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THESE SUPPRESSORS WERE CAREFULLY STUDIED TO DETERMINE NOISE CHARACTERISTICS, THRUST LOSS, AND DRAG.

Noise Suppressors
for Jet Engines

EDMUND E. CALLACHAN
LEWIS FLIGHT PROPUL5ION LABORATORY

NATIONAL ADVISORY COMMITTEE FOR AERONI UTICS

CLEVELAND, OHIO

T HE noise problems which Research into the problem of jet cases of interest, the turbulent mix-
have plagued aviation from noise and the means, for its re- ing noise is the real culprit. The

its very inception have grown duction has many aspects. At the turbulent mixing process creates
steadily worse over the years. The NACA our first approach was to very intense fluctuations of veloc-
noise nuisance created by current find the source of the noise. Fig- ity which result in large pressure
aircraft in communities surround- ure I shows a schematic of a turbo- waves which propagate outward
ing airports has reached the point jet engine and the various sotirres and are the real source of noise.
where public protests have resulted of noise are classified. Figure 2 shows the means used
in considerable legislation and liti- Noise sources are the inlet, the to identify this mixing process as
gation. The increased noise poten- exhaust, and the engine shell. In- the noise source. It shows a plot
tial which was expected to accom- let noise is created internally in- of the sound power radiated from
pany the advent of the jet trans- side the engine and radiates out- small airjets and several full-scale
port is now here. Public acceptance ward from the inlet. Such a noise, engines. The sound power is plot-
of these new airplanes depends for example, is the..rqmpressor ted against a parameter, which
upon the use of adequate jet noise whine, which results from the -rap- is called the Lighthill parameter.
suppression devices, idly rotating compiessor blades. This parameter was derived by M.

For the past five or so years, a The radiated noise from the en- J. Lighthill in England and de-
great deal of effort has gone into gine shell results from vibration of scribes the sound power radiated
research and development aimed the shell or from 4iternal noises by a moving field of turbulence.
at decreasing the noise problem as- which radiate outwafli"•roagithe- --Lighthill's.orw has been extended
sociated with the jet transport. As shell. The exhaust noise includes and amplified by many workers in
long ago as 1953 it was felt that a internal noise which is radiated the field. This particular form of
noise reduction of about 15 db outward through the tailpipe and the parameter applies only to sim-
would be required to make the jet the noise created by the turbu- pie circular airjets of exit area A
transport comparable to propeller lent mixing of the jet with the and issuing into a quiescent atmos-
driven airplanes. surrounding atmosphere. For the phere with a jet velocity V. The
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FIG. 1. ENGINE NOISE IS CLASSIFIED BY SOURCE INTO INLET NOISE, NOISE RADIATED FROM ENGINE SHELL, AND EXHAUST NOISE.

atmosphere is described by its den- in the parameter, since it is raised particular engine design in detail
sity po and the speed of sound in to the 8th power. Unhappily, most and showed that a low temperature
the atmosphere ao. The results on engines in current usage have large design could he made which would
the figure show that all of the data values of V, in the order of 1800 give adequate thrust with fuel
fit along a single line. Notice that to 2100 ft per sec. The variation of economy similar to current engines.
the scales are both log scales, i.e., V between the different engines of Several manufacturers have been
equal distances correspond to equal' 10,000- to 15,000-lb thrust class is working along these lines and this
ratios of the variable. The slope small. As a result the sound power may eventually prove to be an
of the line is such that a change in generated by all large transport excellent solution. Another engine
the Lighthill parameter by a factor type engines at full power is about which also shows low noise level
of 10 results in a change in the the same. One solution to the noise capabilities is the ducted fan or
sound power by a factor of 10. problem was proposed by Silver- bypass engine, such as the Rolls
This, in itself, is excellent verifica- stein and Sanders at an SAE meet- Royce Conway.
tion of the relationship proposed ing several years ago. In essence, We are faced, however, with the
by Lighthill. At the lower end of they proposed that an engine be problem that no low noise engine
the line are data for simple airjets; built which would operate at low is currently being used in our first
at the upper end of the line are jet velocities. They examined a series of jet transports. In fact, the
data for engines. The fact that
all lie on the same line tells us
that the noise producing mech- 102 /o
anism is the same for both cases.
Since the only noise source for sim-
ple airjets is the turbulent mixing
process, we know that this must 10
also be the principal noise source
for jet engines.

The data in this figure show ,,o0
good agreement for both a 10,000- O
lb thrust and a 5000-lb thrust o
engine. The only point off the .
straight line is for the afterburning *0i

case and need not concern us, since 0 A0.R BTN ST N

afterburning is not currently con- a 0 LO THRUST ENGNE
templated for transport airplanes. a C€ AFTERUURtING

Once the noise source is known, 7 0 AIRJETS 3. 4. 5. IN. DIAN.
it is possible to start seeking ways
and means of reducing the noise.
If we take another look at the
Lighthill parameter we can get 10'
some valuable ideas on means of
reducing the sound power gen-
erated. The atmospheric density po ,0-4l
and the speed of sound ao remain .... , ." . ... * ... ... I .... I .

practically constant for any given 1o4  105 106 l0e 1o0 i9 tolO 9 01

ground location. The exit area A LIGHTHILL PARAVETER. W

is not greatly different for alt en- (Cor A
gines of current interest. The veloc- Fig. 2. This plot shows the simple relationship between sound power and the value of the
ity term is the predominant term Ughthill parameter that is found experimentally to be valid for a wide variety of circular jets.
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Fig. 3. The noise suppressor mounted at the right on this jet engine is a combination of an
8-lobe segmented nozzle and a cylindrical ejector. Acoustical measurements are shwn in Fig. 4. Enld, aee th1e atid eatex ( eoin

engines which are being used have how ailter this process witihoutf tc-e Douglas, and Pratt 8, Whimney, as
been developed from high perform - ating large thrust losses or intt easc e lsa h-NGX h aiu

ance military engines. As a result, of drag. suppressor nozzles I will discuss

we have ver. little control over You may remember that wlen we represent ihe ideas of all thewe
torr ehl ips. All of the data I will pre-".n o a f a s v l a t it sent was obtained at NACr Laewis

standpoint. For reasonable aircraft parameter the predominant termina ort.

performance the engines must be was the velocity since it is raised to i t o rto.
operated in a fashion which results the 8th power.In the original the- A group of three nozzles which

in high jet velocities. This then oretical development by Lighthill have been rather extensively invese

brings us to the real heart of the the velocity used was theý lot al h-l- tigated are shown in thc lead pho-

problem, i.e., how to expand a high tuating turbulent velocity. For all ograph, t te acoustas ohsacer-nd
velocity jet without at the same circular jets of reasonable 'size and isticteitra hutlsc n

thetenalas adPratt •havmbey, eas

time producing the high noise 1ev- velocity the flows are similar. That the exte drag have bee ieus
els which normally acconmpany such is if we put tle flows oin a si- uated. In addition, studies of dile

a process. Since the turbulent mix- mensionless basis by dividing ill turbulence characteristics of simi-

we~~~~~~~~~~~~~ have veyltl cnrloer Yumyrmebrtttwe erp esen thae beenastudiedwithes

ing process downstream of the exit lengths by the jet diamietr and all CrO n lle hoae been tuded wiuph
is the noise source we nmust sonei- velocities either mean or flocmnat- co re modl ithe thre p-

opertedin afasionwhic reult the8thpowr. I th orgina th- . g hown in thre photograpwhi

are a corrugated noele, open in
the center, a corrugated nozzle whit
a ceal terbodv, and a tubular nozzle.
The corruga,'ted nozzles both have

e JET NOZZLE PWL, twelve separate lobes. The three
DIRECTION DB nozzles shown all obtain their sup.

a- -men STANDARD 168.1 pression by a similar mechanism.
90 T0 SUPPRESSOR 14 Tile breaking tip of the jet into

0tubes or slots alters the mixing so

I0 SUPPRESSOR 160.4 that the shecar forces are reduced.
i 100 AND EJECTOR The outside air which ,lows in to

SOUND mix with the jets is speeded up;
PRESSURE this reduces thle shear and the
LEVEL, DB shears are further reduced by inter

th110emixing of the adjacent jets.

Another jet noise suppressor.
which is really a combination of a
Thsegmented n ozzC siiilar to the one

Fig. 4. This plot compares the overall sound pressure levels measured 200 ft from a jet en- in this photograph and a sTurroutnd
gine with various suppressors. Noise levelsare lower at all angles with 8-lobe nozzle and ejector. ing cylindrical ejector iss shown
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Fig. 5. This 10-slot nozzle is mounted on
outdoor thrust stand for test measurements.

Fig. 6. This engine is in a wind tunnel for
measuring thrust loss and drag dua to nozzle.

Fig. 7. Tests near Mach I are made on model

suppressors in this transonic wind tunnel.

in Figure 3. This particular sup-
pressor is shown mounted on a ti
B-47 aircraft. The ejector is the
cylindrical portion on tte rear.
The nozzle is an eight-lobed seg-
mented nozzle. The ejector has
two functions. It tends to promote
more nearly parallel mixing and
it provides some thrust augmenta-
tion statically and at low forward
speeds. It would be expected that if!• ' •
such a device would be made to ....
retract forward into the nacelle
during cruising flight.

The sound field of this suppres-
sor is shown in Figure 4. Three ". ii ,,-i r .
curves are shown-one for a stand-
ard circular nozzle, one for the ." .... -.

eight-lobed nozzle without the ejec-
tor, and one for the lobed nozzle 4 ,.J 5

with ejector. The ejector had an .
inside diameter 1.6 times the stand.
ard nozzle diameter and a length
equal to 2.4 times the standard noz-
zle diameter. The results shown
were measured at a distance of 200
ft from the engine exit and at a
jet exit velocity of 1700 ft per sec.
The circular lines are lines of con-
stant overall sound pressure level.
The jet direction is downward on
the figure. The maximum noise
level of the standard nozzle, i.e.,
the dashed curve, occurs at about
300 from the jet axis and the value
is about 121 db. The lobed nozzle
curve shown by the small circles
shows a maximum at around 450
of 114 db. It also shows slightly
higher values than the standard
nozzle up toward the side and front
of the engine. Addition of the ejec-
tor reduces the noise levels to a
maximum of about 109 db and the
combination nozzle shows no other
peaks. It is quieter everywhere than
the standard nozzle. We have tried
many combinations of nozzles and
ejectors. The best results so far in.
dicate that as much as 15- to 16-db
reduction of the maximum overall
level is possible. Furthermore, if
the ejector is acoustically treated
by using a perforated internal wall
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FIG. 8. THIS GROUP OF MODEL SUPPRESSORS WAS TESTED IN THE TRANSONIC WIND TUNNEL FROM MACH 0.6 TO MACH 1.1.

with some absorption material, it Figure 6 shows a photograph of Figure 9 shows a summary of
is possible to obtain 2- to 3-db more a lobed nozzle mounted in our full- the results obtained from both our
reduction. This results principally scale altitude wind tunnel. For model and full-scale tests. The
from absorption of the higher fre- these tests a 10,000-lb thrust engine losses in propulsive thrust due to
quencies. It might be mentioned was used. The internal thrust losses both internal thrust loss and ex.
that these nozzles in general pro- and external drag can be measured ternal drag are shown. These data
vide about 3 to 4 percent thrust at speeds up to 500 ft per sec and apply for a Mach number of ap-
augmentation when tested stati- altitudes to 40,000 ft. proximately 0.85. This comparison
cally. In general, it would be Model tests have been conducted uses the standard nozzle as the zero
expected that this augmentation in our transonic tunnels to provide reference. If we add an ejector to
would probably disappear at a few additional data since our altitude the stendard nozzle we suffer a 3.5
hundred feet per second forward full-scale tunnel has a quite lim- percent thrust loss due to drag.
velocity. ited maximum Mach number. The The 9-tube nozzle has a 6.5 percent

It appears to be possible to ob- model used to test our nozzles is thrust loss caused by a 3 percent
tain the reduction of 15 db, which shown on Figure 7. The nozzles are drag term and about 4 percent in-
we originally set as our target to mounted in the rear. Air for the ternal losses. The eight-lobed noz-
make the jet transport operate as jet is ducted through wings and zle with centerbody has about a 3.5
quietly as a piston powered air- expelled. There is no inlet since percent propulsive thrust loss di-
craft. The question is how much we wish to study the nozzle per- vided about equally between in.
will this cost in aircraft perform- formance rather than overall na. ternal thrust loss and external drag
ance. First, from the standpoint of celle characteristics. The tunnel increase. The results for the eight-
weight, it would appear that if walls are perforated to permit lobed nozzle with the open center
a combination ejector-suppressor transonic flow. The tunnel test sec- are nearly the same. The combina.
nozzle with a built-in thrust re- tion is 8 ft by 6 ft and the model tion suppressor using the eight-
verser is used then it will weigh at relatively small. This is a require- lobed nozzle with an ejector shows
least several hundred pounds per ment necessary for tests at Mach a propulsive thrust loss of about 6.5
engine, numbers near 1. Figure 8 shows a percent. This results from a drag

To evaluate the thrust losses and group of nozzles evaluated over a term of about 5 percent and an in-
drag penalties we have studied a Mach number range from 0.6 to ternal thrust loss of 1.5 percent. If
large number of various types of 1.1. The Reynolds numbers, which the ejector is made retractable then
nozzles in our thrust stands and are the basis for scaling, are of the the thrust loss would be that of the
wind tunnels. Figure 5 shows a same order as for our full-scale nozzle alone, i.e., about 3 percent.
thrust stand installation of a par- studies. Hence, these results should From the results shown it is evi-
allel slot nozzle. The engine and apply directly. All of the nozzles dent that considerable work must
nozzle characteristics are carefully are twin shelled. The thrust forces be done to clean up the internal
measured as well as the sound field are measured directly on the inside and external losses. It should be
radiated. This is used as our basic shell and the drag forces on the possible to reduce the overall loss
rig for evaluating full-scale nozzles outside shell. This technique per- to less than 2 percent without great
prior to tunnel tests. A great many mits us to find small drag forces difficulty by utilizing the knowl.
of the nozzles we tested showed in- which would otherwise be impos- edge which has been obtained from
sufficient noise reduction to war- sible to measure. A number of dif- these and other tests. We know
rant further work. Furthermore, ferent nozzles are shown. They are, where the losses are and must re-
rigs such as this permit us to work in general, quite similar to the full- duce them.
on decreasing internal thrust losses, scale nozzles shown previously. Before concluding, I would like

22 NOISE Control



NOTE THE DOUBLE-SHELL CONSTRUCTION WHICH MAKES POSSIBLE INDEPENDENT MEASUREMENT OF THRUST AND DRAG FORCES.

to mention that in addition to sup- the levels drop rapidly and at 3 and that individual aircraft, run-
pressor nozzles other techniques of miles from brake release the level way orientations, and meteorologi-
noise reduction are also available, is 104 db at full engine power. cal conditions will determine which
North has proposed that the climb- These calculations were made as- of these flight take-off techniques
out be initiated at the earliest pos- suming no suppressors were used. can be utilized at a given time and
sible time during the flight. Fig- If a 15 db suppressor is used, then for a given location.
ure 10 shows the results of his cal. it might be expected that the level For future aircraft there is con-
culations. These calculations apply would be about 90 db if such a siderable speculation as to just
to a four-engined jet transport air- flight technique is employed. The what the most desirable type of air-
craft. The abscissa is the horizontal (lashed curves show the effects craft configuration might be. Cer-
distance from brake release and the which result from power cutbacks tainly we will want to go faster per-
ordinate the sound pressure level to 80 and 60 percent of available haps to Mach numbers of 2 or 3.
directly under the aircraft. The ab. engine thrust. Such procedures are In addition, we will want relatively
solute levels will vary somewhat possible, i.e., it is possible to climb short take-off and landing distances.
dependent on the size and power at 150 knots at 60 percent engine One configuration which is receiv.
of the aircraft but the trends of thrust. However, aircraft safety ing much attention utilizes a great
the curves will remain the same. If considerations may obviate such a many small engines, perhaps forty
the aircraft takes off and accelerates procedure. The other curves shown or so. These engines would be
at an altitude of 200 ft then the indicate what results might be mounted in the wing and the en-
ground levels under the aircraft are expected from using other climb- tire output would be ducted to-
high, i.e., of the order of 124 db. out speeds, i.e., 250 knots and gether and out a long narrow slot
If climb is initiated at the earliest 350 knots at various engine powers. in the rear of the wing. Such a con-
possible time, i.e., such that a climb It is obvious that such curves figuration has been investigated ex.
airspeed of 150 knots is used then only give us certain ground rules (Conti.,ued opt page 80)

M AX SPt.

STANDARD WITH EJECTOR AT 200
-///////////// 0 124 •

AIRSPEED.9 TUBE KNOTS

0 LOSE WITH CENTERSOOY :

alO ENGINE\%
8 L013ETHRUST.

PERCENT
-- 10o0 %

6LOSE WITH EJECTOR : -- , 0- •

THRUSTBRAKERELEASE
-- " D-RAG INCREASE = LOSS "Z:1 92r '

0 1 2 3 4 5 6 7 s 2 3 4 5 6 7
PROPULSIVE THRUST LOSS, %s OF NE.T THRUST HORIZONTAL DISTANCE. MILES

Fig. 9. This chart compares the thrust loss and drag increase, F'ig. 10. Flight technique strongly, influences the noise at points

relative to the standard jet nozzle, for the various supprussors, under flight path. The earier climb-out is started, the quieter.
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NOISE SUPPRESSORS els can be achieved with such a is hoped, therefore, that future air-

FOR JET ENGINES configuration if proper attention is craft may present no serious noise
given to the exit design. Industry problems and perhaps this is one

(Conlinued from page 23) is well aware of the noise problem field where no further increases of

perimentally and it appears from and is taking steps to alleviate it in noise will occur as both the size and
our results that very low noise lev- the early aircraft design stages. It power of aircraft go up. 4 A A

so NOISE Control


