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1. INTRODUCTION 

AIR 876, issued on 7 October 1965, presented a summary correlation of jet engine exhaust noise data 
available at tha.t time. It dealt with both static and flight modes, but by virtue of the data. largely being 
from full scale engines, no attempt was made to subdivide the information into the relevant component 
sources. Work in recent years on good quality noise facilities has established tha.t most engine exhaust 
systems are influenced in their noise characteristics by far more tha.n the noise due to the external 
mixing process alone, and this work has provided the opportunity to develop a clearer picture of the in- 
fluence of other effects. 

AIR 876 was also limited to velocities above 1, OOOft/sec, i, e. the range of exhaust velocities associated 
with early jet engines, The introduction of more advanced engine designs demands a prediction technique 
for exha.ust sources over a far wider range of velocity conditions. 

Therefore it is intended that ARP 876 be developed on a long term basis as a document definitive in most 
aspects of the prediction of exhaust noise, consistent with the state of the art, and specific recommended 
procedures will be issued as Appendices. 

The document will offer a method of estimating the exhaust noise from single unsilenced engines. To be 
useful in .estimating the noise from aircraft insta.11ations a number of additional effects must be considered, 
and it is intended that these also will be covered as substantive evidence becomes available. 

Areas tha.t will not be addressed, due to source variability with detailed engine design parameters, are 
aerodyna.mic blade noise sources; that is the noise generated by interaction effects between rota.ting and 
sta.tionary components of the fan, compressor and turbine systems. 

Each Appendix will be dated, and will represent an approach to a particular topic as agreed by members 
of the SAE A-21 S~xbcommittee with experience or data on that subject. Lists of inembers and affiliated 
bodies contributing experimental data. or other information as used in compiling any one Appendix will 
be included. Correspondence sliould be addressed to the Secretary of the A-21 Committee for appropriate 
distribution. 

2. SOURCES OF EXHAUST NOISE 

The exhaust system noise of an aero gas turbine engine can be considered to comprise the following main 
sources: 

a) Pure jet mixing noise resulting from a hot core exhaust stream mixing with its surrounding en- 
vironment (which may be influenced by a bypass flow). 

b) Pure jet mixing noise resulting from a cold bypass stream mixing with both the surrounding en- 
vironment and the core flow. 

c) Shock associated noise, where either or both hot and cold exhaust systems comprise a choked final 
nozzle. 

d) Noise from the core engine resulting from aerodynamic disturbances upstream of or at the final 
nozzle, including combustion noise. 

e) Aemdynamic noise, tonal and broadband, resulting from blade interaction effects in fan, compressor 
or turbine systems. 

All the above sources combine in varying degrees to produce the overall exhaust noise characteristics. 
The relevance of each source is a function of both engine operating condition and aircraft speed. Because 
of the dependence of aerodyna.mic blading noise on the intimate design configuration of any given engine, 
this aspect is specifically excluded from subsequent condition, and every attempt has been made to 
remove such phenomena from any engine data used. 
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3. NOTES ON USE OF PREDICTION PROCEDURES 

3,1 Prediction methods contained in this document are self-contained. To develop an estimate of the total 
e~rhaust noise signa.ture from an engine it is necessary to integrate the individual source components. 

This is effected by estimating each component spectrum and summing the levels in each 1/3 octa.ve  
logarithmicaily. This is usually most conveniently carried out prior to any extrapolation to the 
relevant dista.nce or corrections for atmospheric conditions and ground reflection effects. It is also 
necessary to incorporate any estimated turbo-machinery content (not covered herein) at the initial 
sta,ge, in order to obta,in a complete engine picture. ~rthermore, it is advisable tha,t any assumed 
modification to the noise by virtue of silencing or installation effects is made in the component ca1- 
culation stage. 

3, 2 Methods contained in this document are expressed in terms of noise levels tha,t would be measured 
under free field conditions. Reflective augmentations and cancellations from real surfaces, primarily 
the ground surface over which measurements are made, produce peaks and troughs in the observed 
test spectra, and these have been corrected out of the experimental da.ta used where it ha.s not been 
obtained under anechoic conditions. 

Spectra and directivity plots in this document must, therefore, be converted to non free-field conditions 
to make them representative of typical measurements "in the field". SAE AIR 1327 provides guidance 
on such conversion for an acoustically hard surface (i. e. concrete, tarmac) and advice on , how to deal 
with other .typical $urfaces (e, g. grassland). 	 ~ 

3. 3 ~'he prediction methods provide spectral information derived from measurements taken in the acoustic 
far field, but corrected for atmospheric attenua.tion and normalised. 

3ince practical dista.nces involved in aircraft noise calculations are large, apart from the normal inverse 
square law correction, allowance must be made for atmospheric absorption. SAE ARP 866A provides a 
sta,ndard method of allowing for atmospheric absorption under a range of ambient temperatures and 
humidity conditions. 

3.4 If a subjective assessment is required, Perceived Noise Levels (PNL) may be calculated using the 
methods in SAE ARP 865A. 

3.6 Prediction methods are directed at producing estimates of noise levels generated during the normal 
take-off and approach regimes of aircraft operation. Extrapolation of the tnethods.to  higher flight speeds, 

~ or use for estimation other than in the acoustic farfield, is not recommended aince experimental evidence 
in support of such extrapolation is not available. 

4. SYMBOLS 

ao 	Ambient speed of sound 	 m/s 

A. 	Cross-sectiona.l area of jet exha.ust nozzle 	m2. 
J 

C~ 	Velocity coefficient for releva.nt discharge 
noz zle 

dB 	Sound Pressure Level (re 20 Micro Pa. ) 	 dB 

D. 	Exha.ust nozzle diameter 	 m 
J 
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4, (Continued) 

f One-third octave centre band frequency Hz 

g Gravitational constant~ m/s2 

ISA Interna.tional Standard Atmosphere 

~ 	m (9.)  
1 

Relative Velocity exponent used in converting 
static mixing noise to flight conditions 

g 	Ma  Aircraft flight Mach. Numbers ~Va 

a 
0 

NPR Nozzle pressure ratio 

OASPL Overall Sound Pressure Level dB 

P Ambient pressure pa 
0 

PISA ~bient pressure under ISA conditions Pa 

r Radial distance from nozzle exit to observer m 

R Gas consta.nt with value 287. 05 J/kg° K based J/kg° K 
on the universal gas consta,nt of 8. 31432 
J/mole°K and mass per mole in dry air of 
28. 9644 x 10-3kg/mole 

S Normalised F`ree-Field Overall Sound Pressure dB 
Level . 

SPL Sound Pressure Level dB 

T. Jet Total Temperature K 
J 

Va  Forward speed of engine/airplane m/s 

V~ ~lly expanded jet velocity , m/s 

~ Ratio of specific heats for propulsive medium , 

6, Angle to engine inlet axis degrees 
i 

6. Angle to engine jet ~is (180° -.8.) degrees 
J ~ 

~SA Atmospheric density under ISA conditions kg/m3 
(1.225 kg/m3  based on atmospheric pressure 
of 1. 01325 x 10 5  N/m2  at an air temperature 
of 288.15°I~ 

/~ 
J 

F1illy expanded jet density kg/m3 

W Variable density index used in computing 
jet mixing noise OASPL 

pl Angle between direction of aircraft motion and degrees 
~ direction of sound propagation 

~ Strouhal frequency correction factor 

NOTE: The units quoted above for the physical quantities are the recommended System Internationale 
units. 	Except for the logarithmic quantities, temperatures and angles, any other consistent 
system of units may be used since results are expressed as dimensionless ratios. 
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A-1 

APPENDIX A 

DATE OF COMPILATION 
Static Conditions - September 1976 
Flight Conditiovs - November 1978 

5. PREDICTION OF SINGLE STREAM JET MIXING NOLSE FROM SHOCK FREE CIRCULAR NOZZLES 

5.1 Static Conditions: Definitive model scale experimenta.l work of recent years has provided a firm data. 
base for the study of mixing noise over a wide range of jet velocity and temperature conditions. This 
work ha,s shown that jet mixing noise level and Spectral Cha.racter is a function of the following princi- 
pal parameters: 

a) The velocity differential between the jet and its environment. 

b) The jet density relative to its environmerit. 

c) The jet dimensions. 

It has been concluded tha.t one of the most convenient ways to express jet noise cha.racteristics is to 
consider firstly the normalized overall sound pressure level (OASPL) as a function of jet velocity (V.) 
and angle of ineasurement (A. or A.) and to then relate the spectral chaxacter (on one-third octa.ve  ~ 
basis) to the overall level at 1 any ~ poirit in the field. This procedure may be adopted by using ~gs. A.1 
through A.11. The information of Fig. A.1 through Fig. A.11 is also presented in ta.bles A.1 through 
A.11. 

The method of calculation is as follows: 

Step 1- Calculate the Fully Elcpanded Mean Jet Velocity (V.) from a lrnowledge of jet temperaiure 
and pressure, where: 	 ~ 

_~y-i 	/2 	 : 
V. = C ( 2 R1 	T. 1- NPR ~ 

~ 	~ t~-1/ 	~ 

or, where a l~owledge of temperature and pressure is not readily available (for example, 
from engine test sta.nd measurements) an alternative method of calculating V. is from thrust 
and mass flow; where: 	 " 	~ 

V. 	Static Gross Thrust 
~ 	{ 	Ma.ss Flow 

Step 2- Using V, obtained from Step 1 and the Ambient Speed of Sound (a ) obta.in  the Varia.ble 
Density ~ Index ( w) from Fig. A.1. 	 ° 	~ 

Step 3- For any desired angle and jet velocity use Fig. A. 2 to obta.in  the free-field Overall Sound 
Pressure Level (S) where: 

S = OASPL - 10 1og10  ~~ ~ 
~o 

c~ 	 ~ 
`~2 - 20 1og10 PLSA 

~ r 

for the value of ~ at any desired angle. 
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ARP 876~A 	 A-2 

5.1 (Continued) 

Step 4- Calculate the Overall 3ound Pressure Level (OASPL) where: 

w 
OASPL = S+ 	10 lo 	 + 10 lo 	̀4' g10 ~~ 	 g10 _~~ + 20 loglp  P Po 

/~~ 	 r 	 LSA 

Step 5- Calcuiate the one third octa.ve  band spectral levels from Fig. A.3 - A.11 using jet 
velocity ( ~), temperature ratio T. , nozzle diameter 

~ 
T 0 

(D.) and the angle (9 i) as follows: 

f D. 
Determine ~ from Fig. A. 3 and then calculate 	~ x~ for eaeh 1/3 octa.ve  band centre 

V. 
J 

	

f D, 	1 
frequency. Enter Figures A.4 to A.11 with the values.of 	~ 	, and values of T. 

V 	~ 	 J ~ 

~ 	 ~o 

1og10  V~ and 6 i  to determine values of 

a 0 

1/3 octa.ve  band (SPL• - OASPL). 

For. values other than specified in Figures A.3 - A.11, linear interpolation on angles ( 6 i), 

1og10  f D x 1, logl~ V. and T, 
J 	~ 	 7 	I 

	

V, 	 a 	T 

	

J 	 o 	 0 

is recommended. 
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A-3 

5.1 (Continued) 

Step 6- From value of OASPL and 1/3 octave band (SPL - OASPL) as derived in steps 4 and 5 
respectively, calculate values of 1/3 octa,ve band SPL. 

These values represent the free-field jet noise spectrum at position (r, 0.) in loss free 
atmosphere. 	 1 

Note 1 The spectra of Figures A. 3- A.11 satisfy the following condition 

N 	 (SPL - OASPL)i 

log 	~ 	 10 

10 	 - p 

10 	i = 1 

Over the range of 1/3 octave frequencies defined by 

- 1.6 c log 	f D ~ 1.6 

10 	~ V. 
J 

Note 2 Accuracy of Prediction 

The accuracy of prediction of OASPL at (r l  g 1 )  relative to the model data. on which 

it is based varies between + 2dB at low jet velocities to + 4dB at very high jet 
velocities. The accuracy of prediction of 1/3 octa.ve  (SPL - OASPL) varies between 
+ 1dB at peak noise frequencies. However, these limits apply to the extreme cases. 
For a11 normal purposes, the majority of predictions will be accurate within + 3dB 
at all frequencies. 

Note 3 For the derivation and substantiation of the method, reference may be made to the 
following documents: 

(i) Boeing Document No. D6 - 42929 -1 Empirical Jet Noise Predictions for 
Single and Dual Flow Jets and without Suppressor Nozzles Volume 1. 
Single flow Slxbsonic and Stzpersonic Jets. C. L. Jeack, S. J. Cowan, 
R. P. Gerend. 

(ii) ,  SNECMA Document YKA No. 5898/76 Comparison des spectres 1/3 
d'octave de bruit de jet mesures en chambre sourde 
A 17 de CEPr aux diverses propositions de revision de 1'ARP 876 
de la SAE. 

(iii) SNECMA Document YKA No. 5317/75 Revision de la methode de prevision 
du bruit des jets (SAE ARP 876). 
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A-4 

Variable density index W 
FIG. AI . 
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ARP 876 p►  A-, 

FIG. A4. 
1/3 OCTAVE BAND NORMALISED SPECTRA. 9ti~9p° 
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A-8 

FIG. A4. (CONT~D) 
1/3 OCTAVE &4ND NORMALISEO SPECTRA. Ais9CP 
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ARP876A A-9 

FIG. A5. 
1/3 OCTAVE BAND NORMALISED SPECTRA. A.=100° 
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ARP 876 A A-12 

FIG. A6. (CONT~DI 

1/3 OCTAVE BAND NORMALISED SPECTRA. 	6ti 110~ 
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A R P 876 A A-14 

FIG. A7. (CONT~D) 

1/3 OCTAVE BAND NORMAIISED SPECTRA. 	9i  =120° 

-~1•6 	-1•2 -•8 -•4 0 	.4 	•8 1•2 1~6 

-10 

-20 

-30 

m 
~-40 
J a ~ < 0 
J 
~ 

~ 
C 
~ ~~ 

4 
> 
O 
v 0 
~,, 20 
~ 

~30 

-40 

-1•6 	-1•Z 1•6 -~~ 	-•4 0 	•4 	•8 1•2 

9 lo 	io f D' _1 
~Vl 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p8

76
a

https://saenorm.com/api/?name=3a0dfb603a191f3600d2be47b15b4c24


SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p8

76
a

https://saenorm.com/api/?name=3a0dfb603a191f3600d2be47b15b4c24


ARP 876 A A-is 

FIG. A8.(CONT'D) 
1/3 OCTAVE 	BAND 	NORMAIISED SPECTRA. 0ti 130` 
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ARP 876 A A-1$ 

FIG. A9. (CONT'D) 

1/3 OCTAVE BAND NORMALISED SPECTRA.9i=140° 
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A-19 ARP 876 A 

FI G. A10. 

1/3 OCTAVE BAND NORMALISED SPECTRA. 	6L  =150° 
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ARP 876A A-20 

FIG. A10. (CONT~D) 

1/3 OCTAVE BAND NORMALISED SPECTRA. 	AL=150' 
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ARP 876 p►  A-21 

FIG. Ai1. 

1/3 OCTAVE BANO NORMALISED SPECTRA. 9i=16(~' 
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ARP 876 ~►  A-22 

FIG. A11. (CONT~D) 

1/3 OCTAVE BAND NORMALISED SPECTR~~. 	9L=160~ 
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TABLE A1 

VARIABLE DSNSITY INDEX W 
~REE'e FIGe A1~ 

L°goj —~~ 
~~ 

w 

-.~ -e9.o 

-•35 -•76 

-.3 -.5s 

-.25 -.4.1 

-,20 -.22 

- .15 0 

—.10 +022 

—.05 +050 

o +,77 

+.05 +~ .07 

+;10 +1.33 

+.15 +1,7~ 

+e2o +.~ .~ 

+.25 +2 .o 

+e30 +2.0 

+a35 +2.0 

+.iFD +2,0 

Note:- The values of txT in this table hane been derined Prom rig da.ta 
where jet temperature Tj vaxies from 288°K to 1100~K. 
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ARP 876 ~°►  A-24 
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ARP 876A A-25 

TABLE 	A3 

For 	~
~~ ~ 	1.4 , ~ = 1.0 
ao 

~ 

~$O ~ 

Values of ~ (ref. Fig. A3) 

ei < ,20° ,30~ ,35° ~40~ ~50~ ~60~ 

1.4 1.0 1.0 1.0 1.0 1.0 1.0 

t.5 i.o 1.0 1.0 1.o t.o .995 

1.6 1.0 t.0 1.0 1.0 1.0 .885 

1.7 1.0 1.0 1.0 1.0 .965 .76 

1.8 1.0 1.0 1.0 .99 .87 .66 

1.9 1.0 1.0 1.0 .95 .775 .59 

2.0 1.0 1.0 .981 .90 .71 .54 

2.1 1.0 1.0 .955 .86 .66 .5 

2.2 1.0 1.0 .920 .83 .63 .47 

2.3 1.0 .985 .895 .81 .61 .445 

2.~ 1.0 .970 .88 .795 .595 .43 

2.5 ~.v .955 .87 .79 .59 .420 
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5.2 Fli~ht Condition: 

Foravard speed has the effect af reducing shear velocities between the jet at]d its environment. Work in 
recent years has produced conflicting evidence on the change in jet mixing noise in going from static to 
flight conditions. Model scale wind tunnel testfng has, in general, produced a greater reduction in level 
than tests carried out on ground based engine facilities and aircraft. The differences may be associated 
with contamination by other sources, both engine based and aircraft installation induced. The method 
herein is based upon data obtained on a ground based engine flight simulation facility, and in general the 
results fall between the e~remes represented by some model tests and some aircraft flight tests. 

The method relies upon a modification of the static sound pressure levels obtained in 5.1. 

For a jet of given velocity Vj (corresponding to a given pressure ratio and temperature), moving at a 
flight speed Va , the method of calculation is as follows: 

Step 1- Calculate the free field static overall sound pressure levels (OASPL) versus angle to inlet axis, 
as outlined in steps 1 to 4 of 5.1, corresponding to these exhaust conditions. 

Step 2- Calculate the OASPL in flight at any desired angle A. (20°~ 9. <160%: 
~ 	 i 	 t 

~OASPL (9i)1 flight =IOASPL (A i)1 static - ~ OASPL (Ai) 
~ 	 L 	 _J 

where: 	~ OASPL (8 i) = 10 log~~ 	j~ m(ei) (1 - Ma  cos0) 
V.-V 

~ 	a 

with: 

m(A.) = relative velocity exponent, a function of angle A, between the• engine inlet axis and 
1 the line connecting an aircraft reference point *1  and the observer location; m(A i) is 

given by Fig. A.12 and Table A.12 

M=V /a = Aircraft flight Mach number or ratio of airspeed Va to speed of sound a o  at 
a a o the desired ambient temperature of the surrounding medium. 

~f = angle between direction of aircraft motion and direction of propagation (see sketch next 
page). 

V. = ideal fully expanded jet velocity, corresponding to a given pressure ratio and total 
temperature of the jet and being the same in statie and in flight. 

NOTE: For consistency with the prediction procedure under static conditions, this reference point * should 
be the center of the nozzle exit. For practical applications (aircraft noise predictions) alterna.tive 
reference points may have to be selected (e. g, center of the engine nacelle, etc. ..). 
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Step 3- Calculate the one third octave band spectral levels in flight for any desired angle 9., following 
steps 5 and 6 of 5.1. , with the exception that now the OASPL is the value in flight as derived in 
step 2 of this section and that the Strouhal number 

I f Dj 	.  1 ,  V. 	~ 
J L ~ 

has to be replaced by one based on relative jet velocity (V~ - Va) 

f D~ 	, 1 

	

L v~ - va 	~ 

The value of ~ is still obtained from Fig. A.3 for the corresponding value of the jet velocity V~. 

NOTE: Accuracy of Prediction 

The accuracy of ~OASPL (A.) prediction, as calculated in step 2 for any angle A., is a function of 
velocity ratio, and may be obtained from the following formula: 	 1 

+ 6(t~4ASPL (A i)I =+rd m(Aii1 j10 logl ~ ~ ~/(V~ - Vai1 1 
~ 	J 	~ 	J 	l 	 ~J 

dm (9 i)  being the uncertainty in m(8 i). 	 ~ 

In the present prediction procedure, the range of uncertainty of the exponent m(o i) with respect 
to aircraft flight test data is estimated to be +one unit. This comment does not apply to wind tunnel 
model data where the exponent m(9.) is always greater over the angular range A, between 60° and 
130° in the range 0 to 5 units. 	1 	 1 
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9i 	 m (Ai) 
de~rees 

20 	 1.1 

30 	 0. 5 

40 	 0, 2 

50 	 0 

60 	 0 

70 	 0.1 

80 	 0. 4 

~ 90 	 1,0 

100 	 1.9 

110 	 3.0 

120 	 ~ 	4.7 

130 	 7. 0 

m~e~~ 

V./a 

Ai 	~ ~ 1.10 1,18 	1.33 	1,47 1.62 1.77 3 1,95 

de rees 

140 10.2 9.8 	9.1 	8.5 7.8 7.2 6.3 

150 10.4 9. 8 	8. 7 	7. 6 6. 5 5. 4 4, 0 

160 10.5 9.5 	7.9 	6.3 	• 4.7 3.1 1.0 

Table A.12 

Relative velocity exponent m (A,) 
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~ 
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~ 
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a-4i 

10 log~ o  CVj ~( Vj - Vo )J 

Figure A,13 Estimated range of uncertainty associated with calculated 
values of Q OASPL (6.) for various jet velocity ratios and 

uncertainty in m (9 i~. 	 ~ 
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5.3 Parties Contributin~ to Formulation of Appendix: 

Department of Transportation, USA 
Douglas Aircraft Company, USA 
General Electric, USA 
Hamilton Standa rd, USA 
Locliheed California Company, USA 
Lockheed Georgia Company, USA 
National Aero & Space Administration, USA 
National Gas Turbine Establishment, United Kingdom 
Pratt & Whitney Aircraft Company, USA 
Rolls-Royce Limited, United Kingdom 
SNECMA, France 
The Boeing Company, USA 

6. NOTES: 

6.1 Ma.rQinal Indicia: The phi (¢) symbol is used to indicate technical changes from the previous issue of this 
document. 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p8

76
a

https://saenorm.com/api/?name=3a0dfb603a191f3600d2be47b15b4c24


	

B-1 	 ~ARP 876A 

APPENDIX B 

DATE OF COMPILATION 
March 1980 

6. PftEDICTION OF SINGLE STREAM SHOCK-ASSOCIATED NOISE FROM CONVEBGENT NOZZLES AT 
SUPERCRITICAL CONDITIONS 

6.1 Static Conditions : An incorrectly expanded supersonic jet contains shock waves which interact with 
jet turbulence to product a source of noise in addition to that due to the turbulent mixing process. 
While shock-associated noise may be reduced by attention to nozzle design, this source of noise is 
always present with a circular convergent nozzle. Allied to the theoretical approach of Ref. 1, defin- 
itive model and full scale experimental work (Refs. 2 and 3) has provided the following procedure for 
estimating the broadband shock-associated noise content. Taken together with the mixing noise pre- 
diction procedure of Appendix A, this enables the prediction of total noise from the shock containing 
under-expanded jet to be executed. The method provides for the estimation of the one-third octave 
band Sound Pressure Levels, which can be added by decibel summation to the levels obtained from 
Appendix A. 

Shock waves in a choked jet are responsible for the source of broadband noise which is a function 
of pressure ratio and nozzle diameter. The method of estimation relies upon the derivation of the 
one-third octave Sound Pressure Level at any angle 0~ and frequency f from the formula: 

N-1 	 2 SPL (r, 0~, f) = 10 log 10 1+ /4 \~ 	rCl ~ 6 ~~i 	X 

\Nb % i-1 	L 

N- (i+l) 

	

~ 	1 	~cos (qisa) sin (bqis Q/2) 
q •  a 	 } 

	

s=p 	is 

+ 10 1og 10  r~~~ 2  Sn ~ + 10 1og 10 rbQ1 +  Ho (Q) + 148.8 	 (1) 

Lr 	 ~ J 
where 

qis=1.70i 	I1- 0.06~s+i+1~~(1- 0.7V• 	) 
(V~/ao) L 	 2 	\ 	 7 cos0~ 	 (2) 

ao 

N(~TF. 1 ~ 

Symbols in Section 4 apply and, 

Ha (  6) = group source strength spectrum , dB ) 
) master spectra given 

in F`ig. B1 and Table B1 
C 1 (Q) = correlation coefficient spectrum 	) 

N 	= 8 (number of shocks) 

b 	= 0.2316 (for one-third octave proportional bandwidth) 

w c 	= 2Trf 
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