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ESDU Data Items

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information,
both published and unpublished, and are invariably supported by original work of ESDU staff engineers or
consultants. The whole process is subject to independent review for which crucial support is provided by
industrial companies, government research laboratories, universities and others from around the world through
the participation of some of their leading experts on ESDU Technical Committees. This process ensures that
the results of much valuable work (theoretical, experimental and operational), which may not be widely available
or in a readily usable form, can be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of
your use of our data, or any suggestions for new topics or information that might lead to improvements, will
help us to provide a better service.

The preparation of this Data Item

The work on this particular Data Item was monitored and guided by the Aircraft Noise Committee. This
Committee first met in 1971 and now has the following membership:

Chairman

Mr D.C. Riordan — Bombardier, Belfast (Short Brothers plc)

Members .

Mr S. Arrowsmith — European Aviation Safety Agency (EASA), Germany

Mr W.D. Bryce — Bryce Research (Member Emeritus)

Ms C.L. Burley* — NASA, Langley Research Center, USA

Dr T. Imamura* — The University of Tokyo, Japan

Prof. P. Joseph — Institute of Sound and Vibration Research, Southampton

M. P. Lempereur — Airbus France, Toulouse, France

Mr C.J. Mead — Aero Acoustics Ltd, Surrey, UK

Mr A.D. Moore — Rolls-Royce plc, Derby

Mr D. Patience — BAE SYSTEMS, Frimley

Mr R. Pinker* — Pinker Noise Consultancy, UK

Dr D. Rhodes — Civil Aviation Authority, Environmental Research & Consultancy
Department (ERCD), London

Dr B.J. Tester — Institute of Sound and Vibration Research, Southampton.

: Corresponding Member

The construction and subsequent development of the Data Item were undertaken by

Dr C.B. Chinoy — Head of Aircraft Noise and Structural Dynamics Group.
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PREDICTION OF SOUND ATTENUATION IN A REFRACTING TURBULENT
ATMOSPHERE WITH A FAST FIELD PROGRAM

1. NOTATION

c(0)

c(2)
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matrix of boundary conditions

source term vector

speed of sound at ground level

speed of sound as a function of height, z

depth of air layer

rate of change of sound speed with height in Equation (3.12)

sound speed parameter in Equation (3.13)

refraction parameter in Equation (3.13)

frequency

maximum separation between direct and reflected paths

height of lower boundary of air layer

height of upper boundary of air layer

horizontal component of wave number

wave number

scale of turbulence for a Gaussian spectrum, also known as

turbulence length

layer number, also used as a subscript

size of Fast Fourier Transform (FFT)

index in FFT

kernel of Hankel Transform
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Units

ST

m/s

m/s
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RT,R!

T(2)

V(z)

X,y ,Z

sound pressure

.ok
gas constant for air

non-dimentional amplitudes of up-going and down-coming waves

respectively

horizontal distance from the source

absolute temperature as a function of height, z
wind speed as a function of height, z

vector containing unknown amplitudes R T,R |
Cartesian coordinates with origin at base of source

normalized acoustic impedance of ground

height of receiver

height of source

inverse effective depth of porous surface layer

vertical component of wave number (= k% —K?)

mutual coherence function

ratio of specific heat capacities of air

delta function

phase covariance between direct and reflected paths

fluctuating index of refraction for a Gaussian spectrum, also
known as turbulence parameter

density of air

variance of phase fluctuation along a path

effective flow resistivity

rms value of wind velocity fluctuation
rms value of temperature fluctuation

angle between sound propagation direction and wind vector

(see Sketch 3.2)

The gas constant value is 287.052 87 J/kg K.
T In Equation (3.14), o, is given in Pa s/m?. Elsewhere in the text and for input to the computer program o, is in kPa s/m?.
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2. INTRODUCTION

This Item provides a means of estimating the effect of wind and temperature gradients in the presence of
air turbulence on sound propagation between points located above a flat surface using a version of the Fast
Field Program (FFP) developed at the Open University, UK (Derivation 1). The Item can be used to predict
the sound attenuation from a point source. The attenuation is expressed as that relative to the free-field
noise level at a point 1 m from the source in the direction of sound radiation. The Item can also be used to
predict the ground reflection correction relative to free-field levels at that location allowing the user to
convert a frequency spectrum measured at the location to a free-field spectrum, or to infer a measured
spectrum from a free-field spectrum.

If it is assumed that the characteristics of the atmosphere do not vary significantly with horizontal distance
between points located above flat ground with uniform acoustic impedance, the FFP (References 4 and 5)
is an accurate method for estimating sound attenuation between these points. It uses as its starting point a
Hankel Transform of the wave equation to decouple the horizontal and vertical dependence of the sound
pressure and expresses the horizontal variation as a Fast Fourier Transform. Thus, the FFP can calculate
the sound pressure level as a function of range in a single transform.

The user is required to input the source-receiver geometry, the impedance characteristics of the ground and
data relevant to prevailing meteorological conditions. Wind and temperature gradients need to be expressed
in terms of the variation of the speed of sound with height while the atmospheric turbulence and relative
humidity are assumed constant. Attenuation is output in dB at frequencies defined by the user. Up to ten
receiver locations may be specified. Level differences in dB between the first receiver location specified
and all subsequent locations are also output.

A geometric representation of the source and receiver is shown in Sketch 2.1

¢ Source

® Receiver

Ground

Sketch 2.1 Source — receiver geometry
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3. THEORETICAL BACKGROUND

The classical wave equation describes the propagation of sound pressure from a point source at the origin as

2
v%é%’ — 4md(x,y,7), G.1)

where O represents a delta-function source of unit strength.

For simple harmonic motion, this equation becomes the Helmholtz equation

V2p2+Ii2p = —4nd(x,y,z) (3.2)

which, for an axisymmetric case in cylindrical coordinates is

?p,10p %p, » _ 2
R e R OLICEER (3.3)

with the source at » = 0 and z = zZ.

Equation (3.3) can be solved with a zero-order Hankel Transform

p(rz) = '[ Jo(Kr)P(K,2)KdK , (3.4)

—oo

where P(K,z) satisfies the transformed wave equation

d?P(K,z)

+[k%(z)—K?1P(K,z) = -28(z—z) . (3.5)
dz? §

Equation (3.5) is evaluated numerically by dividing the atmosphere into horizontally uniform layers (see
Sketch 3.1) where the sound speed is constant within each layer but can vary from one layer to another.
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Air layer 5

Height,z [~ hu for layer 3 -----------mmmom

Air layer 1

Source Ground Receiver

Sketch 3.1 Schematic of a layered atmosphere

The form assumed for the transformed pressure potential within the layer m takes the form

i(h,— i(z—h
P =R" gy ST (3.6)
_ 12 _g?
where B, =, /k; —K
and k,, = k(z,,).
If the source is positioned within the layer, the potential is given by
(r i(h,— i(z.—h
P, = ie’(zs Moy g1 el( ! Z)B’"+R iel(zr ”)Bm. (3.7
B
In this case, at z,. = h,,
o D
P - Ble’(z“ WPy Ry, (3.8)
m

where D = h —h, is the depth of the layer.

The pressure field contains up-going and down-going components with amplitudes RT and Rl which can
be determined from the boundary conditions at the horizontal interfaces.
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These boundary conditions are

(1) continuity of vertical particle displacement and

(i1) continuity of pressure.

At the interface at ground level (m =1,z =0) there is a further impedance boundary condition

dP 1
— 4= = =
T+ k0P =0,2=0. (3.9)

where Z is the normalized acoustic surface impedance of the ground (see Section 3.2).
The boundary condition equations are set up as a set of linear equations with R; Tand R, | as the unknowns.
These equations are put in the form of a global matrix equation
AX=B
where X is a vector containing the unknown amplitudes R T and R .
A contains the known terms from the boundary condition equations and B is the source term vector.

The global matrix equation is solved to obtain the amplitudes and then the wave potential for any receiver
position can be evaluated in the appropriate layer using the relevant amplitudes from either Equation (3.6)
or from Equation (3.7) if the source is positioned in the same layer as the receiver.

The pressure, p(r,,z) can then be calculated from the wave potential using the relationship given in
Equation (3.4). The Bessel function can be replaced by its large argument approximation at distances larger
than about two wavelengths and the integral then reduces to a Fourier integral. At lesser distances
atmospheric refraction is not a significant factor.

The medium can be approximated by a discrete sum to a finite value of K and the pressure can be calculated
by using a Fast Fourier transform as given by Equation (3.10).

SK Nl/z N-1 2innm N—1 —2imnm
. 1 /" 1
o—in/4 S P(K,, 2)n e N+ e im/4 > P(K,, z)n’/ze N (3.10)

«jznrm n=0 n=0

(7, 2) =
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3.1 Wind and Temperature Gradients
The effects of wind and temperature gradients are only considered through the resulting variation of sound

speed with height. In ST units, within the range of normal atmospheric conditions, the effective sound speed,
c(z), at a height z can be described by

c(z) = JYRT(z) + V(z)cosy,, (3.11)

where T(z) and V(z) are the mean absolute temperature and wind speed at height z, and 7 is the angle
between the direction of interest and the wind vector (see Sketch 3.2).

Wind vector

Source Tx° Receiver

Downwind sound propagation

Wind vector

Source Receiver

[ L ®

Upwind sound propagation

Sketch 3.2 Downwind and upwind sound propogation

The user can select a linear sound speed profile, a logarithmic sound speed profile or the option of entering
specific sound speed values at different heights.

For a linear profile, the effective sound speed is given by

c(z) = c(0)+d,z. (3.12)
For a logarithmic profile the effective sound speed is given by

c(z) = ¢(0)+d,In(z/dy). (3.13)

In addition to the sound speed at ground level the user is required to input the appropriate constants which

Documents

7 Document Sharing Hub

Full document details: ESDU 04011 A 2019 IHS Markit copyright material


http://www.avadocuments.com/doc/esdu-04011-a-2019
http://www.avadocuments.com/doc/esdu-04011-a-2019

ESDU 04011

represent the desired profile. A value of 0.006 m for d; is suggested in Reference 6 and may be used as a
starting point for modelling the sound speed profile.

An illustration of a logarithmic sound speed profile is given in Sketch 3.3.

100
dz = 0.5 m/s
dy; = 0.006 m
80
60
Height above
ground, m
40
20
0 T T T T
330 332 334 336 338 340

Sound speed, m/s

Sketch 3.3 Logarithmic sound speed profile

If the option to input sound speeds at different heights is to be exercised, the minimum height for the highest
station should be the greater of

. one-tenth of the separation distance between source and receiver
or
. twice the sum of source and receiver heights.

It should be noted that a very steep gradient or one which changes sign rapidly with height can sometimes
lead to numerical instability.
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