozzle with 4-slot articulating flap.

- This summary aleo includes, for comparison, test results-: .
from a previous investigation [1]}* of a 1ll-slot nozzle and a.
Coanda Nozzle._ |

. Table 1 summarizes the predi ed aoousﬁiciperformancevof
_:the full scale, aircraft. These reeults have been scaled from
the model tests. o T

4 The resulte, when expressed in PNdB, show that the 7-slot
“nozzle and the ll-slot. nozzle . are about equal in performance and
 -are generally guieter than the split fiow nozzle or the Coanda
nozzle.. However, the noise levels when expressed in PNAB tend
'to obscure the fact that the Coanda Nozzle 1s much richer in low
frequency noiee than the multislotted nozzles. In order to clarify’
~this- point the table. includes the reduction in the low frequency tfl
noise peak of the various devices as compared to the Coanda { B
._nozzle at nozzle flap angle of 60° While ‘this comparison is - .
: strictly valid only at the same flap deflections for all devices,__.*
1t 1s believed that the values will not ‘change by more than 2 dBi
for any value of ‘the Coanda flap setting._

It 1is estimated ‘that the high frequency noise can  be reducedlf"

- .by about 6 4B (with comparable reductione in the Perceived Noise "
_1evels) by treating the noise eourcee on the individual flaps :
in the manner alluded to ‘above. - o '

‘*The numbere in brackets refer to the referencee at the end of
the report.:- . . L SR L
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TABLE 1.

Model data scaled to full scale condition.. .
21,800 Kg (48 000 1bs) aircraft powered ty 4 engines,
26,800 K {6000 1bs) thrust each. :
Prnpulsive jet velocity is 244 m/s {800 fps) at full power (takeoff},
T2 ms {565 fps) at half power (land1ng)
'No ‘forward speed effects.
- Standard day conditlon (15° c -70% relative humldity)

PREDICTED ACOUSTIC PERFORMANCE OF USB STOL CONCEPTS.

USB nevice'f

Propu]sive

Reduction of

Reduction of

.rnteridrlﬂnise

Mechanical oise~Leve1 at NoiseLLeve1'at
|Nozzle Flap| F1a An le NTakeoff [PNdB] !Low Frequfncy Landing [PNdB] {Low Frequency Level -
1 “&ngle _ Enegg 52 m (500 ft) |- {200 Hz) 113 m (370 ft) | (160 Hz) NoiseN (full power)
GN[Deg] : Sideline ~ |.Noise Peak* Under-Aircraft Peak* [dB] [PNdB)
{fu11 power) [48] . (ha]f power) . .
Split Nozzle | 4o 40 B ?96 12 93.1 7 101.5
: T 60 60 - 97.6 10 97.5 -6 103.7
90 - 90 98.5 11 92 5 104.3
7-S1o* Nozzle | 4o 4o 93.4 14 92.6 9 98.2
60 60 95 13 94.5 10 100.3
80 60 98 X2 93.4 7 101.8
14-51ot Nozzle| %0 40 $95.5 12 90.9 9 100.7
C DO 1 . 60 98.2 Sl 95,2 10 102.0
90 60 95.6 9 91.2 10 100.6
Coanda 60 60 98,1 0 - 93.5 0 103.6

- *Compared tn_Coandaﬂﬁbzz]e at §y - BQF;
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1.  INTRODUCTION

The noise problem associated with propulsive 1ift devices
- for STOL alrcraft is recognized as one of the main obstacles.
to thelr acceptance.

- This report is a continuation of an effort to evaluate
the concept of slotted nozzles as USB propulsive 1ift devices,
oThe feaslbllity of the concept was proven [2], and later in-
'.corporated into a small scale semispan model as a ih-slot
nozzle [1,3]. In the above studies, it was shown that the
Slotted nozzles were quieter than the Coanda nozzle and that_
the low frequency noise levels assoclated with conventional
USB or EBF concept were reduced by as much as 20 4B,

Thls report summarizes the acoustic behavior of two addi—"

"'»ional variations on the theme of multislotted nozzle, the

'ﬂSplit—Flow nozzle, and the 7-slot nozzle. These nozzles are
.shown, schematically in,Figs 1 and 2 where the drawing of
the lu-slot nozzle is also incladed A detailed description :
of the nozzles, tcgether with the aerodynamlic evaluation of
B their_péfformdnce is“gifenrin_a:companion_geport [41. .




© F16.1. SPLIT FLOW NOZZLE.
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FI6. 2(a). 7-SLOT NOZZLE.
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2. EXPERIMENTAL ARRANGEMEHT
2.1 The Test Facility

The model of the propulsive wing was placed in BBN's large
free Jet acoustlc wind tunnel. The tunnel test chamber was used

in the anechole mode. Figures 3 (a,b) show two views of this
facility.

The propulsive 1lift nozzles were supplied with quiet, high
pressure air from a femote compressor (the Tech Development
tip driven fan used to power the models for the aerodynamlc tests
1s too noisy for the acoustic tests). PFigure 4 depicts the model
installed in the tunnel test sectlon. S8ince no forward speed
tests were carried out In this effort, the tunnel was used as
a large anéchoic'test chamber.

2.2 The Experimental Set Up and Instrumentation

Figure 5 shows the microphene arrangement used to acquilre
the data. Three microphones were used in this test. The first,
a. boom mounted microphone, measured the nolse 1in the flyover
‘plane. Two statlonary mic;ophones were uséd to measure the slide-
line nolse levels. One sideline location (22° SL) corresponds
to the 152 m (500 ft) sideline, 61 m {200 ft) altitude measuring
point and the other (36° SL) corresponds to 152 m (500 ft) side-
line and 113 m (370 ft) altitude measuring point. All micro-
phones used were 1l/4-1inch B&K'type 4135 without protective grid,
having a calibrated fréguehey response to 80 kHz. The micro-
phene. output was- fed, through an amplifier, to a General Radlo
Type 1971 one-third octave band Real Time Analyzer. The nozzle
‘flow veloclty was measured by the total head probe inside the
3nozzle.~ ‘ o

'Table'E'summarizes the experimental test matrix.
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3. SUMMARY OF ACOUSTIC CHARACTERISTICS
3.1 Genera] Remarks

The results of the model acoustic tests were scaled to four
26,800 N (6000 1b) thrust engines mounted on a wing. Engine jet
vélocity was assumed to be 244 .m/s (800 fps), which corresponds -
to a pressure ratio of 1.35. No corrections were introduced to
account for the elevated temperatures of a real engine o

‘The scaling factor was determined by the thrust requirements
~and since the reference thrust (see Section 1, Aerodynamics) for the
::various concepts varied the scaling factor is not the same for

all configurations. A detalled discussion of the scallng pro-
cedure is attached in Appendix A

It was found that the acoustic data from all tested configura~
_xtions scale as the velocity to the fifth power (Ul et) This re-
sult is an empirical one, and was decided upon by trial While

' U; . dependence yields reasonable results as well, theGSpectra

~ peaks: seem to diverge less when. fifth power law i

- Figures 6(a b,c,d), T(a,b,c,d) and 8(a b,c,d) compare the
. acoustilc performance of the 7-slot nozzle, 14-51ot ‘nozzle and
split-flo nozzle at four points in the flyover plane for each
. of" the noggle flap angles tested. In the 60° nozzle flap angle

Tﬁjdata, the performance of a. regular Coanda USB device. [1] was

added.

g The patterns that emerge. from the above flgures 1ndicate thati_:
-<the slotted nozzles, in their various configuration, affords one} -
control over the relative contribution of the low ‘and the high ‘_“l
“frequencies to the sound spectrum generated by the propulsive el

11ft dévice. ‘ ' '

. Most spectra are characterized by two peaks ) a low: frequency:fﬁ
:lpeak which is almost always at 200 Hz for the full scale USB _
device (630 H% for the model) and a high frequency peak which .

S varies from 1600 Hz to 8000 Hy.

111;
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The regularity of the low frequency peak'suggests that this
area of the sound spectrum is dominated by a source whose slze
is of the same order as the Nacelle or the propulsive 1lift device
as a whole, The detalls of the particular nozzles affect the
level of the low frequency peak but not its frequency. As will
be shown later, there is some reason to assume that this low
frequeney peak is due to a monopole, rather than a &ipole sound
source.

The high frequency peak ~whilch 1s not as regular in freguency
as. the low frequency one, 1s sensitive to the detalls of the USB
device. Since the wavelengths at the higher frequencies are
smaller than the wing chord, shielding effects are much more
pronounced and the dipole directlvity pattern is more evident. -
The directivity of the USB devices 1is presented in a section
below, where the above arguments will be amplified upon. o

It should be noted that the presence of these_two peaks
and the fact that they may be caused by different sources is
significant when it 1s realized that the main problem assoclated
with the 200 Hz peak is internal cabin nolse whilé the high
frequency peak creates a community nolse problem. |

3. 2 Directivity Patterns

Figures '9{a,b), 10(a;b), and 11(a, b) show the directivity
patterns for the tested devices. For comparison, previcusly [1]
acquired data for the 60° Coanda flap were added tc Fig. 10.
It was found that the presentation of the directivity patterns:
of the two peaks alluded to above 1s much more instructive for
- diegnostic purposes than some overall measure of the nozzle |
| performance. Part (a) of each of the above figures show the
directivity pattern of the low: frequency peak (200 Hz), part (b) i
' is that of the high frequency (around 2000 Hz) The_low-frequeneycd
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directivity patterns reveal that the 200 Hz third-oectave band
level 1s essentlally omnidirectional for all USB devices tested.
The level of this band depends on the magnltude of the aspect
ratio'of the largest slot in each of the devices wlth the Coanda
nozzle (Fig. 10a) being the noisiest, followed by the split flow
nozzle, then the 7-slot nozzle, with the 1l-slot nozzle being
the quietest. Acoustic tests of the Nacelle noise only (no USB
device attached) indicate that internal flow obstruction in the
Nacelle itself may be responsible for the low frequency noise,

The high frequency patterns show the USB devices are ranked
in the reverse order. As expected, the larger the number of slots
the higher the level. There are strong indications that 1t is
the articulating part of the nozzle which dominates the high fre-
quency noise patterns. In Figs. 6 through 8 as well as in the-
directivity plots, the split flow nozzle, which 1s equipped with
the turning flap of the 1H-slétvnozzle,_exhibits high frequency
levels approachiﬁg that of the'lu—slot nozzle and exceeding the'
levels of the 7-slot nozzle. 'While the T-slot nozzle exceeds the
split-flow nozzle's noise levels at mld-frequenciles.

It seems that the narrow slots on the fixed part of the
1l4-slot nozzle are the most effective in suppressing the low
frequency noisé while the generation of high‘frequénCy ndise
could be reduced, 6r shifted to even higher frequencies by
- modifications of the articulated nozzle~flap.
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3.3 Takeoff and Landing Spectra

Figures 12(a,b,c) and 13{(a,b,c) show the predicted noise
spectra during takeoff and landing. Takeoff nolse levels are
sredicted for the 152 m (500 ft) sideline (aircraft altitude
61 m or 200 ft) with all engines at full power (Jet velocity
244 m/s).

The landing nolse levels are predicted for the engines at
half power (164 m/s) with the aireraft 133 m (370 ft) directly
overhead. Atmospheric attenuation effects are included (standard
day 15°C, 75% relative humidity) but no forward speed effects.
The PNAB values that are presented in Table 1 were calculated
from these spectra.

3.4 Potential for Further Noise Reduction

The relatively high levels of the high frequency nolse pro-
duced by the slotted nozzles can be significantly reduced by
modifying the individual flaps. ! layden et al [6] and Scharton
et al [7] have shown, by correlating the fluctuating pressure on
" a blowing flap with the far field noise, that the high frequency
noise is generated in a small area near the tralling edge of the
flap. This.area; which is confined to the aft quarter of the
flap chord, is amenable to treatment. By employing porous tralling
edges on an upper-surface-blown flap system, Hayden [8] has
achieved nolse reductions of 6 te 10 dB at the Strouhal peak
with no deterioratlion of the aerodynamic performance. This type
of treatment, when applied to the slotted nozzles, will reduce.

" their high frequency noise to the same levels as those of the
Coanda £flaps while preserving their advanuage in the low frequency
part of the spectrum.
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4.  CABIN INTERIOR NOISE

The interior noise of an aireraft during the deployment phase
of the pfcpulsive 1ift device comes from three sources: (1) sound
~generated by the 1nteraction,of the jet exhaust with the propulsive
nozzles and flaps, (2) excitation of the fuselage by direct im-
'_pingement of the turbulent Jet exhaust on the cabln walls and |
(3) vibration which are transmitted from the flap and wing structure
" to the fuselage. '

In this report only (1), - the sound generated by the propul-
sive 1if¢ device will be consldered. Sources (2) and (3) are
important, and may, in fact, under certailn conditions be the
dominant sources, but have little to do with the intrinsic noise
production of the propulsive '11rt device and depend on the engine's .
location and the structural detalls of the airframe. We alse do
not consider here conventional sources of Jet aireraft interlor
noise such as turbomachinery, auxiliaries, jet exhaust, or turbulent
boundary layer excltation of the cabln during crulse.

_ The-fuselage-noise reduction characteristics used to estimate'
the STOL aircraft interior noilse are shown in Fig. 14, This noise
reduction curve. is from a recent study (5] of acoustic trans-
mission through a fuselage sidewall. The range of various air-
craft data as well as the values chosen for this study are also
n'shown in the figure. '

The assumed-ioCation of the engines, and the geometry of
the relevant portion of the alrcraft are shown in Fig. 15.
The source noise used in this estimate is the 22° sideline
microphone spectra. No atmOSpheric attenuation was allowed,
~ and all engines are operating at full power with a Jet velocity‘
Ujet = 244 m/s (BOO fps). No forward speed effects are con-
_sidered,
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o Figures 16(a,b,c) compare the predicted cabin interior nolse
levels for the configurations tested. Of particular interest is
the comparison between the Coanda nozzle and the multislotted

. nozzle (Fig. 16b). While the noise levels, when expressed in

PNdB, exhibit small differences, the spectral peak of the Coanda
nozzle (at 200 Hz) is some 10-15 dB higher than the levels of
the other nozzles ' : -
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5. CONCLUSIONS

The following conclusion can be derived from the tests that
were carried out 1n this study:

1.

The concept of modifying the flow field of USB devices
by blowing the propulsive jJet through a cascade of
narrow slots achlieved the desired result of shifting

- the acoustic energy to higher frequencies., It was

found that the more slots one uses, the less low

frequency noise is generated,

Sigriificant reductlons of the characteristic low
frequency spectral peak associlated wlth conventional
USB devlices were obtalned. It is believed that the
high frequency nolse generated by the muitislotted
nbzzles can be substantlally reduced by addressing
the noise transduction mechanism. Porous edges,
cleaner flow and improved geometry are some of the
methods that have been proven beneficial on simllar
devlces. -

The multlslot nozzle designs tested show that by
varying the number and location of the slots, one

can shape the acoustle spectrum to benefit both

the communities near STOL alrports and the passengers
inslde the aircraft. | |

On the basls of acoustle performance, 1t 1s hard to
choose a multislot nozzle configuration that 1s clearly
superior to the others. It is suggested that further
experimentation and analysis are required to optimize,
and determine the full poetential, of these designs.
Larger scale models, which will afford possibllities of
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surface treatment and better flow control should be
tested. Correlation studles will be very useful to
determine the precise location of the noise sources
and their contribution to the far field noise.

by
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APPENDIX A: SCALING OF EXPERIMENTAL RESULTS

The baslc relationships tetween the acoustlc performance
for the model and for the full--scale configuration foellow:

Level Sealing

<
=

- Urs _
SPLfs = SPLm + 10nlog 20 log —/—

fs
m

fs

+ 10 log +— .
A
m

5:

where n is the pcwer dependence of the sound level on the velocity.

Frequency Secaling 1s based on constant Strouhal number scaling:
it&i’

fmd_fd

: f§°fs
S = £ 8 o,
m Um Ufs - fs
which yields
fes = Urs . dm
§ 3>
fm Um dfs

~where U 15 flow veloeity, r 1s distance to observation point, A
1s nozzle area, d 1s characteristic nozzle dimension; f 1s fre-
quency, S 1s Strouhal number, and the subscripts m and fs denote
model and full scale, respectively.

The sealing factor
K= dfs/dm
1s.determihed by'the thrusf'requirements.' The "peference thrust,"

"defined in the aerodynamic section of this report (Reference 4), has
been used as shown in Table A.l.

YRRICEDANG PAGE BLANK NOT FILMED
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TABLE A.1.

SCALING FACTOR DETERMINATION

U.
e 0 . : K
UsB ) To Reference** Ufs T Scaling AdBy
Devite Reference* Thrust Full Power Model Thrust Factor Level Change
i Thrust - Velocity | Jet Velocity| at 244 m/s s6800 | Due to Scaling
N{1bs} { m/s (£t/s) | m/s (ft/sec)| Jet Velocity v T 20 log X
f : 5 N(1bs) m
7-Stot 465 148 244 1140 DR
Nozzle (105) (486) (800) (257) 4. 84 +13.7
14-slot |  Us7 165 24l 998
Nozzle |- (103) (541) (800) (225) 5.16 +1h4.2
Split .
Flow 412 137 244 1260 4.6 +13.2
Nozzle (93) (458) (800) (284)

%#Reference 4.
#¥%¥Re ference 9.



All nozzles are assumed to be operating with cold flow with.
flow velocity of 244 m/s. Since the efficiencies of the nozzles
vary, the scaling factor is not the same for each eccnfiguration.
An alternative way of scaling would be to decide on a geometrical
scale factor and adjust the pressure ratioc of each device to
arrivé at the requlired thrust. Thils latter method, however, costs
more in terms of noise since the riolse levels are proportional to

jet The level change due to the increase 1in the area from the
model to the full scale device is tabulated in Table A.l.

Level corrections due to change in distance to the observa-
tion point (from-rm = 2.29 m to r,, = 152 m) are given, for all
models, by

i

AdB_ = 20 log 5539

- 36.5 4B.
Level correctlon due to_velocityichange_(e.g., from U = 152 m/s
to Up, = 244 m/s) 1s given by '

244

u = lQ éB.

Finally, four englnes are to be used on the full scalé»air—'

craft which will increase the individual engine noise output by
a factor of four, i.e., 6 @B, ' - ' -

We can now sum all the level correction factors:

i

ps = SPL + AdBp + AdB . + AdBy + 6

 SPL
a.-5?2ﬁ.@B fof'TFSIOt'nozzle'_
' 45,75 dB for li-slot nozzle

= SPL_ -
' f =4%.75 dB: for split flow nozzle




The frequency scaling will be given by

i.e., five third octave band down in frequency.

The reliabllity of the velecity scaling, and the assoclated
frequency scaling can be tested by normalization of the:model
noise output at different velocities. As mentioned before, the
velocity scaling is not clear cut. PFigurées A.1 through A.3 show
the result of such scaling for the 7—slot'nozz1e. ' The shaded area
represents the range into which the sound spectra from three jet'

" velocitles (122, 152, 186 m/s) normalize. This range 1s acceptab1y 
narrow, particularly at the spectra peaks.

One should note that'the scaling was performed'at constant
aspect ratio, Since the individual slot size .can be varied
independently of the nozzle dimensions, one could change the
number of slots to shift the peak level frequencies without
altering the size of the nozzles.

.
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FIG. A.1. VELOCITY AND FREQUENCY NORMALIZATION FOR 7-SLOTTED NOZZLE

8y = 60°, .6, = 60°.
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" FIG. A.3. Continued
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APPENDIX B: PRESENTATION OF RAW DATA

~In Figs. B.l through B.75, the raw data that has been
acquired In the experimental effort is presented.

- Table B.1l is a summary of and a gulde to the figures.
Refer to Fig. 5 for the sideline and flyover plane microphone
arrangement . | -

As shown on the figures, the acoustic spectra were usually
taken for three jet velocities: 122 m/s (#00 ft/sec), 152 m/s
(500 ft/sec) and 192 m/s (630 ft/sec). | S



TABLE

B.1. SUMMARY OF RAW DATA FIGURES.

Measure- Nozzle Flap Mechanicatl
Model . ment Setting Flap Setting| Microphone
Type Figures Plane 8y [deg] 8 [deq] Distance
- B.1-B.11 Flyover : ' 2.3 m
B.12 37° Sideline 40 40 (7.5 ft)
B.13 . '° 8ideline for flyover
" . _ - .
= B.14-B,24 Flyover
~ B.25 37° Sideline 60 60
= B.26 22° Sideline |} ,  4.35m
5 ' ' - — - (14.3 rt)
r B.27-B.36 Flyover - for sidelines
~ B.37 22° Sideline 90 60
B.38 37° 8ideline - . .
B.39-B.149 Flyover ' - :
B.50 37° Sideline 40 4o 5.3 m
B.51 22° Sldeline | v (7.5 £t)
- for flyover
o B.52-B.60 Flyover '
N B.61 37° Sidellne - 60 60
=) B.62 22° Sidelilne
= 4,35 m
- — ‘ (4.3 £t)
= B.63-B.73 Flyover - |for sidelines
& B.74 37° Sideline 90 60
B.75 - 22° Sidellne ‘
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