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Abstract 
 

This work is describes and compare the implementation and exploitation of the 

most common semi-empirical methods for dual-stream (coaxial) jet noise prediction. 

Six different methods available in the literature were numerically implemented and 

validated against experimental results. In addition, a detailed discussion is presented in 

order to show the advantages and disadvantages of each empirical model employed, as 

well as its limitations. 

Special attention is given to the so-called Four-Source model, developed in the 

Institute of Sound and Vibration (ISVR). This method was carefully examined since it 

relies on physical assumptions to describe the noise sources inside the coaxial jet flow. 

Although, it is still an empirical method, its results are found to be more consistent and 

reliable than the others methods considered. 
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f Frequency      [Hz] 

a Speed of Sound     [m/s] 

r Distance from observer    [m] 

SPL Sound Pressure Level     [dB] 

M Mach Number 

AR Area Ratio (Secondary:Primary) 
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TRS Temperature Ratio (Secondary:Ambient) 

VR (λ) Velocity Ratio (Secondary:Primary) 

BPR Bypass Ratio 

St Strouhal Number 

  Specific heat ratio 
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Subscripts 

e Effective jet 

m Mixed jet 

p Primary jet 

s Secondary jet 

0 Ambient conditions 

8 Core nozzle exit location 

18 Fan nozzle exit location 
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1. INTRODUCTION 
 

The need for reasonably accurate techniques for predicting the noise of coaxial 

exhaust systems has become a high priority in the aeronautical industry since the 

introduction of high-bypass turbofan engines. Moreover, with the application of more 

restrictive limits imposed on aircraft noise as a certification requirement, prediction 

techniques are needed by the aircraft and engine industries in order to reduce the 

amount of money spent in doing experimental tests for design selection of components. 

Currently, industry relies on database methods (normally from model rig data 

extrapolated to full scale) and by evolution of past experience to new engine designs. 

Thus the approach could be summarized as an empirical one that relies heavily on 

simple scaling laws. As the symmetries underlying scaling laws are removed (e.g. by 

introduction of azimuthally variations of the flow by the use of chevrons) there is an 

increasing need for more sophisticated prediction methods. 

In the last 30 years numerous efforts have been made by different groups of 

researchers, to understand the physics of coaxial jets and to develop noise prediction 

methods. The Society of Automotive Engineers (SAE) has been one of the most active 

groups working in this area. By the late seventies and beginning of eighties the SAE A-

21 committee for aircraft noise decided to issue a document comprising a compilation 

of methodologies for predicting coaxial jet noise which were in use by Rolls-Royce, 

NASA-Langley and Boeing (however, it is worth pointing out that those methods failed, 

to some extent, to match experimental spectra in certain ranges of area and velocities 

ratios). The document issued – an Airspace Information Report – SAE AIR 1905, was 

intended to make these methods available to interested parties in industry and else 

where, who could then judge which was most suitable to their needs.  
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One of the most recent empirical approaches to deal with the noise prediction of 

coaxial jets has been devised by Fisher et al. [1],[2] - namely the Four-Source Method. 

This method relied more on the physics of coaxial jets, trying to separate the source 

regions inside the flow that contribute to noise generation. Chapter 4 gives a detailed 

presentation of the Four-Source method.   

In summary, the most common standard empirical methods available in the 

literature for coaxial jet noise prediction are: 

1) SAE ARP 876D – [3] 

2) ESDU 01004 – [4] 

3) SAE AIR 1905 – Method 1 (Rolls-Royce) – [5] 

4) SAE AIR 1905 – Method 2 (Boeing) – [5] 

5) SAE AIR 1905 – Method 3 (NASA) – [5]  

6) FOUR-SOURCE – [1],[2] 

This report covers an exploitation of the existing empirical methods for dual-

stream (coaxial) jet noise prediction. The main idea is to compare numerical results 

from such models under different conditions seen experimentally in fly-over and static 

condition tests. In addition, a detailed commentary is presented in order to show the 

advantages and disadvantages of each empirical model employed, as well as its 

limitations. 

A numerical description of each empirical model for coaxial jet noise prediction 

is summarized herein. Additional details should be consulted directly from the 

references given above. 
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2. COAXIAL JET FLOW 
 

The introduction of bypass engines, displacing early turbojets, was basically in 

order to achieve increased thrust and improved economy. However, the so called 

turbofan engine also provided a major amount of jet exhaust noise reduction due to the 

reduction in the exhaust jet velocity.  

Many modern engines have relatively high bypass ratios with the fan jet and the 

turbine or core jet exhausting through separate coaxial nozzles. Various configurations 

exist which are often referred to as short, medium, or long cowl engines – Figure 2-1. 

 

 

Figure 2-1. Variations in Coaxial Jet Configurations: a) Short-cowl; b) ¾ cowl; (c) long cowl. 

 

As can be seen in Figure 2-1 the axial position of the two exhaust nozzles may 

have influence on the noise from the total jet system. However, this influence is 

considered to be secondary when compared with the effect of other variable.  
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The primary variables are: 

Area Ratio,   (AR) = Area of bypass nozzle / Area of core nozzle 

Velocity Ratio, (VR) = Velocity of bypass jet / Velocity of core jet 

In addition to the variables above, the temperature ratio (TR) is very important, 

together with a wide range of possible geometric configurations involving the relative 

positions of the primary and secondary nozzles. A study of the influence of the relative 

position of the primary and secondary nozzles will be described in Chapter 5.  

All these factors or variables, together with a complete understanding of the 

aerodynamic structure of coaxial jet flow must be taken into consideration in a 

prediction method for the noise from a coaxial jet. As will be described in the next 

chapters of this work, this task is not easy and many methods fail to describe or to 

associate the aerodynamic structure with the generated noise.  

From the aerodynamic standpoint, a lot of work has been done in the last few 

decades on dual-stream flows. However, one of the most referenced articles in this area 

is that of Ko & Khan [6], which describes a detailed study of the initial region of 

coaxial jet flows. Doubtless, the most important finding in Ko & Khan’s research was 

the identification of three different zones at different axial positions within the initial jet 

flow. These zones are depicted in Figure 2-2, originally taken from reference [6]. 

From the work of [6], it is known that the initial region can be divided into 

different zones: a) the initial merging; b) intermediate; c) fully-merged zones. The zone 

which is nearest the nozzle exits and ends roughly at the point where the secondary or 

outer potential core disappears is called the initial merging zone. The termination of this 

zone, however, depends on the mean velocity ratio. Immediately downstream from the 

initial merging zone is the intermediate zone, where the primary potential core still 
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persists. It is within this zone that mixing of the flows from the two upstream mixing 

regions occurs. The extent of the intermediate zone is about two to three primary 

diameters. Finally, the fully-merged zone is the one downstream from the intermediate 

zone. In this zone the end of the potential core is expected. It is important to say that the 

extent of the primary potential core depends on the mean-velocity ratio.  

 

iU  primary velocity; 0U  secondary velocity 

Figure 2-2. Initial region of a coaxial jet – taken from reference [6]. 
 

The work of Ko & Khan has been utilized by many other researches in this field. 

As will be described in Chapter 4, an entirely semi-empirical method has been built 

based on the assumption of zones of separation inside the coaxial flow.  

From the acoustic standpoint, several noise source location studies have been 

performed (e.g Strange et al [7]) supporting the aerodynamic structure proposed by [6]. 

The work of [6] is also important in this context since the authors identified two 

different sources inside the coaxial jet, suggesting the existence of two types of vortices 

at different frequencies. These results allowed the authors to affirm that the higher 

frequency is found to be generated in the primary or inner mixing region, while the 
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lower frequencies are generated in the secondary or outer mixing region. 

Noise source location, by means of the Polar Correlation technique was 

performed by [7]. In this work, it was also possible to identify the existence of two 

spatially distinct source regions inside the coaxial flow for all of the velocity ratios less 

than one that were tested. These source regions suggest that the higher frequency sound 

is being emitted by the secondary to ambient shear layer and that the lower frequency 

sound emerges from the primary to ambient shear layer.  

In a general way, the noise from coplanar coaxial jets is more complex than that 

from a single stream jet. However, it has been identified that the noise is emitted by at 

least two axially distinct source regions. These consist of a low frequency source at 

downstream location which is equivalent to the noise from a fully mixed single jet, and 

a higher frequency region of sound production comprising two characteristically 

different turbulent volumes, one of which is characterized by the secondary jet 

conditions and the other by the primary jet velocity.  
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3. REVIEW OF SEMI-EMPIRICAL METHODS 
 

Generally, jet noise prediction methods are based on a general understanding of 

the theory and to some extent on research conducted using small scale model nozzles, 

but primarily on full scale engine tests. Basically, any prediction procedure involves 

three general steps: 

a. A relationship is developed for jet noise overall sound pressure level 

(OASPL) at a given radius from the jet engine at a specified angle 

either from the inlet of the engine or from the exhaust, as a function 

of jet velocity relative to the ambient air. 

b. A spectrum shape is then predicted in terms of a non-dimensional 

parameter called the effective Strouhal number. This spectrum is also 

commonly called the master-spectra. 

c. The last step involves the prediction of the OASPL and spectrum 

shapes at the other angles around the engine.  

 

According to SAE (The Engineering Society for Advancing Mobility Land Sea 

Air and Space) the activities on the topic of coaxial flow jet mixing noise started in 

1974. In 1975, a draft method was proposed by Rolls-Royce, which was based on an 

adjustment of previous single stream method contained in SAE ARP876 report. The 

proposal was not accepted due to limitations of the method for matching the 

experimental database used at that time. In addition, the method failed to cover 

“inverted velocity profile” exhaust configuration of interest at that time as well, in the 

context of advanced supersonic transports. 



 

8 

From 1977 to 1983 alternative proposals from Boeing, Rolls-Royce and NASA-

Langley were submitted for SAE Aerospace Council approval. However, all of them 

failed to predict the complete range of experimental configurations tested as a database. 

Because of the lack of agreement after so many years, in 1983, the Gas Turbine 

Propulsion Subcommittee decided to issue an AIR (Aerospace Information Report) 

containing the Rolls Royce, Boeing, and NASA-Langley methods, so as to make them 

available to interested parties, who could then judge which was appropriate to their 

needs. It is evident that those methods are unable to cover a complete range of 

applications either at that time or for modern exhaust engine configurations as seen 

nowadays. 

Besides the methods within the scope of the SAE, another method was being 

developed almost in parallel. The ESDU (Engineering Sciences Database Unit) 

prediction routine was developed as part of a parametric study of coaxial jet noise 

characteristics under the Noise Test Facility at (DERA) RAE, Pyestock – United 

Kingdom (now the QinetiQ Noise Test Facility). This method has been largely used in 

the aerospace industry; however, some limitations and flaws have been identified, 

which exposes again the inability of these methods when applied to specific conditions. 

Finally, one of the most recent semi-empirical methods for coaxial jet noise 

prediction has been reported as the Four-Source method [1],[2]. This method is 

described completely in the Chapter 4 of this report.  

The present chapter is intended to summarize the following methods for coaxial 

jet noise prediction: a) SAE ARP 876D – [3]; b) ESDU 01004 – [4]; c) SAE AIR 1905 

– Method 1 (Rolls-Royce) – [5]; d) SAE AIR 1905 – Method 2 (Boeing) – [5]; e) SAE 

AIR 1905 – Method 3 (NASA) – [5].  



 

9 

3.1. Input Parameters 
 

For all the empirical methods in this work, the input parameters are quite 

similar. Basically, they are necessary to describe the ambient conditions, nozzle 

geometry, nozzle operating conditions and output to a distanced observer. The general 

input parameters for these methods are: 

 Distance from receiver, r  [m] 

 Angle from engine exhaust axis to receiver,   [] 

 Ambient static pressure, 0SP  [Pa] 

 Ambient static temperature, 0ST  [K] 

 Flight speed, aV  [m/s] 

 Primary jet (core nozzle) static temperature, 8ST  [K] 

 Secondary jet (bypass nozzle) static temperature, 18ST  [K] 

 Core nozzle diameter, 8D  [m] 

 Bypass nozzle diameter, 18D  [m] 

 Velocity ratio 
8

18

V
V  

 Fully expanded primary jet velocity, 8V  [m/s] 

 Area ratio 
8

18

A
A  

 Primary nozzle diameter, 8D  [m] 
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 Bypass ratio, 
8

18

m
mBPR



  

where  

am

m
r VV

DfS




 Eq. 3-1  

 






mm
m

V
BPRVA

D 




1

4

888

 Eq. 3-2 

sm

s
m TR

P


 0
 Eq. 3-3 

BPR
TBPRTT SS

Sm 



1

188

 Eq. 3-4 

BPR
VBPRVVm 



1

188

 Eq. 3-5 

 

Some methods require additional parameters, for instance the SAE ARP 876D 

which needs the following information: 

 Fan Rotational Speed, 1N  [RPM] 

 
diameterfan 

nozzleduct fan   tofacefan  from distance
EXA  

In the next sub-sections a synthesis of each aforementioned semi-empirical 

methods are presented. Essentially, the main purpose of each method is reviewed as 

well as the numerical procedure to get the sound pressure level predictions. For 

additional information the listed references should be consulted. 
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3.2. SAE ARP 876D 
 

The model predicts the noise produced by a subsonic coaxial jet for turbofan 

engines or scale models. The jet is conceptually divided into three regions; the primary 

jet, the secondary jet, and the mixed (merged) jet. The method was compiled in 1989, 

based on parametric correlation of available model databases, independent of other 

prediction methods and does not require flight corrections. 

This jet noise prediction procedure was developed for nozzle area ratio, gas 

conditions, and aircraft Mach numbers in the following ranges of primary and 

secondary jet ratios: 

5.35.1
8

18 
A
A

 Eq. 3-6 

5.60.2  BPR  Eq. 3-7 

95.06.0
8

18 
V
V

 Eq. 3-8 

0.14.0
0

18 
a
V

 Eq. 3-9 

5.035.0
8

18 
T

T

T
T

 Eq. 3-10 

3.0aM  Eq. 3-11 

 
Moreover, for best accuracy, the frequency range should correspond to a mixed 

jet Strouhal number: 

401.0  rS  Eq. 3-12 

 
The calculation procedure predicts the one-third octave-band sound pressure 

level (L) for each component of jet noise at any location. The total jet sound pressure 

level is 10 log of the sum of the time-mean-square sound pressures from the three 
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components: 

)101010log(10 1.01.01.0 msp LLLL   Eq. 3-13 

 

where pL , sL  and mL  are the one-third octave-band sound pressure level of the 

primary, secondary and mixed jet components, respectively. 

Expressions for calculation of jet noise contain three principal groups: 

a. The basic normalized one-third octave-band sound pressure level associated 

with the shear-layer velocity difference, turbulent eddy convection velocities, and 

ambient-flow effects; 

b. Normal adjustments to account for effects of ambient air pressure, air density 

(or temperature), spherical divergence, geometric and acoustic near-field effects, and 

atmospheric absorption; 

c. Adjustments to account for the effects of internal acoustic excitation. 

 

3.2.1. Sound Pressure Level Adjustments in Prediction 
 

In the SAE ARP 876D prediction method, some adjustments are proposed to the 

sound pressure levels. They are listed as:  

a. Normal Adjustments: For each component-source, the total normal 

adjustment DSPL is the sum of all the adjustments listed in Table 3-4, Table 3-5 and 

Table 3-6. The ambient pressure adjustment is the same for all three components. The 

density effect and spherical divergence are expressed for each component separately. 
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b. Near-Field Adjustments: Empirical adjustments for the separate effects 

encountered in the acoustic near-field and the geometric near-field were derived from 

general acoustic and geometric near-field properties. For either acoustic or geometric 

near-field, the form o f adjustment is the same for all three source components – see 

reference [5]. 

c. Atmospheric Attenuation: The atmospheric attenuation formulas in Table 

3-4, Table 3-5 and Table 3-6 include Doppler frequency shift. For flyover noise 

predictions, the received frequencies have already been Doppler shifted. In a wind 

tunnel, the locations of the sound sources are stationary and the measured frequencies 

are the source frequencies. To calculate atmospheric absorption, the measured 

frequency has to be Doppler shifted and the sound propagation distance through air at 

rest has to be used. 

d. Acoustic Excitation Adjustments: Adjustment of the sound pressure level as 

a result of acoustic excitation in the fan flow is given by the expressions for EX in Table 

3-7. As a consequence of the increased mixing rate of an acoustically excited jet, the 

axial distribution of jet noise sources is more compact than in an unexcited jet.  

 

3.2.2. Computational Procedure 
 

The formulae for each coaxial jet noise components are given in Table 3-1, 

Table 3-2 and Table 3-3 in sequence. These formulae cover an angular range from 60° 

to 160°. For locations outside the specified angular range, the limiting angles of 60° and 

160° are used in the formulae. 

The general equation to compute the sound pressure level at one-third octave 

band frequency is: 
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        65
2

4321 loglogloglog ZFVZZFVZSZFVZSPL   Eq. 3-14  

 
 
 
 
 

Table 3-1. SAE ARP876D - Primary Noise Component – Formulae. 

Source 
Strength 
Function 

(FV) 

Pn

a

V
VV

a
VV

a
DVPSMFV 







 








 











8

8

4.0

0

188

6.0

0
8  

0.3DVPS0.3,DVPSif

V = DVPS
818

81818
P







AA

AVAVa

 

Velocity 
component 

( pn )   










 rade

rad
n

P

P
p

P 2.25.1

2.25.1
22.210 




 

Strouhal 
number (S) DVPS

DfS 8
  

Coefficients 
(Z1) 

2

1 6.08.118 

















 PZ  

(Z2) 

2

2 6.08.11818 

















PZ  

(Z3) 03 Z  

(Z4) 






















 







 


8

18
3

0

a188
4 1log6.08.06.08.1

VVV
75.01.0

A
A

a
Z P




 

(Z5)  26.2
5 2050  PeZ 

 

Z(6) 
 

 
EXDSPL

e

A
A

eZ
P

P 






















2

2

3.25

8

18

5.2
6

1log6.026
4694




 

The procedures for calculating the acoustic excitation adjustement EX and 

normal adjustement DSPL are reported in [3]. 
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Table 3-2. SAE ARP876D - Secondary Noise Component – Formulae. 

Source 
Strength 
Function 

(FV) 

SS n
a

n
a

a
VV

a
VVFV










 








 


1

0

18

0

18  

 
Velocity 

component 

( Sn ) 
SSn  1.05.0  

Strouhal 
number (S) 

aVV
DfS




18

18  

Coefficients 
(Z1) 

2

1 6.08.118 

















 SZ  

(Z2) 

3

2 6.08.1814 

















 SZ  

(Z3) 7.03 Z  

(Z4) 























 
8

18
2

4 1log6.05.06.08.15.06.0
A
AZ S




 

(Z5) 

3

5 6.08.195451 




















 SSZ  

Z(6) 
  EXDSPL
a

VVVZ SS 

















  2

0

18818
4

6 56.08.11536099






 

The procedures for calculating the acoustic excitation adjustement EX and 

normal adjustement DSPL are reported in [3]. 
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Table 3-3. SAE ARP876D - Mixed Noise Component – Formulae. 

Source 
Strength 
Function 

(FV) 

mm n
am

n
am

a
VV

a
VVFV










 








 


1

00

 

 

Velocity 
component 

( mn ) 






























2

7.2
1

3.0

0 2.0
2.06.0 m

m
m S

S

m

m
m e

Sa
Vn



 

Strouhal 
number (S) 

am

m
m VV

DfS



  

Coefficients 
(Z1) 

2

1 6.08.130 

















mZ  

(Z2) 







 








































 


6.08.11log6.030

6.08.13849

8

18

3

0

188
2







m

m

A
A

a
VVZ

 

(Z3) 

2

3 6.08.14.01 





 


mZ  

(Z4)  2

2

4.25.0

8

18

00

8

45.4
4

5.0

1log2.07.02.05.044.0

























m

m

eXBPR

A
A

a
V

a
V

e

Z m






 









4,4
0,0

5.5
XBPRXBPRif
XBPRXBPRif

BPRXBPR  

(Z5) 

3

5 6.08.1208134 




















 mmZ  

Z(6) 

   
 

EXDSPLeXBPR

e

e
a
V

a
V

e
a

VVV
Z

a
V

S

mmm

m
m

m

m

m



































0

2

2

3.2

4.28

8.07.0

0

8

0

8.15
2
0

188
6

8.0

4.01
758.37108










 

The procedures for calculating the acoustic excitation adjustement EX and 

normal adjustement DSPL are reported in [3]. 
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Normal adjustments to account for effects of ambient air pressure, air density (or 

temperature), spherical divergence, geometric and acoustic near-field effects, and 

atmospheric absorption are listed in Table 3-4 for the primary component, Table 3-5 for 

the secondary component and Table 3-6 for the mixed component respectively. 

 

 

 

Table 3-4. SAE ARP876D - Normal Adjustment (DSPL) – Primary Component. 

Ambient Pressure )/log(20 0 ISAPP  

Density )
2

log(20
0

188


 

  

Spherical Divergence )/log(20 8 PrD  

Geometric Near-field 

)1log(10
Pr
b

  

f
aD

Db P
P

02   

Acoustic Near-field 





















2

013.01log10
fr

a
P

 

Atmospheric Attenuation 
Coefficient [AC(f)] 

PP rfAC )]([  

P
P M

ff
cos1 0

  

Note: AC(f) is obtained from ARP866A. 
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Table 3-5. SAE ARP876D - Normal Adjustment (DSPL) – Secondary Component. 

Ambient Pressure )/log(20 0 ISAPP  

Density )
2

log(20
0

018


 

  

Spherical Divergence )/log(20 0rDm  

Geometric Near-field 

)1log(10
Sr
b

  

f
aDDb m

m
02   

Acoustic Near-field 





















2

013.01log10
fr

a
S

 

Atmospheric Attenuation 
Coefficient [AC(f)] 

SS rfAC )]([  

S
S M

ff
cos1 0

  

Note: AC(f) is obtained from ARP866A. 

 

Table 3-6. SAE ARP876D - Normal Adjustment (DSPL) – Mixed Component 

Ambient Pressure )/log(20 0 ISAPP  

Density )
2

log(20
0

0


 

 m  

Spherical Divergence )/log(20 mm rD  

Geometric Near-field 

)1log(10
mr
b

  

f
aDDb m

m
02   

Acoustic Near-field 





















2

013.01log10
fr

a
m

 

Atmospheric Attenuation 
Coefficient [AC(f)] 

mm rfAC )]([  

m
m M

ff
cos1 0

  
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Adjustments to account for the effects of internal acoustic excitation are listed in 

Table 3-7 for the primary component, secondary and mixed component respectively. 

 

Table 3-7. SAE ARP876D - Acoustic Excitation Adjustment (EX). 
Primary Secondary Mixed 

Excitation 
Adjustement (EX) EXPSEXDEX  5   ZKV

aEX



18

02
 EXCEXSEXDEX   

Excitation strouhal 

number 1S  m

m

V
DNS

60
1

1   

Effectiveness 
EXPS  

   







 

,5.025.0,0
5.025.050

,
1

11

SifSX
SSSX

whereeEXPS SX
 

Spectral shape factor 
EXS  

 
2

1 00001.02
log

5












 S
Sm

eEXPSEXS  

18VV
DfS

m

m
m 


  

Fan duct lenght factor 
EXD  

EXAeEXD  6.0  

Directivity factor 
EXC   















 




4.1,4.18.11

4.1,

0

0

mm
m

m
m

V
a
V
a

EXC





 

Source location factor 
ZK  

EXPSEXDZK  4.01  

 Note: EXA  distance from fan face to fan exit / Fan diameter 
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3.3. ESDU 01004 
 

ESDU n° 01004, 2001 [4] is a computerized method for estimating exhaust noise 

spectra from a given database by carrying out a series of interpolations/extrapolations. 

The computation procedure utilizes two fixed independent variables and the user may 

select a third independent variable. The fixed independent variables are the normalized 

primary jet velocity, )/(log 010 aVP , and the velocity ratio of the secondary to the 

primary jet flow, )/( PS VV .  

Data may be input into the database only at values of j  that are integer 

multiples of 10 degrees within the range 0 to 170 degrees. The recommended range of 

validity for which the method can be used is listed below: 

Area ratio, 
8

18

A
AAR  : 0.85.1  AR  

Coplanar exit 

Strouhal number, Sr = 
8

8

V
Df  : 5.1log5.1

8

8
10 







 


V
Df  

The range of operating conditions which the database covers is shown in the 

following table. Within the table the nominal area ratio values, AR, are listed for 

different combinations of PV  and PS VV / . Actual area ratios were 1.49, 2.02, 4.29 and 

7.92. 
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Table 3-8. Range of operating conditions covered by the ESDU database. 

 

 

3.3.1. Computational Procedure 
 

The program normalizes the data for nozzle exit area, radial distance and 

atmospheric pressure. At the same time, normalization by a term 









0

8
10log80

a
V  is also 

carried out to adjust the data for gross parameter variations and present a “flatter” 

surface for interpolation/extrapolation. The de-normalization is performed according to 

the equation 3-15: 



























0

8
10

0
102

8
10 log80log20log10

a
V

P
P

r
A

SPLSPL
ISA

S
NORMALIZED

 Eq. 3-15  

 

where PaPISA 101325  in SI units. 

 

3.3.1.1. Interpolation Procedure 
 

For each value of Sr10log , a least-squares fit on the selected database is 

performed and the resulting regression equation is solved for the jet operating 

conditions at which the SPL is to be estimated. The optimum combination of terms from 

the least-squares regression equation, i.e. that which produces the lowest standard error, 



 

22 

is automatically selected for the final regression equation. The option to use two or three 

independent variables is offered. In both cases the two independent variables, 

normalized primary jet velocity, )/(log 010 aVP , and velocity ratio, PS VV / , are used. 

When three independent variables are used the third variable must be selected by the 

user. 

The interpolation procedure is repeated throughout the Strouhal number range of 

interest for the appropriate angle, j . For values of j  that are not integer multiples of 

10 degrees, quadratic interpolation using the nearest database angles is carried out. If 

there are insufficient data for quadratic interpolation, linear interpolation is carried out. 

If sufficient data are not available to estimate spectrum values at the edges of the 

frequency range using the surface-fitting routine, linear extrapolation based on the slope 

from the two nearest spectral points is carried out, and a warning is printed. The 

program incorporates a weighting method by which data in the database nearer the point 

at which spectrum levels are to be estimated are weighted more heavily than data further 

away. 
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3.4. SAE AIR 1905 – Method 1 (Rolls-Royce) 
 

The method was developed in 1975, based on modification of single stream 

method of Appendix A of SAE ARP 876D [5]. 

The method itself is based on coaxial data where the bypass (fan) flow is cold 

and the core stream temperature is between 600 and 900 degrees Kelvin.  

The correction to the single stream method is a application of a  , given by: 

PRIMARYCOAXIAL SPLSPL   Eq. 3-16 

where   is a function of the following principal parameters: 

0

8

a
V

 Eq. 3-17 

8

8

V
fD

 Eq. 3-18 

Area ratio between bypass nozzle and core nozzle, 
8

18

A
A  

Velocity ratio between bypass exhaust and core exhaust, 
8

18

V
V  

Angle to intake axis, i  

For given 8T  and 18T  (core and bypass jet temperatures) 
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3.4.1. Computational Procedure 
 

From 8V  and 18V  (core and bypass jet velocities), 8D  and 18D  (core and bypass 

nozzle diameters) and i  (angle to intake axis): 

 m  is defined as the mean value of   over the range of primary velocities 

650  8V   1250 (ft/sec) 

Then, 









 im VRAR
V
fDf ,,,

8

8
 Eq. 3-19 

 The effect of primary velocity on   is accounted for in correlations of   

where: 




















 iVRAR
V
fDf

V
,,,100

8

8

8

 Eq. 3-20 

 The coaxial correction   may be calculated as follows: 

5.30
2748 

V
m  Eq. 3-21 

Plots of m  against the Strouhal number 








8

8

V
fD  are given in Figures 1-16 of 

SAE AIR 1905 [5], for values of i , AR and VR as defined below: 

i  = 60°, 90°, 120°, 150° 

AR = 1, 2, 4, 6 

VR = 0.2, 0.4, 0.6, 0.8, 1.0 
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Plots of   against the Strouhal number 








8

8

V
fD  are given in Figures 17-19 of 

SAE AIR 1905 [5], for values of i , AR and VR as defined below: 

i  = 60°, 90°, 120°, 150° 

AR = 1, 2, 4, 6 

VR = 1.0 for i  = 150° 

VR = 0.6, 0.8, 1.0 for 60° i   120° 

Where   is not defined, it may be assumed zero. 

 The method of calculation is as follows: 

Step 1: 

Determine:  Primary nozzle diameter ( 8D ) 

   Secondary nozzle diameter ( 18D ) 

   Primary jet velocity ( 8V ) 

   Secondary jet velocity ( 18V ) 

   Primary jet temperature ( 8T ) 

   Area ratio AR = 
8

18

A
A  

   Velocity ratio VR = 
8

18

V
V  
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Step 2: 

By using Appendix A of ARP876D [3] for single stream jets obtain a plot of the 

sound pressure level for the primary jet alone at ( r , i ) in the farfield against 1/3 octave 

Strouhal frequencies 








8

8

V
fD . 

Step 3: 

By using Figures 1-16 – SAE AIR 1905 [5], obtain the 1/3 octave spectrum of 

m  corresponding to the required angle, area ratio and velocity ratio. 

Step 4: 

By using Figures 17-19 – SAE AIR 1905 [5], obtain the 1/3 octave spectrum of 

  corresponding to the required angle, area ratio and velocity ratio. 

Step 5: 

Compute the spectrum of the coaxial correction   by using m  and   from 

Steps 3 and 4 at corresponding Strouhal frequencies as follows: 

5.30
2748 

V
m  Eq. 3-22 

Step 6: 

Compute the coaxial jet spectrum by adding the coaxial corrections   to the 

primary jet Sound Pressure Levels of Step 2 at corresponding Strouhal frequencies as 

follows: 

 PRIMARYCOAXIAL SPLSPL  Eq. 3-23 
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Step 7: 

Obtain the 1/3 octave spectrum levels at position ( r , i ) and over the range of 

frequencies from the spectrum of Step 6. 
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3.5. SAE AIR 1905 – Method 2 (Boeing) 
 

The method (referred as ex-Boeing method) was developed in 1977, based on a 

2 source model and completely independent of other prediction methods.  

This method considers firstly the normalized overall sound pressure level, 

OASPL. Then the spectral character, in terms of one-third octave band levels, to the 

overall level at any point in the field is determined. 

The calculation procedure assumes that the following jet flow conditions are 

available for the primary or inner jet, and the secondary or outer jet; 

 

a. Fully Expanded Mean Jet Velocities, 8V  and 18V  

b. Fully Expanded Mean Jet Density, 8  and 18  

c. Mean Total Temperatures, 8TT  and 18TT  

d. Fully Expanded Areas, 8A  and 18A  

The prediction procedure is restricted to the following range of conditions: 

61
8

18 
A
A

 Eq. 3-24 

5.24.0
8

18 
V
V

 Eq. 3-25 

333.0
8

18 
T

T

T
T

 Eq. 3-26 

sftV 2000500 8   Eq. 3-27 
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sftV 2500400 18   Eq. 3-28 

sftVm 2000400   Eq. 3-29 

The prediction procedure is also limited to configurations without a primary 

centerbody. Thus, the applicability of the method covers: 

a. Coplanar and Retracted primary configurations 

b. Extended primary configuration 

 

3.5.1. Computational Procedure 
 

The method of calculation is described as follows: 

Step 1: 

Calculate the bypass ratio (BPR) 

888

181818

VA
VABPR




  Eq. 3-30 

Step 2: 

Calculate the mixed jet velocity  


































BPR

V
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8  Eq. 3-31 
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Step 3: 

Calculate the mixed jet total temperature 



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

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8  Eq. 3-32 

Step 4: 

Calculate the mixed jet density 

SM

S
m RT

P 0  Eq. 3-33 

where  

P

m
TMSM C

VTT
2

2

  Eq. 3-34 

Step 5: 

Calculate the mixed jet area 
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 Eq. 3-35 

Step 6: 

Calculate the mixed jet diameter 


m

m
AD 4

  Eq. 3-36 
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Step 7: 

With mV , 18V  and the ambient speed of sound ( 0a ) obtain the mixed and 

secondary jet density exponents ( m , 18 ) from Figure A.1 of 

SAE AIR 1905 [5]. 

Step 8: 

For each desired angle and mixed jet velocity, use Figure B.1 of 

SAE AIR 1905 [5] to obtain the free field normalized overall Sound Pressure 

Level (S), where: 



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

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
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

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
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 Eq. 3-37 

The mixed jet OASPL temperature-directivity exponents 1m  and 2m  at each 

angle are given in Figure B.1 of SAE AIR 1905 [5]. 

Step 9: 

Calculate the mixed jet OASPL where: 
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 Eq. 3-38 

Step 10: 

Determine the mixed jet normalized one-third octave band spectral level by 

using Figure B.2 of SAE AIR 1905 [5] and 

MYDFm

m

V
DfSr


11








 
  Eq. 3-39 

where the Strouhal connection factors DF  MY  are obtained from Figure B.3 
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and B.4 of SAE AIR 1905 [5]. Enter Figure B.2 with the corrected mixed jet Strouhal 

number to determine: 

 mOASPLSPL   Eq. 3-40 

Step 11: 

Calculate the mixed jet 1/3 octave band sound pressure level for a given 

Strouhal number may be determined: 

 mm OASPLSPLOASPLSPL   Eq. 3-41 

Step 12: 

Correct the mixed jet spectra for the effect of atmospheric attenuation by using 

ARP 866 procedure. 

)1(
1000)( 


 r
ft

dBSPLSPL mcorrectedm  Eq. 3-42 

Step 13: 

Determine the normalized secondary jet OASPL using Figure B.5 of 

SAE AIR 1905 [5]. 
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 Eq. 3-43 

Step 14: 

Calculate the secondary jet OASPL, where 






































 418

8

18
2
18

0

18
10log10

m

V
V

r
ASOASPL






 Eq. 3-44 

The secondary jet velocity ratio-directivity exponent 4m  is obtained from 
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Figure B.6 of SAE AIR 1905 [5]. 

Step 15: 

Calculate the secondary jet peak Strouhal number PKVfD )/( 1818  for each angle, 

and secondary velocity by using Figure B.7 of SAE AIR 1905 [5]. 

Step 16: 

Calculate the secondary jet normalized one-third octave band spectral levels by 

using Figure B.8 of SAE AIR 1905 [5] and 
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
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
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
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

 

 

Eq. 3-45 

The secondary diameter is that of the outer annulus and is obtained from: 

 


818
18

4 AAD 


 Eq. 3-46 

The velocity ratio-Strouhal connection exponent 3m  is obtained from Figure B.6 

of SAE AIR 1905 [5]. 

Step 17: 

The secondary jet 1/3 octave-band SPL is calculated as follows: 

 1818 OASPLSPLOASPLSPL   Eq. 3-47 

Step 18: 

Correct the secondary jet noise spectra for the effect of atmospheric attenuation 

using ARP 866. 
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Step 19: 

The total coaxial jet noise 1/3 octave-band SPL is obtained from: 









 1010

10 1010log10
18 mSPLSPL

SPL
 Eq. 3-48 

Step 20: 

Calculate the OASPL for the coaxial jet as follows: 
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





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 




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1
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m

SPLSPL
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n

OASPL
 Eq. 3-49 

Step 21: 

Calculate the perceived noise level (PNL) by using ARP 865A.
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3.6. SAE AIR 1905 – Method 3 (NASA) 
 

The method (referred as ex-NASA (Langley)) was developed in 1983, based on 

parametric correlation of available model database, and independent of other prediction 

methods. 

An extensive jet noise data base has been developed from nine separate test 

series of model data consisting of 214 different circular jet test points and 603 coaxial 

jet test points from five different industry and government sources. Analysis of the data 

shows the free field jet mixing noise from subsonic circular jets can be obtained from 

the jet velocity and jet total temperature. For coaxial jets the free field jet mixing noise 

with both jets subsonic requires three additional parameters, the jet velocity ratio, the jet 

total temperature ratio, and the jet area ratio. The prediction parameters and the 

recommended range of operation for which the method is valid is describe in Table 3-9. 

Table 3-9. SAE AIR1905 [5] - Prediction parameters and range of operation. 

a. Normalized equivalent jet 
velocity 

0.23.0
0


a
VE  

88

181888
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  

b. Normalized equivalent jet 
total temperature 
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c. Velocity ratio 
8

18

V
VVR  : 5.202.0 VR  

d. Temperature ratio 
8

18

T

T

T
TTR  : 0.42.0 TR  

e. Area ratio 
8

18

A
AAR  : 0.105.0  AR  
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The free field circular or coaxial jet mixing noise one-third octave band sound 

pressure level can be expressed in components as: 

       
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 Eq. 3-50  

where OAPWL  is the normalized overall power level, defined by: 
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10log10
amm

PowerAcousticOAPWL
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 Eq. 3-51 

and the reference area is: 

00a
mA E

REF 



 Eq. 3-52 

It is the area of a cold jet at the critical pressure ratio which has the same mass 

flow as the hot jet. The mass flow of the equivalent single jet is: 

188 mmmE    Eq. 3-53 

and r  is the distance from the nozzle exit centerline to the observer. 

The directivity angle, i , is the angle relative to the inlet axis and the parameter 

  represents the logarithm of the one-third octave band normalized frequency. The 

normalized frequency parameter,  , is related to the frequency, f , by 





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

 


E

E

V
Df

10log
 Eq. 3-54 

where eV  and eD  are the equivalent jet velocity and jet diameter for a circular or 

coannular jet. 
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 iDI   is the directivity index, calculated as: 

   



N

j
jiji XDIDI

1


 Eq. 3-55 

 F  is the one-third octave band normalized power spectrum, calculated as: 

   



N

j
jj XFF

1


 Eq. 3-56 

  ,iRSL  is the normalized relative spectrum, calculated as: 

   



N

j
jiji XRSLRSL

1

,, 
 Eq. 3-57 

The overall sound pressure level, OASPL, and the one-third octave band power 

spectrum level, PWL, can be expressed as: 
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 Eq. 3-59 

 

 

 

 

 

 

 



 

38 

3.6.1. Computational Procedure 
 

The method of calculation is described in the sequence. 

Step 1: 

Calculate the equivalent flow properties for the coaxial jet. The single equivalent 

jet has the same mass flow, enthalpy, and thrust as the coaxial jet. The mass flow of the 

single equivalent jet is: 

188 mmmE    Eq. 3-60 

The condition of equivalence of mass flow and thrust gives the equivalent 

velocity, eV , as: 
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181888
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
 Eq. 3-61 

The equivalent temperature can be defined from the total energy flow as: 
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 Eq. 3-62 

where the specific heat ratio,  , is defined as, Rcp /)1/(  . 

The equivalent jet specific ratio is given by: 
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 Eq. 3-63 

Because the fully expanded jet static pressure is equal to the ambient pressure 

the equivalent jet density, e , can be defined from the ambient jet density, 0  as: 
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 Eq. 3-64 

The equivalent jet area, eA , is then defined from continuity as: 

EE

E
E V

mA




 Eq. 3-65 

and the equivalent jet diameter, eD , is: 


E

E
AD 4


 Eq. 3-66 

Also the reference area, refA , needs to be computed using the expression: 

00a
mA E

REF 



 Eq. 3-67 

 

Step 2: 

Calculate the parameters 1x  to 5x  from the equivalent jet flow properties and the 

coaxial jet flow property ratios as follows: 
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 Eq. 3-68  
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 Eq. 3-69  
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 Eq. 3-70  
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
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 Eq. 3-71  


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




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8

18
105 log

A
Ax

 Eq. 3-72  

For the circular jet , 8VVE  , 8TE TT   and 0543  xxx . 

 

Step 3: 

Using the values of 1x  to 5x  obtained in Step 2 compute the values of the 

derivative multipliers, 1X  to NX , as listed in Table C1 of SAE AIR 1905 [5], where N  

has a value of 8 for the circular jet and a value of 36 for the coannular jet. 

 

Step 4: 

Compute the value of the normalized overall power level, OAPWL , from the 

derivative multiplier values, jX , and the corresponding N  number of derivative values, 

,, jPWL  listed in Table C2 of SAE AIR 1905 [5], where N  has a value of 8 for the 

circular jet and a value of 36 for the coannular jet using the relation: 





N

j
jj XPWLOAPWL

1

,
 Eq. 3-73 

 

Step 5: 

Compute the values of directivity index, )( iDI   for j  values of 0°, 30°, 60°, 

90°, 120°, 150°, and 180°, from the derivative multiplier values, jX , and the 
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corresponding N  of directivity index derivative values, )(, ijDI  , listed in in Table C2 

of SAE AIR 1905 [5] using the relation: 

   



N

j
jiji XDIDI

1


 Eq. 3-74 

for j  = 0°, 30°, 60°, 90°, 120°, 150°, and 180°. 

 

Step 6: 

Compute the values of the normalized power spectrum,  F  for   values of     

-1.5, -1.0, -0.5, 0.0, 0.5, 1.0, and 1.5 from the derivative multiplier values, jX , and the 

corresponding number N  of power spectrum derivatives values, )(jF  listed in 

Table C3 of SAE AIR 1905 [5] using the relation: 
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


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j
jj XFF

1


 Eq. 3-75 

for   = -1.5, -1.0, -0.5, 0.0, 0.5, 1.0, and 1.5. 

 

Step 7: 

Compute the values of the normalized relative spectrum,   ,iRSL  for j  

values of 0°, 30°, 60°, 90°, 120°, 150°, and 180° and for   values of -1.5, -1.0, -0.5, 

0.0, 0.5, 1.0, and 1.5 from the derivative multiplier values, jX , and the corresponding 

derivatives values,   ,ijRSL , in Table C4 of SAE AIR 1905 [5] using the relation: 
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 Eq. 3-76 
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for j  = 0°, 30°, 60°, 90°, 120°, 150°, and 180° and 

for   = -1.5, -1.0, -0.5, 0.0, 0.5, 1.0, and 1.5. 

 

Step 8: 

Compute the values of )( jOASPL   for j  values of 0°, 30°, 60°, 90°, 120°, 

150°, and 180°, from the value of OAPWL  obtained in Step 4, the values of )( iDI   

obtained in Step 5 and the value of refA  obtained in Step 1, using the equation show 

below: 
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  Eq. 3-77 

 

Step 9: 

Compute the OASPL values at the desired directivity angles ( D ) by 

interpolating the OASPL ( j ) values obtained in Step 8 to obtain the OASPL ( D ) 

values using a cubic spline which has zero slope end conditions (directivity angles of 0° 

and 180°). The cubic spline is a piecewise third order polynomial with continuous slope 

and curvature at the node points j . 

 

Step 10: 

Compute the relative spectrum level values at the desired directivity angles by 

interpolating the   ,iRSL  values obtained in Step 7 using a cubic spline which has 

zero slope end conditions for normalized frequency parameter ( ) values of -1.5, -1.0,  
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-0.5, 0.0, 0.5, 1.0, and 1.5 to obtain the   ,DRSL  values. 

 

Step 11: 

For the desired one third octave band frequencies, ( Df ) compute the value of the 

parameter,  , to obtain the desired D  values by using the equation as shown: 





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

 


E

E

V
Df

10log
 Eq. 3-78 

where f  is the desired one third octave band center frequency and eV  and eD  

are the equivalent velocity and equivalent diameter computed in Step 1. 

 

Step 12: 

Compute the normalized power spectrum levels and the relative spectrum level 

values at the desired D  values obtained in Step 11 and the desired directivity angles by 

interpolating the )(F  values obtained in Step 6 and the   ,DRSL  values obtained in 

Step 10 to obtain the values of )( DF   and the values of  DDRSL  ,  using a cubic 

spline with zero curvature end conditions (  = -1.5 and +1.5). 

 

Step 13: 

Compute the sound pressure level values at the desired directivity angles and 

desired frequency levels from the values of )( DF   and  DDRSL  ,  obtained in Step 12 

and the OASPL ( D ) values obtained in Step 9 to obtain the values for ),( DDSPL   

using the relation: 
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),()()(),( DDDDDD RSLFOASPLSPL    Eq. 3-79 

 

Step 14: 

Also the one third octave band power spectrum level at the desired frequencies 

can be computed from the OAPWL  value obtained in Step 4 and the )( DF   values 

obtained in Step 12 to obtain the values for )( DPWL   using the relation: 
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4. FOUR-SOURCE MODEL 
 

The essential feature of the four-source model developed for the prediction of 

the noise from isothermal and heated coaxial jets was the identification of four flow 

regions whose noise production could be obtained from single stream jet prediction 

methods.  

The description of the Four-Source method is separated in two steps. First, the 

description of the flow model is important to understand which regions inside the jet 

plume are contributing to the noise generation. Second, the acoustic model is developed 

in order to predict the noise spectra for each flow component. 

Additional details of the present methodology can be found in the works of [1] 

and [2]. 

 

4.1. Flow Model 
 

4.1.1. Isothermal Flow 
 

A typical flow model for a coaxial jet is shown in Figure 4-1 from which it is 

possible to identify four potential noise producing regions: 

a. The Primary to Secondary Shear Layer; 

b. Secondary Jet Shear Layer; 

c. The Fully Mixed Jet; 

d. The Interaction Zone 

Each one of these four zones is summarized in sequence. 
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a. The Primary to Secondary Shear Layer 

This shear layer separates the initial portions of the primary and secondary flows 

and has a turbulence level which varies as the difference between the primary and 

secondary velocities, )( sp VV  . Hence at velocity ratios of interest for real applications, 

5.0/  ps VV  the turbulence level is relatively low. Combining this with its relatively 

small noise producing volume it can be shown that the noise produced in this zone is 

negligible compared to the other noise producing regions [6]. This flow portion is not 

considered in the current Four-Source model, however its implementation is very 

straightforward. 

 

b. Secondary Jet Shear Layer 

This shear layer develops between the outer edge of the secondary jet and the 

ambient fluid. It has the flow characteristics therefore of a jet of diameter equal to that 

of the secondary jet, sD , and mean velocity profiles and turbulence levels characteristic 

of a jet of velocity sV . However, according to Figure 4-1, this shear layer exists only to 

the downstream end of the initial merging zone. Its noise production therefore is 

anticipated to be that of the initial portion of a single jet Diameter sD , velocity sV , 

whose noise production ends when the shear layers merge and enter the intermediate 

zone.  

 

c. The Fully Mixed Jet 

It is well known that the downstream of the coaxial jet development shown in 

Figure 4-1 the flow becomes that of what is termed a fully-mixed jet; that is a jet with 
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the same mass flow, momentum and energy as that available summing the respective 

contributions from the primary and secondary jets. Hence on this basis, it is expected 

the low frequency noise of a coaxial jet to be that of the downstream region of a single 

jet having the diameter, velocity and temperature of the equivalent fully mixed jet.  

 

d. The Interaction Zone (Effective Jet) 

Reference [6] provided vital evidence through a set of turbulence data for a 

coaxial jet showing that through the interaction region the velocity profiles were 

characteristic of those of a single jet of velocity pV  and an effective diameter given by: 

2/12 )1(  pe DD
 Eq. 4-1 

However a study of the associated turbulence levels indicated that, while these 

grew from the anticipated levels for the primary and secondary shear layers 

respectively, the maximum value obtained during merging was only of order 10% of the 

primary velocity; not 15% as would be anticipated for a single jet. For unheated jet 

flows, in which only quadrupole radiation is anticipated, allowance for this reduced 

turbulence level is entirely straightforward. The work of [8] shows that the noise levels 

vary as the fourth power of the rms turbulence level. Hence a reduction of turbulence 

level from 15% to 10% will lead to a noise reduction of 7 dB. However, for heated 

primary flows more care in allowing for this reduced turbulence level is required since 

both dipole and quadrupole sources contribute. 
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Figure 4-1. Characterization of the velocities profile for a coaxial jet. 

 

4.1.2. Heated Primary Flow 
 

The addition of heat to the primary flow of a coaxial jet introduces a density 

factor to the conservation of momentum of the whole jet, which can be expressed as: 

)1( 22222
333   pppsssppp vAvAvAvA  Eq. 4-2 

where ppss AA  / . 

The secondary jet models the behaviour of the outer shear layer immediately 

downstream of the nozzle, which is bounded by the unheated secondary flow on its 

inner boundary and the stationary ambient air at its outer boundary. The temperature of 

the primary flow therefore has no influence on the sound sources within the secondary 

shear layer. An identical secondary jet was identified by [9] whose results suggest that it 

is still a good model for jets with heated primary flow. 

The isothermal mixed jet had both the same thrust and mass flow as the coaxial 
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jet, and may accommodate the hot primary flow by incorporating the modified area ratio 

   provided also that it now has the same enthalpy. 

Assuming that the heat capacities of the jet exhaust are equal, this may be stated 

as: 

2211213 )( mTmTmmT   Eq. 4-3 

where mass Avm  , or more fully, 





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
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




1

)1(
p

sssppp

sssspppp
m T

vAvA
TvATvA

T
 Eq. 4-4 

The velocity of the mixed jet is given by substituting    into Equation (1), but 

the area is now inextricably linked to the density, the product of which is given by: 














 2

2

1
)1(

ppmm AA  Eq. 4-5 

However, mT  is known, and since pmmp TT //   it can be stated that: 














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2

2

1
)1(

p

m
pm T

TAA  Eq. 4-6 

The effective jet is scaled based on the primary jet velocity and so it is 

reasonable to attribute the same temperature as of the primary flow as well. With regard 

to the effective jet’s diameter it is adopted the same physical dimensions as for the 

isothermal case. The concept of a turbulent region within the complex coaxial jet 

structure, which grows in size from the smallest to the largest limit of the jet stream as 

the velocity ratio varies between zero and one is intuitively sound, and furthermore has 

been observed for an isothermal coaxial jet, so it seems reasonable to adopt the same 

physical dimensions for the interaction zone of a heated jet. 
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4.2. Acoustic Model 
 

The acoustic modelling establishes prediction techniques for each flow region of 

the coaxial jet flow, as seem previously. A component spectrum is computed for each 

source zone separately and then summed together to compose the final spectrum for the 

coaxial jet configuration. In sequence, it will be presented all the formalism for the 

prediction of unheated and heated flows. 

 

4.2.1. Isothermal Flow 
 

In summary, the isothermal coaxial jet predicted spectrum comprises the 

following spectral contributions: 

 

a. The high frequencies from a Secondary Jet: 

),(log10),,,(),( 110 ffFfDVSPLfSPL Usss    Eq. 4-7 

where 1/1 ss UDf . The factor ),( 1 ffFU  represents the cut-off of the spectrum 

to account for the fact that the noise production form the secondary jet terminates when 

the primary and secondary shear layers merge; a point at which the width of the 

secondary shear layer is sW . 

 

b. The spectrum from an Effective Jet whose predicted noise levels are 

scaled to a 10% turbulence intensity. 

)/(log40),,,(),( 010   fDVSPLfSPL epe  Eq. 4-8 
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where, as described previously, %10  and %150  . For unheated jets with 

the 10% turbulence level, the factor )/(log40 010   assumes the constant value of -7 dB 

correction.  

 

c. The low frequency from a Mixed Jet. 

),(log10),,,(),( 110 ffFfDVSPLfSPL Dmmm    Eq. 4-9 

where 1/1 mm UDf . This expression has the following interpretation. The 1/3 

octave sound pressure level contributed by the fully mixed region of the coaxial jet at 

frequency f  and angle   is given by the sound pressure level predicted for a single jet 

with velocity mV  and diameter mD  at the corresponding angle and frequency. Because 

the mixed jet is only relevant downstream of its potential core the predicted spectra are 

cut-off progressively above the frequency 1f .  

With the three contributions so determined the final prediction is then calculated 

as the (incoherent) sum of the three components for each 1/3 octave frequency and 

angle. 

 

4.2.2. Heated Primary Flow 
 

For the prediction of isothermal jets, the high frequency part of the mixed jet’s 

spectrum is cut-off as the secondary jet is being cut-on, in such a way that they are both 

attenuated by 3 dB at some specified frequency. 

It is assumed in changing to a jet with a heated core that the physical structure of 

the coaxial flow is essentially unchanged, so the extent of the spectral contributions 
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from the secondary and mixed jets will remain unaltered. 

The noise emitted by the effective jet is less than that emitted by a conventional, 

isolated single jet because of the characteristically reduced turbulence level. It has been 

argued that the noise emitted by the quadrupole sources of an isothermal jet is 

proportional to the fourth power of the rms turbulence intensity. However, the noise 

from the hot effective jet proposed above is the product of both quadrupole and dipole 

sound sources, so it is necessary to scale the quadrupole noise and the dipole noise 

separately.  

In order to scale the dipole noise correctly it is necessary to find the dependence 

of far field pressure fluctuations upon the turbulence velocity within the dipole source 

term, most generally given by: 

 
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
V
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r
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rc
txp )~(

4
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
 Eq. 4-10 

where iF  is the force per unit volume of each dipole within the source region 

bounded by the volume V. Reference [10] has shown that the dominant sound radiation 

from hot jets is associated with the source term as: 
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Now, it is assumed that all the pressure fluctuations are due to the acceleration 

of pockets of different density gas, thus equating: 

ix
p


  with 

t
U

 , it is possible to rewrite the source term as: 
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so, in the farfield: 
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 Eq. 4-13 

However, uUU j  , and jU  is invariant with time so: 
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 Eq. 4-14 

Now for scaling law purposes, the volume integral can be scaled on a typical 

dimension 3D , and assuming a purely Strouhal dependant flow, then the second time 

derivative scales on the square of frequency or 2)/( DU j , resulting in a farfield pressure: 

0

2
0 )(
rc

DuU
p j

farfield





 Eq. 4-15 

The variation of the farfield sound intensity can be expressed as: 

3
0

2
0

2242
0)(

cr
DuU

I j


 

  Eq. 4-16 

So, the sound intensity in the farfield due to the dipole sources in a hot turbulent 

jet is proportional to the square of the rms turbulent velocity. For the effective jet, 

whose turbulence velocity is characteristically 10% of jU  rather than 15%, the effect 

will be to reduce the dipole spectrum by an amount: 

dBdB 52.3
%15
%10log20 10 





  Eq. 4-17 

It remains to determine from the predicted effective jet spectrum how much of 

the noise is produced by the dipoles and how much by the quadrupole sources, so that 

each spectrum may be scaled appropriately. To accomplish this task, it is necessary to 

make use of the theoretical single jet analysis method developed by Szewczyk and 
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Morfey in 1973 [10] 

By applying a geometric acoustic model to the generation of sound by a hot jet, 

Szewczyk obtained normalized 90° master spectra for quadrupole and volume 

displacement dipole sources, which when combined with mean flow acoustic 

interactions form the basis of a single jet prediction program. The advantage of this 

scheme is that the dipole and quadrupole sources are predicted separately, which 

enables to reduce the two spectra of the effective jet by 3.5 dB and 7 dB respectively.  

The noise reduction is assumed to be: 
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IrIr
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10log10  Eq. 4-18 

where dB  is the reduction, in decibels, applied to the sound pressure level predicted at 

the third octave band f  of the effective jet spectrum, dI  and qI  are the separate far 

field dipole and quadrupole spectra for the same jet and r  is the ratio of turbulence 

levels, namely %)15/%10(r  as explained previously. 

 

In summary, the hot coaxial jet predicted spectrum comprises the following 

spectral contributions: 

a) The Mixed Jet (low frequencies) 
 

),(log10),,,,(),( 110 ffFfDTVSPLfSPL Dmmmm    Eq. 4-19 

where 1/1 mm UDf . 

This equation describes the mixed jet third-octave sound pressure level at an 

angle   and frequency f  as he sound pressure level predicted for a single jet of 
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diameter mD , velocity mV  and temperature mT  at the same angle and frequency, cut-off 

at frequencies above 1f  as described previously. 

 

b) The Secondary Jet (high frequencies) 
 

),(log10),,,,(),( 110 ffFfDTVSPLfSPL Ussss    Eq. 4-20 

where 1/1 ss UDf . 

In this case the third-octave sound pressure level from the secondary jet at   and 

f  is given by the predicted sound pressure level from a jet with the velocity and 

diameter of the secondary jet at the same angle and frequency, cut-off below the 

frequency 1f . 

 

c) The Effective Jet 
 
The spectrum from an effective jet whose predicted noise levels are scaled to a 

10% turbulence intensity: 

dBfDTVSPLfSPL eppe  ),,,,(),(   Eq. 4-21 

The third-octave sound pressure level from the effective jet at   and f  is given 

by the sound pressure level predicted for a jet at the primary jet velocity and an effective 

diameter, reduced by a factor which varies between -3.5 dB for a completely dipole-

dominated jet to -7 dB for an isothermal jet containing only quadrupoles. 
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5. NUMERICAL RESULTS 
 

In order to provide a complete basis of comparison for the empirical models, 

they have been applied to predict farfield jet mixing noise from pure coaxial scale 

nozzles under stationary conditions (observer on ground). The description of the coaxial 

nozzles and the operating conditions are given in the next sub-section. The results are 

shown in sequence for subroutines 1 to 6.  

 

5.1. Static Condition (observer on ground) 
 

The numerical results presented in this section are compared against 

experimental data taken within the EU 6th framework programme CoJeN (Coaxial Jet 

Noise). A series of jet noise measurements were made, on a scale model basis, with 

coplanar and short-cowl coaxial nozzles over a range of fully expanded jet velocities 

compatible with those of aero-engine exhausts. The measurements were made in the 

geometric far-field where the distributed form of the jet noise source is considered to 

have negligible effect. 

The tests were carried out for a matrix of subsonic jet conditions. The 

measurements were run at values of 0/ aV j  corresponding to core jet velocities from 

about 217 m/s to 480 m/s and bypass velocities between 217 m/s and 306 m/s, where jV  

is the fully expanded jet velocity and 0a  is the ambient speed of sound. The core jet 

temperature ratio, defined as the ratio of the jet static temperature )( jsT  to the ambient 

temperature )( 0T , was set at one of two nominal values, 1.0 (unheated) and 2.6, 

resulting in a maximum temperature of about 879.9°K. The bypass jet was not heated, 

e.g an isothermal condition. 
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For comparison purposes, only two sets of this database have been selected, 

isothermal cases where both streams are at the same temperature fairly greater than the 

ambient one, and the heated condition that considers the effect of heating in the primary 

stream.  

Table 5-1 shows the geometry of the nozzles which are used. Table 5-2 

describes the test point conditions for isothermal flow (unheated primary flow) as well 

as a heated primary stream. 

 

Table 5-1. Nozzles Geometry. 

Area Ratio = 3.0, Temperature Ratio = 1.0 
Velocity 

Ratio 1.0 

Core Nozzle 
Diameter (m) 0.095 

 

 

Fan Nozzle 
Diameter (m) 0.200 

Velocity 
Ratio 1.0 

Core Nozzle 
Diameter (m) 0.136 

 

 

Fan Nozzle 
Diameter (m) 0.274 

 

 

Table 5-2. Operating conditions – Isothermal and heated flows. 

Condition # Vp 
(m/s) 

Tsp 
(K) Mp Ttp 

(K) 
Vs 

(m/s) 
Tss  
(K) Ms 

Tts  
(K) VR 

1#Isothermal 217.2 287.58 0.641 311.1 216.8 286.9 0.638 310.2 1.0 
2#Heated 480.7 775.6 0.877 879.9 306.8 288.14 0.902 335.0 0.638 
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Where: 

Vp = fully-expanded jet velocity in the primary stream 

Tsp = static temperature in the primary stream 

Ttp = total temperature in the primary stream 

Mp = Mach number (Vj/aj) in the primary stream 

Vs = fully-expanded jet velocity in the secondary stream 

Tss = static temperature in the secondary stream 

Tts = total temperature in the secondary stream 

Ms = Mach number (Vj/aj) in the secondary stream 

VR = Velocity ratio 

 

The ambient conditions were set according to: 

Tamb = 288.14K 

a0 = 340.3 m/s 

Pamb = 101.325 kPa 

RH = 65.0 % 

s = 1.4 

p = 1.35 

 

Table 5-3 shows the location of the farfield observer as in accordance to the 

acoustic measurements performed.  
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Table 5-3. Description of the observer location in the farfield. 

Parameter Description (D) / () 
11.74 / 50° 
12.27 / 60° 
12.39 / 70° 
12.64 / 80° 
13.08 / 90° 
13.10 / 100° 
13.21 / 110° 

Distance of Receiver [m] / Angle [degrees] 

13.71 / 120° 
 

The subsequent sections will present all the numerical results obtained from the 

coaxial jet noise prediction routines compared against the experimental results. For 

better illustration, the results are separated in sections according to the operating 

conditions and jet geometry. Thus, the sub-sections cover respectively: 

a. Isothermal Jet – Coplanar 

b. Isothermal Jet – Short-cowl 

c. Heated Jet – Coplanar 

d. Heated Jet – Short-cowl 

It is important to emphasize, at this point, that most of the methods are devised 

only for prediction of noise from coplanar coaxial nozzles. There are only two methods 

available that bring explicitly corrections for extended primary nozzles. They are: 

1. SAE ARP876D 

2. SAE AIR1905 – Boeing Method 

However, these methods have been applied in industry, at the discretion of 

engineers, for different types of applications, including short-cowl nozzles. The results 

herein also include the use of all methods for prediction of noise from short-cowl 

nozzles. 
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5.2. Isothermal Jet - Coplanar 
 

A comparison between data and the prediction schemes, here called general 

subroutines, for isothermal, coplanar nozzles is shown in Figure 5-1. The results from 

the Four-Source method are shown in Figure 5-2. Both set of spectra were built on a 1/3 

octave-band basis. 

From Figure 5-1, it is clearly evident that the coaxial jet noise spectra are not 

fairly reproduced numerically for the angles investigated. The one-third octave spectra 

are generally over estimated for most of the models, except for the SAE ARP876D 

method, which appears to under predict the spectra from mid to higher frequencies. The 

SAE AIR1905-NASA method seems to be closer to the experimental results. In order to 

have a quantitative parameter of comparison among the methods, the standard deviation 

from experimental data was calculated. The standard deviation results are in Table 5-4 

in sequence, which confirms that the NASA method provides more reasonable results. 

Table 5-4. Standard deviation values – coplanar (ISO) – general subroutines. 
Method / Angle 50 60 70 80 90 100 110 120

SAE ARP876D 5.27 4.14 3.25 2.94 2.81 3.06 2.93 2.97
ESDU 01004 3.48 3.04 3.84 3.75 3.47 3.45 3.92 4.24
SAE AIR1905 - NASA 1.42 1.54 1.79 1.76 1.55 1.53 2.18 2.55
SAE AIR1905 - Rolls Royce 2.26 1.74 1.78 1.90 2.00 1.96 2.34 2.77
SAE AIR1905 - Boeing 5.54 4.99 4.75 4.46 4.30 3.54 3.55 3.21  

On the other hand, as seen in Figure 5-2, the Four-Source method clearly 

provided very good results for all the angles investigated. The standard deviation values 

are presented in Table 5-5, and are less than 0.7 dB for all angles. 

Table 5-5. Standard deviation values – coplanar (ISO) – Four Source. 

Method / Angle 50 60 70 80 90 100 110 120
FOUR-SOURCE 0.52 0.34 0.47 0.58 0.64 0.47 0.60 0.66  

The results show a variation between 1 and 5 decibels for all standard methods. 

But a very good agreement is seen for the Four-Source method. 
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5.2.1. General Routines 
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Figure 5-1. Comparison of data with the prediction – Coplanar (ISO) – General subrotines. 
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5.2.2. Four-Source Method 
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Figure 5-2. Comparison of data with the prediction – Coplanar (ISO) – Four-Source. 
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5.3. Isothermal Jet – Short-Cowl (3/4 cowl) 
 

Despite the fact that many of the methods in this study are not devised to predict 

the noise from short-cowl nozzle configurations, they have been used in this work. The 

results are shown in Figure 5-3. The results from the Four-Source method are presented 

in Figure 5-4.  

A very similar trend to the coplanar coaxial jet is observed, although some 

sharper discrepancies are revealed for the ESDU method at the low and high frequency 

extremities of the spectra. This behaviour was attributed to the extrapolation approach 

that applies in the database for the current method.  

Again, as a quantitative parameter, the standard deviation values are presented in 

Table 5-6 and Table 5-7 for the general subroutines and the Four-Source method, 

respectively. 

Table 5-6. Standard deviation values – short-cowl (ISO) – general subroutines. 
Method / Angle 50 60 70 80 90 100 110 120

SAE ARP876D 5.56 4.70 4.04 3.68 3.23 3.25 2.99 2.97
ESDU 01004 3.97 4.28 4.34 3.93 4.05 3.96 4.45 5.13
SAE AIR1905 - NASA 1.36 1.45 1.69 1.73 1.56 1.60 2.11 2.62
SAE AIR1905 - Rolls Royce 1.77 1.67 1.72 1.68 1.52 1.45 1.86 2.54
SAE AIR1905 - Boeing 4.60 3.61 3.31 3.30 3.44 2.99 3.08 3.00  

Both NASA and Rolls-Royce methods provided reasonable results all over the 

angles, the first going better for angles below 80° and the second going well for angles 

above 80°.  

As expected, the Four-Source predictions were poorer than the coplanar ones, 

since there is no correction for short-cowl nozzles. However, the results seems to be 

much better when compared to traditional methods. 

Table 5-7. Standard deviation values – short-cowl (ISO) – Four-Source. 

Method / Angle 50 60 70 80 90 100 110 120
FOUR-SOURCE 0.64 0.97 1.07 0.83 0.72 0.73 1.00 1.20  
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5.3.1. General Routines 
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Figure 5-3. Comparison of data with the prediction – Short-cowl (ISO) – General subrotines. 
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5.3.2. Four-Source Method 
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Figure 5-4. Comparison of data with the prediction – Short-cowl (ISO) – Four-Source. 
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5.4. Heated Jet - Coplanar 
 

The spectra from a heated, coplanar coaxial jet are shown in Figure 5-5 and 

Figure 5-6, for the general subrotines and the Four-Source method, respectively. 

Reasonable results are observed at mid to low frequencies in the spectrum, for 

almost all angles. However, big discrepancies are observed in the high frequency range. 

The NASA and Boeing methods failed to predict the fall-off in the spectrum at 

frequencies above 1000 Hz. The ESDU method again presents peaks at the low 

extremity of the spectra for all angles, which supports the idea of misinterpolation on 

the database. Nevertless, for frequencies above 200 Hz, the ESDU method presented a 

good agreement for the spectra, including the high frequency content, at all angles. To 

be consistent with this fact, for the standard deviation values calculation, in Table 5-8, 

the ESDU points below 200 Hz have been removed. So, except for low frequency 

misleading by the ESDU method, it seems to provide the best fit when compared 

against any other method. 

Table 5-8. Standard deviation values – coplanar (HOT) – general subroutines. 
Method / Angle 50 60 70 80 90 100 110 120

SAE ARP876D 2.91 2.48 2.27 2.73 2.96 3.20 3.55 4.26
ESDU 01004 1.52 1.54 1.70 1.76 1.83 1.69 1.87 2.67
SAE AIR1905 - NASA 4.54 3.62 3.38 2.88 2.97 4.05 4.35 5.45
SAE AIR1905 - Rolls Royce 1.68 1.51 1.85 1.63 2.16 2.47 2.63 2.60
SAE AIR1905 - Boeing 4.49 2.48 2.73 2.44 2.97 3.06 3.28 3.49  

Table 5-9 shows the standard deviation values for the Four-Source method. The 

results corroborate the fact that the method was not good for the high frequency part of 

the spectra, with an overprediction of sound levels. This was more pronounced for 

angles above 80°. However, all the results are less than 3 dB error. 

Table 5-9. Standard deviation values – coplanar (HOT) – Four-Source. 

Method / Angle 50 60 70 80 90 100 110 120
FOUR-SOURCE 0.96 1.05 1.89 2.47 2.49 2.67 2.65 2.95  
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5.4.1. General Routines 
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Figure 5-5. Comparison of data with the prediction – Coplanar (HOT) – General subrotines. 
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5.4.2. Four-Source Method 
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Figure 5-6. Comparison of data with the prediction – Coplanar (HOT) – Four-Source. 
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5.5. Heated Jet – Short-Cowl (3/4 cowl) 
 

Finally, the results for a heated, short-cowl nozzle jet are presented in Figure 5-7 

and Figure 5-8, for the general subroutines and the Four-Source method, respectively. 

As seen previously, the trend in the results are quite similar of those for heated, 

coplanar jet. In fact, since the nozzles have roughly the same dimensions and are 

operating at the same conditions, plus the fact that no corrections were applied to the 

short-cowl, the results should be consistently similar. It is important to notice that, 

although corrections were present for SAE ARP876D and AIR 1905 (Boeing method), 

the final results are not the best ones. It is worth saying that those corrections are quite 

simple and do not include effects like the presence of the plug.  

Table 5-10 and Table 5-11 present the standard deviation values for the noise 

prediction routines. Again, for the ESDU method, the points below 200 Hz were 

discarded. However, even after excluding these points, the method was not particular 

effective in predicting the noise levels. The Rolls-Royce method gave the reasonable 

prediction at this time. Table 5-10. Standard deviation values – Short-cowl (HOT) – general 
subroutines. 

Method / Angle 50 60 70 80 90 100 110 120
SAE ARP876D 1.93 1.31 2.15 2.48 2.27 2.45 2.75 3.48
ESDU 01004 2.51 2.57 2.83 2.78 2.90 2.56 2.86 3.57
SAE AIR1905 - NASA 4.44 3.72 3.47 2.89 2.83 3.79 3.98 4.95
SAE AIR1905 - Rolls Royce 1.33 1.43 1.33 1.95 2.02 2.37 2.58 2.65
SAE AIR1905 - Boeing 4.88 3.04 3.03 3.85 4.13 4.30 4.43 4.72  

The Four-Source results are again consistent and very stable in the spectrum 

shape. The final standard deviation values are in the same levels than those from the 

Rolls-Royce method. Again the results are less than 3 dB error estimation. 

Table 5-11. Standard deviation values – Short-cowl (HOT) – Four-Source. 

Method / Angle 50 60 70 80 90 100 110 120
FOUR-SOURCE 1.48 1.16 1.79 2.41 2.39 2.51 2.46 2.78  
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5.5.1. General Routines 
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Figure 5-7. Comparison of data with the prediction – Short-cowl (HOT) – General subrotines. 
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5.5.2. Four-Source Method 
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Figure 5-8. Comparison of data with the prediction – Short-cowl (HOT) – Four-Source. 
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6. CONCLUDING REMARKS 
 

The main contribution of this work was to provide a general overview of the 

semi-empirical methods available for noise prediction of dual-stream (coaxial) jets. The 

most common methods currently available in the literature were implemented and 

validated against experimental data available at the Institute of Sound and Vibration 

(ISVR).  

A general description of all numerical methods was presented in Chapter 3 and 4 

of this document and could be used as a guide for future work in this area. Specifically, 

Chapter 4 dealt with the Four-Source method, which is a more physically consistent 

method and most promising for industrial applications.  

The main observations from Chapter 5 are summarized and discussed herein as: 

 

a. The coaxial jet noise spectra are not fairly reproduced numerically for 

the configurations investigated, when considering standard routines. 

These traditional methods are within 1 and 5 dB away from the 

experimental data.  

b. There is no trend in the results, among the standard subroutines, in order 

to confirm a best one for use as reference. The best results came from 

SAE AIR 1905 (Rolls-Royce) and ESDU 01004, although the last 

method presented a series of interpolation problems.  

c. All the standard routines are not completely able to take into account the 

effect of a short-cowl configuration in a coaxial flow. Although the 

results are still below 3 or 5 dB (for the worst cases) this effect should be 
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considered for modern engine exhaust systems. 

d. The Four-Source method provided satisfactory predicted noise levels for 

both isothermal and hot coplanar coaxial jets, with standard variation not 

more than 3 dB, for the second case, respectively. 

e. All the spectra shapes from the Four-Source method were very consistent 

with the experimental data. In terms of noise levels, all values were 

within 3 dB of data.  

f. Except for extra-corrections needed for the Four-Source method in terms 

of short-cowl’s geometry, the method appears to be reliable for selection 

as a reference for industrial application. In contrast to the other 

traditional methods, the Four-Source provided very steady and accurate 

results. 

 

A next step towards making the Four-Source method more general, would be the 

extension of the method to take into account short-cowl nozzle configurations. It is 

worth mentioning that the corrections involved herein are in the order of less than 3 dB, 

which probably will require extensive experimental work in order to determine the 

effect of variations in the primary nozzle extent and plugs in the exhaust system. 
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