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ABSTRACT

Moving frame acoustic holography (MFAH) enables us to visualize the noise
generated by moving noise sources by using a line array of microphones affixed to the
ground. The method uses the relative coordinate transformation that relates the sound
pressure on the measurement and the hologram coordinate. However, the transformation
is valid only when a moving line array of microphone measures the sound field of a
non-moving noise source. If aline array of microphones affixed to the ground measures
the sound of a moving noise source, this transformation produces errors on the
hologram. This is a nontrivial drawback of MFAH. This paper studies these errors
theoretically and proposes a correction method.

1. INTRODUCTION

If we attempted to use nearfield acoustic holography (NAH) *to analyze the noise
generated by moving noise sources, we would be able to measure the pressure on a
moving plane affixed to the noise sources. This requires a planar array of microphones
affixed to the noise sources. Its complexity and cost limit the practical applicability of
NAH to the case of moving noise sources. As a practical way of moving noise source
visualization, a beamforming method #**! that employs a line array of microphones
standing on the ground has been mostly used. The method finds the source location of
noise sources, not the whole acoustic variables that NAH provides; e.g., sound pressure,
particle velocity and acoustic intensity and power.

Recently proposed moving frame acoustic holography (MFAH) can extend
the practical applicability of NAH. The method uses a line array of microphones which
continuously scans a sound field and produces the hologram of the scanned plane. A
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practical mean of implementing MFAH is to install a line array of microphones on the
ground. The ssimplicity of the measurement system has enabled us to visualize the noise
generated by moving sources based on NAH, which is the advantage of MFAH.

However, MFAH has inherent limitations due to the relative coordinate
transformation, which transforms the pressure in the measurement coordinate into the
hologram. The transformation is valid only when a moving line array of microphones
scans the sound field of a non-moving noise source. In the case of moving noise sources,
the transformation cannot correctly transform the measured pressure into the hologram.
Thiswill produce errors on the hologram and the predicted sound fields.

This paper theoretically investigates the errors of which are caused by the velocity
of anoise source. The analysis eventually shows that the errors are small enough to be
neglected if the speed of moving noise source is small compared with the speed of
sound. It was possible by generalizing Huygens principle ** so that it expresses the
sound field of a moving noise source as the superposition of those of distributed moving
monopol es. This paper also explains the way to eliminate the errors on a hologram.

2. EFFECTS OF MOVING NOISE SOURCES ON A HOLOGRAM

Huygens principle states that any sound field in an unbounded medium can be
expressed as the superposition of elementary sound fields of distributed monopoles. It
can be derived from the Kirchoff-Helmholtz integral equation *°. This expression can be
generalized for the case of moving noise sources *°, that is

6(t ~tq —‘%(t) - )'Zs(ts)‘/c)
V(Xstts)) ‘%(t) - %S(ts)‘

p(X0=[" A5 (t) )V (K tedty (D)

where §(-) denotes the delta function, t., represents the emission time and t does the
observation time. X and %S are the position vectors in the reference coordinate

[(X,Y,Z)] affixed to the ground (Fig. 1). This formula essentially says that general
moving noise sources can be expressed in terms of distributed moving monopoles
whose strength is q(%s,ts)dV(%s).ln order to examine the hologram by using MFAH,
we introduce two coordinate systems in addition to the reference coordinate (Fig. 1).
They describe the relative motion between a noise source and a line array of
microphones. One is the measurement coordinate [ (X, Y., Z,) ], fixed to the line array
of microphones. The other is the hologram coordinate [ (X, Y,,z,)], fixed to the noise
source. The two coordinates move in parallel and their relative velocity is &, =8 - &
(Fig. 1). Note that these three coordinates coincideat t =0.

When a stationary line array of microphones measures the sound of a moving
source, EQ. (1) can be written as

ms [ 3(t -ts — R(ts)/c)
p™ (X, 1) =
I°°vo<s(t3» R(ts)

A% (te) te)dV (X (te))clts 2

where p™ denotes the pressure due to moving noise sourcesand R(t,) = ‘)% _X s(ts)‘ :
Without loss of generality, we can reduce this equation to the case of the infinite
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number of distri buted monopole sources. In this case we substitute the source strength
in Eq. (2) for q(x (te).ts) = Z q, (ts )5(x (ts) - Xs,(ts))» Where g, and X denote
the source strength and the posmon vector of n-th monopole (See Fig. 2). After

temporal integration, Eq. (2) can be expressed as (see reference 16 for the detailed
derivation),

P (x = ;1 M cos® (ts)\Rn(tS) 3

where t has to satisfy t-t;-R(ts)/c=0 (t;<t) and R,(ts)=|X-Xq,(ts) (See
Fig. 2). M denotes a Mach number (u/c) and ©,(t;) does the angle between

and Ij-i(ts) (Fig. 2). This equation expresses the measured pressure in terms of

variables associated with the emission time. It is noteworthy that the position of the
noise source can be measured at the observation time. This means that Eq. (3) can be
expressed in terms of variables at the observation time for the application of MFAH. If
the noise source emits a sound field of frequency f,, (thismeans q,(t) = g,e'*""), the

measured signal with respect to the observation time can be written as

p o0
™ (X, 1) =
PECGD ;r(t)\/l M?2sinZ0, (t) ’ )

r, (t) 22
xexp( |27cfh0t+|k1 vE {I\/I cosen(t)+\/1—M sin en(t)})

where rn(t)=\>l<) —%S,n(t)\ and 0, (t) denotes the angle between L}])h and ﬁ’](t) a the

observation time (Fig. 3).
This equation represents the measured signal by a line array of microphones
affixed to the ground. We denote it by p™®(x,,, Y., z;t), where subscript m means the

pressure in the measurement coordinate. Then we can obtain the sound field in the
hologram coordinate [ p™(x,,y,,z,;t)] by using the relative coordinate transformation

1213 that is,

Xp =Upnt+ X0, Yo =Ymr Z, =2, (Where x, =0 and z,=2,). (5)

Therefore, the relation between the pressure in the measurement coordinate p™ and
the pressure in the hologram coordinate p™ can be written as ***3

P (0, Y, Zy 3 1) = P (Upyt, Vi, Z4y51) (where Un/n = Uy — Uy =-u). (6)

It is obvious that the measured pressure ( p~°) cannot correctly express a true sound

field in the hologram coordinate. The obtained hologram by MFAH will have errors due
to the effect of moving noise sources. From Egs. (4) and (6), we can obtain the
hologram as the complex envelope of the measured signal **°
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ms < . Mcose, +1-M?sin*0,
Pn (um/htayhazH;t)=z qnz — exp ikr, >
n=0r,41-M*“sin“Q, 1-M

=P (Xy, Ynr 2y Fro) x exp(—i 2nf, ot)

J x exp(—i 2nxf )

(7)

Z M cos6, +,/1- M *sin 0 .
where  pr(x,,y,,2,: ) =Y I exp ikr, ——n V=8 AN T | s
or 1-M?sin?@, 1-M
the hologram. Notice that r, = [(x, — Xs,)? + (Vs = Vsr)* + (Zw — Zs,)°] ~ represents the
distance between n-th noise source [(xs,,Ys,.2s,)] @d a point on the hologram

[(X,,Yn,24) Where x, =u,,,t]. 6, denotestheangle between r and x, axis.

Next examines the hologram that can be obtained by scanning a line array of
microphone over the surface of interest. In this case, we assume that the sound source
does not move, but there is the same relative motion as discussed in the previous section.
We assume that a line array of microphones moves in the negative X direction with
subsonic speed u. Equation (1) provides the measured pressure by the moving line
array of microphones, which we denote by pm”‘(f() 1),

Ry <[ [ A0k vk, ®)
V(Xs)

where r(t):‘)‘f(t)—)‘()s\. Notice that p™exactly express the sound pressure in the

hologram coordinate by Eq. (5) (See reference 16 for details). This means we can obtain
the true hologram, which we denote by P™ (x.,v:,2,: o) »

P (X0 Yo Zys th):ZPh%m(Xh’yh’ZH; fro) ©)
n=0

where B"(X,, Vi, 2 fro) = A, xplikr,)/r,  for n=012A .

Now the effect of a general moving noise source on a hologram can be obtained
from Egs. (7) and (9),

1 : j —i mm
Py (Xns Yir Ziys Tro) = Z(:H_ZM ?sin? On}eMkX”e M Pon (Xos Yis Zu s fro) - (10)

n=0
Note that this is an approximated expression that isvalid for M <<1 and e ™" isa

constant '°. This equation shows that the magnitude error is proportiona to M 2.
Equation (10) also states that a phase error depends on the velocity of the noise source
(or, M). In other words, the phase error is proportional to M, therefore "1st order error”,

but the magnitude error isorder of M ?, therefore 2nd order error.
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3. EFFECTSON A PREDICTED SOUND FIELD AND A METHOD OF
CORRECTION

The phase error can be easily expressed in the wavenumber domain by using the 2
dimensional spatial Fourier transform. In the wavenumber domain, Eq. (10) can be
written as

ms S 1 H mm
P (N H,fho)ngXY{l+EMzsn29}**P (ke =MK.Kyo 2o fro) (19

—iMkx
X e S,n

Note that F,, and *:* denote the 2 dimensiona spatial Fourier transform and a 2

dimensional convolution. P denotes the wavenumber spectrum. Then, the predicted
sound field can be estimated by multiplying the propagator * and taking the 2
dimensional inverse spatial Fourier transform, that is

0

P (Xns Yo Zos Tro) = Z(]&;M 24n? enjxeiMsz,n

n=0

, (12

0 O A

<[ [If’hrf’nm(kx—Mk,ky,zH;fho)eikz(z"ZH)}ei(k*X”kyy“)dkxdky

where z, denotes the z-coordinate of the prediction plane. It is noteworthy that the

error tends to be zero when M — 0. This equation enables us to identify the effect of
the moving noise source on the predicted sound field.

The magnitude error on the prediction plane is equal to that on the hologram. We
overestimate the magnitude of the predicted sound field. However, this can be neglected
if M ismuch smaller than 1 (M<<1). The phase error gives more undesirable effect on
the predicted sound field. It not only changes the initia phase of monopoles but also

shifts the wavenumber spectrum [R™" (k, — Mk,k,,z,; f,,)]. The shifted wavenumber
spectrum changes the distribution of plane waves, which consists of the sound field.
Therefore, thiswill distort the image on the prediction plane.

However, the errors due to the shifted wavenumber spectrum can be readily
corrected if the velocity of a noise source can be measured. This is possible by

multiplying e ™ by the obtained hologram [Eq. (10)]. This recovers the true
wavenumber spectrum. Then, the corrected sound field in the prediction plane can be
written as

0 0 A

h S (Xh Vi Zo; fho) ze—lexsn J‘ J.|:Phnr‘1n(kx1 » Z,; fho)eikz(zo—ZH)j|ei(kxxh+kyyh)dkxdky (13)

n=0
= Zeilexsn P (Xns Vi Zos Tro)
n=0
where B™(x,, Y., 2,; f,) denotes the true sound field of each monopole on the
prediction plane. This equation shows that we obtain the sum of the monopole sound
fields whose initial phases are changed due to e ™" (n=0,1,2,A ). However, this can
be neglected when the monopoles are distributed in a compact region
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(X, /2 <1,n=012A ).
4. NUMERICAL EXAMPLES

The effects of moving noise sources on a hologram and a prediction plane are
studied by means of a numerical ssmulation. We used two moving monopole sources
whose initial phase is in phase with each other. The distance between them was 1. We
also assumed that they move along with the positive X direction and a microphone
measures the sound pressure in farfield (Fig. 4). The distance between the source and
microphone is also A (see Fig. 4). Figure 5 shows the errors according to four different
velocities. The velocities are 0.05, 0.1, 0.2, and 0.3 in Mach number, respectively.
Figures 5(a) and (b) show the magnitude and the phase of the hologram. These illustrate
that the errors in magnitude and phase become significant as the velocity of the noise
source increases. Fig. 5(c) shows wavenumber spectra on the hologram. The faster noise
sources, the more wavenumber spectra shift. Figure 5(d) shows the magnitudes of
predicted sound fields in the source plane. This figure demonstrates that the error in the
source plane cannot be neglected for high-speed sources ( M >0.1 ). However, Fig. 6
demonstrates that this error can be extensively reduced by using the proposed correction
method. The corrected hologram is shown in Figs. 6 (a) and (b). Notice that the phase
error can be compensated for [Fig. 6(b)]. This phase correction is also able to reduce the
shift of wavenumber spectra [Fig. 6(c)] so that we obtain desirable results in the
prediction plane [Fig. 6(d)].

6. CONCLUSIONS

The effect of moving noise sources on MFAH was investigated and a method to
correct this effect was proposed. In this paper, we showed that errors on the predicted
sound field are dependent on the velocity of noise sources. Numerical examples
illustrate these errors and the feasibility of the correction method.
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FIG. 5 Errors on hologram anda predicted sound fields according to the velocity of noise
sources.
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FIG. 6 The feasibility of correction method on hologram and predicted sound fields.



