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ABSTRACT

A computationally efficient method to approximate the total sound power and far-field acoustic intensity spectra generated
by turbulent flow past a rigid body is proposed. The method is based on Proudman’s analytical formula for the sound
generated by isotropic turbulence. This formula expresses the sound intensity of locally isotropic turbulence for low
Mach numbers in terms of the kinetic energy of the turbulence, k, and its dissipation rate, ε . In this work, the approach is
extended to non-uniform turbulent flows and the associated acoustic spectra are expressed in terms of the standard steady-
state variables, k and ε , conventionally used in computational fluid dynamics (CFD). Since these steady-state variables of
turbulent flow are much easier to calculate than the non-stationary turbulent fluctuations used in traditional formulations
for the flow sound, this approach dramatically reduces the computational burden of the flow noise calculation. Such
a computationally efficient method for predicting flow noise is essential for conducting extensive ‘what-if’ studies
such as shape optimisation to reduce flow noise. The final expressions for the proposed method are calibrated against
experimental and numerical data for flow noise of turbulent jets and boundary layers. The method is then applied to
study the coefficient of drag and Mach number dependence of the sound generated by flow past a slender body.

INTRODUCTION

Lighthill (1952,1954) derived an acoustic analogy demonstrat-
ing that the sound generated by turbulent fluid flow is equivalent
to the sound generated by a distribution of quadrupoles com-
puted from the instantaneous velocity fluctuations. Lighthill’s
acoustic analogy requires transient flow field data from which
the acoustic sources are extracted. Prediction of flow induced
noise based on Lighthill’s acoustic analogy typically uses high
fidelity transient CFD simulations such as large eddy simulation
(LES), to generate the unsteady turbulent fluctuations required
by the method. Wang et al. (2009) and Svennberg and Fureby
(2010) have achieved accurate predictions of flow induced noise
using such high fidelity approaches. However these high fidelity
flow noise prediction methods are computationally expensive
with analyses requiring weeks, even months, to complete. This
computational expense makes such methods of little use for
‘what-if’ scenarios such as optimisation studies to reduce flow
induced noise.

Building on the work of Lighthill (1952), Proudman (1952) de-
rived analytical expressions to approximate the sound intensity
of isotropic turbulence for low Mach numbers in terms of the
kinetic energy of the turbulence and its dissipation rate. Based
on Proudman’s analogy, the flow induced acoustic intensity
can be expressed in terms of standard steady-state variables
corresponding to the turbulent kinetic energy, k, and dissipation
rate, ε, which are conventionally used in CFD. The advantage
of this approach is that the flow induced noise can be approxi-
mated from steady-state CFD data and hence methods based on
Proudman’s analogy are much more computationlly efficient
than those based on Lighthill’s analogy. The computational ef-
ficiency of flow noise predictions obtained using Proudman’s
analogy makes the method extremely attractive for comparative
design studies.

This paper presents a k−ε sound model to approximate the noise
generated by turbulent flow past a slender body. The method
is based on the work of Proudman (1952) and extended to
include the sound produced by a turbulent boundary layer (TBL)
acting on a body immersed in turbulent flow. For the work
presented here, the body surface is considered to be continuous
and smooth, with no irregularities or edges. Surface roughness

and sharp edges can significantly increase the sound radiated
from a TBL. These effects have not been included in the present
work. Also, the intended application for the proposed k− ε

sound model is the prediction of flow induced noise for a slender
body operating in a marine environment and hence the Mach
numbers of interest are very low.

For a TBL there are several sources of sound. The fluctuating
velocity in the boundary layer generates a volume distribution of
quadrupole sources. The fluctuating wall pressure and surface
shear stress produce surface distributions of dipole sources.
Gloerfelt et al. (2005) demonstrated that the sound pressure
field produced by the pressure dipole sources is equivalent to
the scattering of the volume quadrupole sound field by the
body. Powell (1960) showed that for a TBL over a flat, smooth
surface, the pressure dipoles represent the reflection of the
volume quadrupoles by the surface and the radiated sound scales
in the same way as free turbulence.

The role of the surface shear stress dipole on sound produc-
tion and propagation in a TBL has been the subject of debate.
Landahl (1975) linked the noise radiated from a TBL to the fluc-
tuating wall shear stresses arising from turbulent processes in
the near wall region. He derived expressions relating the acous-
tic power radiated by both dipole and quadrupole sources to the
friction velocity, u∗. He found that the acoustic power radiated
by the surface shear stress dipole scaled with u6

∗ whereas the
acoustic power radiated by the quadrupole scaled with u8

∗. Lan-
dahl (1975) concluded that at low Mach numbers, the surface
shear stress dipole will dominate the TBL noise. In contrast,
Howe (1979) presented analytical results that suggested the
surface shear stress dipole was not a source of noise at all.
He stated it was a propagation term that described how the
wall shear flow modified the propagation of acoustic waves
in the vicinity of the wall. However, Shariff and Wang (2005)
conducted numerical studies demonstrating that a fluctuating
surface shear stress is a valid source of sound radiation. Also,
Hu et al. (2003, 2006) predicted the sound generated by direct
numerical simulation of TBL flows over a smooth surface. They
showed that not only are fluctuating surface shear stresses a
valid source of sound radiation, they are the dominant sound
source at low Mach numbers. It is important to highlight that
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Hu et al. (2003, 2006) consider only smooth boundaries in their
work. For a rough surface, the roughness elements act to scatter
the sound produced by the volume quadrupoles. Hence the pres-
sure dipole source term contributes significantly to the sound
radiated from a rough surface. Yang and Wang (2008) studied
the relative strengths of the pressure and surface shear stress
dipoles for a single Reynolds number flow over a flat plate with
a hemispherical roughness element. At this Reynolds number,
they found that the pressure dipole term is a more dominant
source of TBL noise than the shear stress dipole. However, it
is unclear from the literature what the relative strengths of the
pressure and shear stress dipoles are for a rough surface in the
limit M→ 0. For the work presented here, the surfaces are con-
sidered to be smooth and flat and the Mach number is very low.
Hence the TBL noise will be dominated by surface shear stress
dipoles.

The proposed k− ε sound model uses a volume distribution of
sources based on the work of Proudman (1952) to approximate
the acoustic intensity generated by turbulent fluctuations in the
flow. These sources are calculated based on the k and ε fields
obtained from a steady-state CFD simulation. A distribution of
surface shear stress dipole sources is used to predict the acoustic
intensity generated by the turbulent boundary layer. A method
is derived to approximate the fluctuating wall shear stress from
steady-state CFD data. From this fluctuating wall shear stress,
the acoustic intensity and power generated by the surface can
be estimated.

The k− ε sound model is calibrated against experimental data
for sound generated by a low Mach number turbulent jet, as well
as numerical data of sound produced by a turbulent boundary
layer. The k− ε sound model is then applied to investigate the
sound produced by turbulent flow past a slender body.

NUMERICAL METHODS

As a first approximation, the sources of flow noise can be repre-
sented as the sum of volume and surface components as follows:

P = Ps +Pv

=

ˆ
S

ps (yb)dS+
ˆ

V
pv (y)dV (1)

where P is the total acoustic power generated by the flow. ps (yb)

and pv (y) are respectively the surface component (dipole) and
volume component (quadrupole). y and yb are the position vec-
tors of the volumetric and surface source points, respectively.
Esimates for ps and pv can be given as:

pv(y) = Aρε (y)

(√
k (y)
c

)5

, ps(yb) = Bρ

(
k0 (yb)

c

)3

(2)

where c is the speed of sound and ρ is the fluid density. k(y)
and ε (y) are the turbulent kinetic energy and dissipation rate
at y, respectively. k0 (yb) is the kinetic energy of the fluctuating
component of the friction velocity evaluated at yb. A, B are con-
stants to be determined by model calibrations. The expression
for pv(y) comes from the work of Proudman (1952) on the noise
generated by isotropic turbulence. pv(y) is readily calculated us-
ing the values for k and ε from a CFD solution. The expression
for ps(yb) is derived from the scaling laws of aerodynamic noise
and recognising that it corresponds to a dipole noise source, as
presented by Skvortsov et al. (2009).

A fluctuating wall shear stress, τw (t), acting on an area, Aw,
produces a fluctuating force Fτ (t) = τw (t)Aw. Following the
derivation of Goldstein (1976) (pp 124-125) for sound power
generated by a fluctuating surface force, the time average acous-
tic intensity, Ī is given by:

Ī ≈ 1
16πc3ρ

xix j

R4
dFτ,i (t)

dt
dFτ, j (t)

dt
(3)

where Fτ,i (t) and Fτ, j (t) are the ith and jth components of the fluc-
tuating shear force Fτ (t), respectively. xi and x j are, respectively,
the ith and jth components of the position vector x of the field
point. R is the distance between source point, yb and x. Here it
is assumed that |x|>> |yb|.

Continuing with the derivation presented by Goldstein (1976)
(pp 124-125), it can be shown that:

dFτ,i (t)
dt

dFτ, j (t)
dt

∝
1

T 2
f
|Fτ |2 (4)

where Tf is the characteristic period of the fluctuation and can
be expressed as:

Tf ∝
L

Uc
(5)

Here L is a characteristic length of the surface and Uc is a char-
acteristic velocity of the flow. For a force caused by fluctuating
surface shear stresses, a logical choice for the characteristic
velocity is:

Uc = u∗ (6)

where u∗ is the friction velocity. The fluctuating force due to
shear stresses can be related to the friction velocity as follows:

|Fτ | ∝ |τw|Aw

∝ ρu2
∗L

2 (7)

Here Aw ∝ L2 has been used along with the definition for friction
velocity, u∗ =

√
τw
ρ

. By recognising that both xi ∝ R and x j ∝ R,
Ī can be expressed as being proportional to:

Ī ∝
ρu6
∗L

2

c3R2 (8)

Integrating equation (8) over a sphere of radius R gives an
expression for the acoustic power:

P̄s ∝
ρu6
∗L

2

c3 (9)

It is only the fluctuating component of u∗ in equation (9) that
produces sound. A method to estimate this fluctuating compo-
nent from steady-state CFD data is presented in what follows.

Define k0 ∝ u2
∗ as the amount of kinetic energy associated with

the fluctuating component of the friction velocity. Considering
a surface, S, equation (9) can be converted into the following
integral equation:

P̄s =

ˆ
S

Bρ

(
k0 (yb)

c

)3

dS (10)

which is the expression given in equation (2). In the standard
k− ε turbulence model of Launder and Spalding (1974), there
is a relationship between flow shear stress, τ, and k, given by:

τ = ρ
√

Cµ k (11)

where Cµ is a constant coefficient of the turbulence model.
Using this relationship k0 is defined as:

k0 (yb) =
τt0 (yb)

ρ
√

Cµ

(12)

τt0 (yb) is the fluctuating component of the wall shear stress at
yb and is defined as:

τt0 (yb) = τ0 (yb)
νt

ν
(13)

where τ0 (yb) is the mean wall shear stress at yb, ν is the viscosity
of the fluid and νt is the turbulent, or eddy, viscosity and is taken
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from the computational cell adjacent to the wall. Hence a final
expression for k0 (yb) is given by:

k0 (yb) =
τ0 (yb)νt

ρν
√

Cµ

(14)

All quantities on the right hand side of equation (14) can readily
be obtained from a steady-state CFD analysis. To approximate
a value for ε on the boundary faces, ε0, the following approach
is used:

ε0 (yb) =
Cµ k2

0 (yb)

νt
(15)

which is based on another relationship in the turbulence model
of Launder and Spalding (1974).

Considering ps (yb) and pv (y) to act as point sources, the acous-
tic intensity, I, at a field point, x, is determined by:

I (x) = Is (x)+ Iv (x) (16)

Is (x) and Iv (x) are the acoustic intensity at a field point x due to
the surface and volumetric sources, respectively, and are given
by:

Is (x) =
ˆ

S

ps (yb)

4πR2 dS (yb) , Iv (x) =
ˆ

V

pv (y)
4πR2 dV (y) (17)

R = |x−y| is the distance between the source and field points.
The intensity is related to the sound pressure as follows:

I (x) =
p2

a (x)
ρc

(18)

where pa (x) is the sound pressure at x. Hence an expression for
the sound pressure is given by:

pa (x) =
√

I (x)ρc (19)

The spectral properties of the acoustic power, intensity and
hence sound pressure can be approximated by assuming simple
spectra for the volume and surface sources. For the volume
sources, the spectrum is defined by:

fv (ω,qv,rv,Cv) =
Cv

(
ω

ω0

)qv

1+
(

ω

ω0

)rv (20)

where Cv is a parameter to be determined by model calibration.
ω is the radian frequency. ω0 is the characteristic frequency and
here is given by:

ω0 = Fv

(
ε

k

)
(21)

where Fv is a calibration prefactor. The values for qv and rv in
equation (20) are approximated by considering the asymptotic
behaviour of acoustic spectra from turbulent jets:

fv (ω,qv,rv,Cv)≈


(

ω

ω0

)qv
ω

ω0
<< 1(

ω

ω0

)qv−rv
ω

ω0
>> 1

(22)

For the volumetric sources, qv = 8 due to the 8th power scaling
law for acoustic power generated by quadrupole sources derived
by Lighthill (1952). At high frequencies, the acoustic spectra
experience a power law decay of − 7

2 and hence qv− rv = − 7
2

and rv =
23
2 .

For the surface sources, a piecewise linear spectrum is used:

fs (ω,qs,rs,ss,Cs) =


0.1(rs−qs)Cs

(
ω

ω0

)qs
ω

ω0
< 0.1

Cs

(
ω

ω0

)rs
0.1 < ω

ω0
< 1

Cs

(
ω

ω0

)ss
ω

ω0
> 1

(23)

Here, ω0 is given by:

ω0 = Fs

(
ε0

k0

)
(24)

and the surface spectra, qs, rs and ss are parameters to be deter-
mined by model calibration. The following equations are used
for the acoustic power and intensity spectra:

P(ω) = Ps f (ω,qs,rs,ss,Cs)+

Pv f (ω,qv,rv,Cv) (25)

I (x,ω) = Is f (ω,qs,rs,ss,Cs)+

Iv f (ω,qv,rv,Cv) (26)

The correlation coefficients, A, B, Cv, Cs, Fv, Fs, qs, rs and ss,
from equations (2), (21), (24), (25) and (26) are determined
through model calibration.

MODEL CALIBRATION

To obtain the parameters for the volumetric and surface acoustic
sources in the proposed k−ε sound model, two separate calibra-
tion studies are performed. To calibrate the volumetric source
parameters, a low Mach number turbulent jet is modelled and
the predicted sound is compared against experimental results
of Laurendeau et al. (2008). Details of the low Mach number
turbulent jet analysis is provided in the proceeding section on
turbulent jet flows. To calibrate the surface source parameters,
TBL flow is analysed. The predicted sound is compared with
the numerical results of Hu et al. (2006). Details of the TBL
calibration study is provided in the proceeding section on the
turbulent boundary layer noise.

The calibration analysis for the turbulent jet was performed at a
single Reynolds number and the acoustic results used for com-
parison are sound pressure levels (SPLs) measured at discrete
points in space. Further work is required to extend the turbulent
jet calibration to a range of Reynolds numbers to ensure that
the derived parameters are robust. The calibration analysis for
the TBL was performed at three Reynolds numbers and the
sound power generated per unit area of the boundary is used for
comparison.

In both calibration cases, the CFD analyses are conducted us-
ing ESI Group’s CFD-ACE+ software package. The velocity-
pressure form of the Navier-Stokes equations are solved by
CFD-ACE+ and for these analyses, steady-state Reynolds Av-
eraged Navier-Stokes (RANS) simulations of the flow fields
are performed. The standard k− ε turbulence model of Launder
and Spalding (1974) is used with the improvements to the near
wall turbulence production and dissipation terms given by Cio-
falo and Collins (1989). The k− ε turbulence model is a high
Reynolds number model and relies on wall models to predict the
production and dissipation of turbulence at the boundary. These
high Reynolds number turbulence models require 30 < y+ < 150,
where y+ is the height of the CFD cell adjacent to the bound-
ary non-dimensionalised by the friction velocity and kinematic
viscosity of the fluid. For both calibration models analysed, an
average of y+ ≈ 40 was used. The spatial distributions of k and
ε are obtained from the simulations for both calibration models.
For the turbulent jet calibration model, equations (19) and (26)
are used to approximate the SPL spectra at the measurement
points. For the TBL calibration model, equation (25) is used
to approximate the sound power generated per unit area of the
boundary. The parameters of the k− ε sound model were then
tuned to obtain a good match between the results predicted with
the present method and the data from literature. Table 1 presents
the values obtained for all calibration coefficients of the k− ε

sound model after the tuning.
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Turbulent Jet Noise

A low Mach number turbulent jet was simulated at ReD =

300,000 and M = 0.3 from a nozzle with a diameter of 0.05
m. For this simulation, a three-dimensional rectangular domain
with dimensions H×W ×L = 4.6× 6.3× 9.4 m3 was modelled
around the nozzle. These dimensions match the size of the ane-
choic chamber used for the experimental work of Laurendeau
et al. (2008a, 2008b).

Figure 1 shows part of the CFD model in the vicinity of the noz-
zle exit with two cut planes showing the mesh distributions. The
CFD model contained approximately 3.7 million cells and the
steady state simulation ran for 17 hours on a standard computer.
Calculation of the sound intensity spectra due to the volumetric
sources took approximately 1.8 minutes per measurement point
and a total time of 5.4 minutes. Hence the total time required to
perform the steady state CFD simulation and predict the SPL
for this case was approximately 17 hours.

Recently Fosso Pouangué et al. (2010) presented a high fidelity
transient CFD simulation of the same low Mach number tur-
bulent jet using LES. Acoustic source data was extracted from
this LES simulation and the sound pressure field was predicted.
They reported that their simulation was executed on 32 CPUs
and required a total of 50,000 CPU hours, or two months, to
complete. Hence the present method offers a huge reduction in
computation time.

The SPL is calculated at θ = 30◦, 60◦ and 90◦ relative to the flow
direction on a 2m arc centred at top dead centre of the nozzle
exit. Figure 2 compares the SPL achieved with the current
method after parameter tuning with the experimental results of
Laurendeau et al. (2008). Figure 2 shows that the predicted SPL
at θ = 30◦ matches very well with the experimental results.
The overall shape of the predicted SPL at θ = 60◦ and 90◦

also compares reasonably well with the experimental results,
however the SPL is overpredicted at these points. In particular,
the difference in peak SPL between θ = 30◦ and 90◦ is less
significant with the current k− ε sound model than with the
change in peak SPL at these points obtained experimentally.
For high Mach number jets, Kandula and Vu (2003) show that
the sound at small angles to the jet is dominated by large-scale
turbulent structures, whereas at angles further from the axis,
fine-scale turbulent structures dominate. A similar trend may
occur in low Mach number jets but in its current form, the
present k−ε sound model is not able to resolve such multi-scale
directivity.

Turbulent Boundary Layer Noise

Low Mach number TBL flow over a flat plate was simulated at
friction Reynolds numbers of Reτ = 360, 720 and 1440. A 2D non-
axisymmetric CFD model was built with dimensions 12h× h,
where h is the boundary layer height. The bottom boundary was
specified as a no-slip wall, the left and right boundaries were de-
fined as periodic boundaries and the top boundary was assigned
a ‘zero stress’ or ‘slip’ condition. The flow was driven from
left to right using a body force. These dimensions, Reynolds
numbers and boundary conditions match those used by Hu et al.
(2006) in their numerical simulation of TBL noise from DNS
flow data. The value of the body force was modified until the
desired friction Reynolds number was achieved. Figure 3 shows
a schematic of the CFD model that was used for the TBL simu-
lations. The mesh density was modifed so that y+ ≈ 40 for all
analyses.

Hu et al. (2006) present normalised power spectral density of
the radiated sound pressure per unit area of wall. They also pro-
vide an equation to calculate the frequency weighted acoustic
power spectrum per unit area of wall from the normalised power

Table 1: Calibration Coefficient Values
Calibration
Coefficient

Volumetric Surface

A 1.3E+04 -
B - 6.6E-08

C 2.27
ω0

1
3.61ω0

q 8 1.2
r 23

2 -1.1
s - -3.5
F 2.0E+00 0.09

Figure 1: CFD mesh near the exit to the nozzle

(a) SPL predicted with the present k− ε sound model

(b) SPL measured experimentally by Laurendeau et al. (2008)

Figure 2: Comparison of the turbulent jet noise between (a)
the SPL predicted with the present k− ε sound model and (b)

experimental results by Laurendeau et al. (2008)

Figure 3: CFD model of the TBL over a flat plate
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spectral density of pressure. Using the k− ε sound model devel-
oped here, the frequency weighted acoustic power spectrum per
unit area of wall was calculated. Figure 4 compares the results
predicted with the current method after parameter tuning with
the numerical results of Hu et al. (2006). Excellent agreement
is acheived between the acoustic power spectra predicted with
the current k− ε sound model and the high-fidelity numerical
results of Hu et al. (2006).

Figure 4: Acoustic power per unit wall area. Solid lines: Hu
et al. (2006), Dashed lines: k− ε sound model.

FLOW NOISE FROM A SLENDER BODY

High Reynolds number, low Mach number flow past an ax-
isymmetric slender body at an angle of attack of zero degrees
was then simulated. The slender body is of radius, a, and
length, L = 40a. The flow noise generated by the slender body
at Reynolds numbers ranging from 2.00E+06 to 2.05E+09 were
investigated. Table 2 summarises the different simulations that
were performed and the resulting computation times. Table 2
shows that the time required to perform the steady state CFD
simulation and subsequent k− ε sound model prediction ranges
from approximately 78 minutes to 730 minutes. High fidelity
simulation of the unsteady flow field using LES techniques,
followed by an acoustic propagation analysis similar to that
proposed by Lighthill (1952), would require significantly more
computational resources. The relatively short analysis times
required for the k− ε sound model make it suitable for ‘what-if’
scenarios such as optimisation studies to reduce flow induced
noise.

The distribution of k and ε were extracted from the steady state
simulations. The surface and volumetric sound powers were
calculated using equation (1) and the calibration parameters that
were derived in the preceding section. The acoustic efficiency,
η , was then calculated for each analysis. The acoustic efficiency,
η, is defined as the ratio of acoustic power output to energy
supplied and is given by:

η = ηs +ηv (27)

ηs and ηv are the acoustic efficiencies of the surface and volu-
metric sources, respectively, and are given by:

ηs =
Ps

ρU3
∞S

, ηv =
Pv

ρU3
∞S

(28)

where U∞ is the free stream velocity and S is the surface area of
the slender body. From the work of Lighthill (1952) and Curle
(1955), the acoustic efficiency of the volumetric and surfaces
sources are expected to scale with the free stream Mach number
as ηv ∝ M5 and ηs ∝ M3, respectively, where M = U∞

c . However,
Landahl (1975) and Hu et al. (2006) predicted that the acoustic
efficiency of sound generated by surface shear stress dipoles
should scale with the friction velocity Mach number as ηs ∝ M3

∗ ,

where M∗ = u∗
c . Figure 5 shows the acoustic efficiencies of the

surface and volumetric sources predicted using the current k− ε

sound model as a function of free stream Mach number, M.
Results are presented for three sound speeds, corresponding
to c = 500a, 1000a and 1500a m/s, and show that the current
method predicts a free stream Mach number scaling of ηv ∝

M4.81 and ηs ∝ M2.51, which is in reasonably close agreement
to the analytical values of ηv ∝ M5 and ηs ∝ M3 predicted by
Lighthill (1952) and Curle (1955). The scaling of the surface
source acoustic efficiency with friction velocity Mach number
was found to be ηs ∝ M2.75

∗ , which matches well with the value
of ηs ∝ M3

∗ predicted by Landahl (1975) and Hu et al. (2006).

Figure 6 presents the total acoustic efficiency predicted with
current k−ε sound model as a function of M for the three sound
speeds. The dashed lines depicted in Figure 6 represent the
Mach number scaling obtained from Figure 5 and the solid
black line indicates when M =CD. Figure 6 clearly shows that
for M <<CD, the total acoustic efficiency becomes η ≈ ηs. At
these Mach numbers, the flow induced noise is dominated by the
TBL noise. For M >>CD, Figure 6 shows that η ≈ ηv and hence
at these Mach numbers, the flow induced noise is dominated by
the turbulent wake. Figure 6 also shows that for M≈CD, ηS ≈ηV .
Hence, when evaluating flow induced noise from a slender body
at M ≈ CD, both the surface and volumetric acoustic sources
must be taken into account. By assuming a = 1m, the results
shown in Figure 6(c) depict the relationship between η and M
for a 40m vessel in a fluid with a sound speed of c = 1500m/s,
which closely matches the speed of sound in water. For this
case, the efficiency of the volumetric sources are of the same
order of magnitude as the efficiency of the surface sources at
M ≈ 0.003, which corresponds to a forward velocity of 4.5 m/s.
It should be stressed that the results presented here are for flat,
smooth surfaces. Any roughness elements on the surface, or
sharp edges such as control surface trailing edges, have not
been considered. Surface roughness and sharp edges will scatter
the sound generated by the volume quadrupoles and this can
result in a significant increase in the far-field sound radiation.
Extensions to the k− ε sound model to include the effect of
surface roughness and sharp edges on the radiated sound are
currently being investigated.

Skvortsov et al. (2009) derived the following scaling laws for
flow past a slender body:

Psa ≈
ρC3

DU6
∞S

c3 , Pva ≈
ρC3

DU8
∞S

c5µ2 (29)

where µ = a
L is the slenderness ratio of the body. Both of the

expressions in equation (29) scale with the cube of the drag
coefficient. To compare the results obtained using the current
method with these scaling laws, acoustic efficiencies for the
approximate sound powers in equation (29) are obtained as
follows:

ηsa ≈
Psa

ρU3
∞S

= M3C3
D (30)

ηva ≈
Pva

ρU3
∞S

=
M5C3

D
µ2 (31)

Introducing calibration factors into equations (30) and (31)
produces the following expressions:

ηsa = GM3C3
D (32)

ηva =
HM5C3

D
µ2 (33)

ηa = ηsa +ηva (34)

Figure 7 shows the comparison between the acoustic efficiencies
calculated from the present k− ε sound model and the efficien-
cies based on the physics based scaling laws of Skvortsov et al.
(2009) for c = 1500a m/s. In Figure 7, the calibration factors are
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G = 0.002 and H = 0.27. The values for G and H in Figure 7 were
also found to produce similarly accurate results for c = 500a and
1000a m/s. The acoustic efficiencies predicted using the k− ε

sound model agree very closely with the calibrated results from
the physics based scaling laws. Hence the value predicted for η

using the k− ε sound model scales approximately with the cube
of CD. Such a straightforward link between the hydrodynamic
drag and the flow noise generated by a slender body is an impor-
tant result for shape optimisation aimed at reducing flow noise.
Using this relationship, a 10% reduction in the drag acting on
a body will result in a reduction of approximately 3dB in the
flow noise.

CONCLUSIONS

A k− ε sound model based on Proudman’s formula and ex-
tended to include the sound produced by a smooth body im-
mersed in turbulent flow has been presented. The model was
calibrated against numerical and experimental data available
in the literature and then applied to study the noise generated
by a slender axisymmetric body subjected to high Reynolds
number, low Mach number flow. The k− ε sound model pre-
dicted a Mach number dependence of ηs ∝ M2.51 and ηv ∝ M4.81

for the efficiency of the surface and volumetric sound sources,
respectively, which is in good agreement with the analytical
values of 3 and 5. When M << CD, the surface sound sources
dominate the generation of sound and for M >>CD, the volu-
metric sound sources dominate. However for M ≈CD, both the
surface and volumetric sources contribute appreciably to the
sound generation. Also, the total acoustic efficiency predicted
by the k− ε sound model scales approximately with the cube of
CD.
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Table 2: Summary of the slender body CFD analyses
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CFD
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y+ Time
CFD
[min]

Time
Sound
[min]

2.00E+06 5.00E-02 4.18E+05 5.72E+01 7.80E+01 5.36E-02

4.00E+06 1.00E-01 4.19E+05 5.44E+01 8.40E+01 5.37E-02

8.00E+06 2.00E-01 4.21E+05 5.05E+01 9.60E+01 5.40E-02

1.60E+07 4.00E-01 4.21E+05 4.81E+01 1.13E+02 5.41E-02

3.20E+07 8.00E-01 4.22E+05 4.58E+01 1.14E+02 5.42E-02

6.40E+07 1.60E+00 4.26E+05 4.38E+01 1.21E+02 5.46E-02

1.28E+08 3.20E+00 4.69E+05 4.21E+01 1.59E+02 6.02E-02

2.56E+08 6.40E+00 5.10E+05 4.70E+01 2.80E+02 6.54E-02

5.12E+08 1.28E+01 5.70E+05 4.90E+01 4.34E+02 7.31E-02

1.02E+09 2.56E+01 5.74E+05 4.71E+01 5.18E+02 7.36E-02

2.05E+09 5.12E+01 7.64E+05 4.89E+01 7.26E+02 9.80E-02
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(a) c = 500a m/s

(b) c = 1000a m/s

(c) c = 1500a m/s

Figure 5: Acoustic efficiencies of the surface (ηS) and
volumetric (ηV ) sources as a function of Mach number, M

(a) c = 500a m/s

(b) c = 1000a m/s

(c) c = 1500a m/s

Figure 6: Acoustic efficiency as a function of Mach number, M
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(a) Efficiency of surface sources

(b) Efficiency of volumetric sources

(c) Total Efficiency

Figure 7: Comparison of η and ηa for c = 1500a m/s, G = 0.08
and H = 0.27
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