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Abstract. The underwater acoustic reciprocity transfer function measuring method with impulse
underwater sound source is studied, and time gates are utilized to eliminate the reverberant field
influences on the sound pressures which are used to compute the source volume velocity. The
method is validated in a lake experiment. It is showed that, the reciprocity measurement results
based on the impulse source is similar to the reciprocal measurements results based on the
traditional electromagnetic source, meanwhile the time cost of the impulse-based measurement is
less. Thereby the measuring efficiency is boosted with an impulse source. Moreover, the
reverberant field influences on volume velocity obtainments can be eliminated with suitable time
gates in impulse-based measurements. Aiming at representative problems of the experiments,
some suggestions about impulse-based reciprocity measurements are provided. This work may be
valuable for the study of underwater sound sources and reciprocal measuring techniques.

Keywords: transfer function, reciprocity principle, impulse source, reverberant field, underwater
measurement.

1. Introduction

The obtainment of structural transfer functions is significant to the real-time evaluation of
radiation noise. The transfer functions of complex structures, such as drilling platforms and ships,
are mostly obtained with in-situ measurements. Unfortunately, the measuring methods based on
actuating the structures directly, which are restricted by the narrow spaces and the friable
structures, are sometimes impracticable.

The reciprocity principle provides a new way for the solution of this problem. Since the reverse
of actuating points and measuring points avoids the problems above, reciprocal measuring
techniques are applied in many fields. T. Ten Wolde studied the sufficient conditions of reciprocal
relation, and applied the reciprocity principle in underwater transfer function measurements [1];
L. M. Lyamshev expanded the scope of reciprocity application, and studied the relation of the
reciprocity principle validity and flow field, nonlinearity [2]; F. J. Fahy summarized the researches
of reciprocity principle and its application in noise control [3]; Takaaki Musha used reciprocity
principle to determine dominant sonar self noise sources [4]; J. M. Mencik studied blocked
pressure with reciprocity principle [5]; and Oleg A. Godin combined reciprocity and
waveguide [6].

However, these researches seldom force on the characteristics of the sources which used in
reciprocal measuring, and even less study about the impulse-based reciprocal measuring. This
paper proposes a reciprocal measuring method with impulse source. In the first section, study the
practicability of the method in theory, and with the impulse characteristics, eliminate the
reverberant field influences on the source volume velocity. In the second section, a lake
experiment is showed and the method is validated. In the last section, the strengths and weaknesses
of the impulse-based measuring method are discussed, and a conclusion is offered.
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2. Basic theories
2.1. Reciprocity principle

For the transmission of structure vibration and radiation noise, the reciprocally relation shows
that when keeping the surrounding constant and driving some exciting force (f;) on the underwater
structural objects, the ratio between the far-field pressure (p,) and this exciting force equals to the
ratio between the vibration velocity (v;) at this point on structure due to a far-field source and the
source volume velocity (q,):
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The pressure p,, exciting force f; and response velocity v, in Eq. (1) can be measured directly,
but the volume velocity, g, need to be calculated. The Eq. (2) for calculating the source volume
velocity in free field is:

41trp’ (r, w)
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where q(w) and p’(r, ) are the source volume velocity and the sound pressure at a distance of
from the source center when the circular frequency is w. p, is the density of the medium.

For a single structural actuating point and a single radiation noise measuring point, the
reciprocity transfer function can be expressed as:

HR = Po? (ﬁ) 3)
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2.2. Impulse source and reverberation

If the outer sound source is an impulse sound source, the sound pressure P’ around the sound
source in time domain is an impulse signal, shown as:

P' = Py8(t — t,), @

where, P, is the amplitude of the impulse signal, t, is the arriving time of the impulse to the
volume velocity measuring point. The relation of P’ and p’ can be shown as:

1 (® .
p'(r,w) = Ef p'(t,r)e @tdt. ®)

When the sound source is in a reverberant field, the reflective signals and scatter signals are
superposed on the measuring results. Recently study showed the reverberant influences of p, and
v; in Eq. (1) can be counteracted against each other [7]. So just need to consider about the
influences on P’

P’ =Py6(t —ty) + Z P5(t —ty), (6)
k=1

where, Py are the signals amplitudes of reflection and scatter in sound field, and t;, are the transfer
time of these signals.
The sound path length of reflective signals and scatter signals is larger than the direct signals’,
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so ty < ti, ty,..., t, . For convenient of this discussion, define t; < t, < --- t,, , and the minimum
time gap is:

At = tl - to. (7)

Now define a time gate [8]: € (0,At) . When the volume velocity sound pressures are
measured, just record the signals in the time gate [ty ty + T]. The signals beyond t, + T are
rejected, thereby the reverberant field influences are eliminated.

3. Experiment validations
3.1. Experimental conditions

The above theory and method was validated with an experiment in a lake. The experimental
structure is a double-layer cylindrical shell model, and the length of it is 2.05 m. The diameter of
its outer shell is 1.78 m, and the thickness of it is 2 mm; the diameter of its inner shell is 1.46 m,
and the thickness of it is 8 mm. An actuator is installed in the model. A force sensor and an
accelerometer are placed at the contact point of the actuator.

e

Fig. 1. The de—lerlmicl shell model

The underwater impulse sound source used in this experiment is an electric spark impulse
source, and an electromagnetic sound source is also used in this experiment.

Based on the theoretical analysis above, the experiment was performed according to the
following steps:

(1) The model was suspended under water, and the underwater impulse source was fixed to
the boat in the inlet, 5.7 m apart from the model; hydrophones were placed at four symmetrical
locations around the source, each 2 m apart from it.

(2) The impulse was taken with the source; then the sound pressure response around the source
and the acceleration response in the model were measured.

(3) The impulse source was withdrawn; an electromagnetic sound source was placed at the
location and started with a frequency ranging from 80 Hz to 750 Hz. Likewise, measured the
sound pressure response around the source and the acceleration response in the model.

(4) The electromagnetic source was withdrawn, and a hydrophone was placed at the location.

(5) The actuator was started in the model with a frequency ranging from 80 Hz to 750 Hz. The
actuating force and the response radiation sound pressure were measured using the hydrophone
mentioned in step (4).

3.2. Experimental results

Firstly, demonstrate the effect of time-gate operation to the experiment results. For the
convenience of discussion, define the original sound pressure signals around the impulse sound
source as original sound pressure signals. Likewise, define the sound pressure signals though time
gates as revised sound pressure signals. As shown in Fig. 2, (a) is the original sound pressure
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signal in time domain; (b) is the revised sound pressure signal in time domain.

Secondly, likewise for the convenience of discussion, define the transfer functions which are
obtained with the original sound pressure as original impulse-based reciprocity transfer functions
(OIRTF); define the transfer functions which are obtained with the revised sound pressure as
revised impulse-based reciprocity transfer functions (RIRTF); define the transfer functions, which
are obtained with the measuring results of electromagnetic sound source and eliminated the
reverberant influences with traditional methods, as steady-source-based reciprocity transfer
functions (SRTF).
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Fig. 2. The sound pressure signal in time domain
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Fig. 3. The reciprocity transfer functions from the Fig. 4. The RIRTF and the direct transfer
radiation noise measuring point to the actuator function of the actuator

As shown in Fig. 3, it is found that in most frequency bands, compared with OIRTF, RIRTF
is more close to SRTF. Especially in low frequency bands, the effect of the revisal is significant.

So, with data processing, the impulse-based transfer function measurements can achieve the
similar accuracy as the measurements with a steady source. Moreover, for an impulse sound
source, the actuating time is short, and the actuating frequency band is wide. Compared with the
steady-source-based measuring time, the impulse-based measuring time is reduced and the
efficiency is increased.

Lastly, compare the transfer functions of impulse-based reciprocity and direct measurement.
As shown in Fig. 4, the error of RIRTF is over 3 dB in some frequency bands, the complex
measuring environment of shallow water perhaps contributes to it.

4. Conclusions

In this paper, an impulse-based reciprocal measuring method is proposed, and the reverberant
field influences are eliminated with impulse characteristics. An impulse source and a steady source
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were used in a lake experiment for the transfer functions measurements of an actuator. In most
frequency bands, the gap between the measuring results of the impulse source and the steady
source is less than 2 dB. When compared to the direct measuring results, the error of
impulse-based reciprocity method is over 3 dB in some frequency bands. The complex measuring
environment of shallow water may be the reason.

The theory and the experiment show that there are two strengths of the impulse source
application:

1) It can eliminate the reverberant field influences on the volume velocity conveniently with
time gates;

2) The actuating time is short, but the actuating frequency band is wide, thereby the measuring
time is saved efficiently.

However, a weakness is also found in this reciprocal measuring application:

Its energy is too concentrated in time domain, so if the impulse is too weak, the signal-to-noise
ratio is inadequate; if the impulse is too strong, the ranges of sensors, such as hydrophones and
accelerators, are exceeded. Moreover, too strong signals perhaps result in nonlinear sound waves
or vibration.

Acknowledgement
This work is supported by the National Natural Science Foundation of China (51209214).
References

[1] Wolde T. T. On the validity and application of reciprocity in acoustical, mechano-acoustical and other
dynamical systems. Acustica, Vol. 28, 1973, p. 23-32.

[2] Lyamshev L. M. Reciprocity principle and its applications in underwater acoustics. ICA 14, Beijing,
1992.

[3]1 Fahy F. J. The vibro-acoustic reciprocity principle and applications to noise control. Acustica, Vol. 81,
1995, p. 544-558.

[4] Musha T., Kikuchi T. Numerical calculation for determining sonar self-noise sources due to structural
vibration. Applied Acoustics, Vol. 58, 1999, p. 19-32.

[S] Mencik J. M., Champoux Y., Berry A. Development of a blocked pressure criterion for application
of the principle of acoustic reciprocity. Journal of Sound and Vibration, Vol. 245, Issue 4, 2001,
p. 669-684.

[6] Godin O. A. Calculation of amplitudes of acoustic normal modes from the reciprocity principle. The
Journal of the Acoustical Society of America, Vol. 119, Issue 4, 2006, p. 2096-2100.

[71 Guo C., et al. Application and measurement of underwater acoustic reciprocity transfer functions in
reverberant. Chinese Journal of Acoustics, Vol. 33, Issue 4, 2014, p. 369-378.

[8] Berkhout A. J., De Vries D., Vogel P. Acoustic control by wave field synthesis. The Journal of the
Acoustical Society of America, Vol. 93, Issue 5, 1993, p. 2764-2778.

52 © JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. SEP 2015, VOLUME 5. ISSN 2345-0533




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


