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Abstract

The vibro-acoustic load during launch takes a bigdn space structures. In order to simulate tmacdic loading as
encountered during launch, both shaker facilities high sound pressure reverberant rooms are useoustic particle
velocity sensors offer interesting new opportusitior measuring both the applied noise field af agthe structural
responses.

Single particle velocity sensors in a so-calledrobe can be used for very near field vibration meaments. When
they are combined with a microphone in a PU prbbeeftll sound vector can be measured.

The novel perspectives of using PU probes for temnt room testing comprise:
The classical control of the noise field and theasigement of the sound pressure level, and of Gcapsanti-
ties like the reverberation time may be complenebtemaking reference to the total acoustic energy.
The input power of the sound source can be measlirectly using PU probes.
Arrays of U probes can be used to measure congactlerface vibrations at multiple measurement paimhul-
taneously as an alternative to accelerometersser labrometers.
PU probes can be used to measure local acoustittitigs near the structure like sound radiatiomuatic im-
pedance and energy.
3D sound fields around structures can be visualized
The degree of diffusion in a reverberation room barbetter characterized.

In this paper, the first experience with practicaplementation and the results of recent measurtsmesing the PU
probe will be presented.

Introduction

Nowadays, particle velocity sensors are used fanymagpplications in industry such as automotive artbspace,
complementing traditional sensor technology, oreaen offering entirely novel measurement capaddlitThe most im-
portant features for some of these applicationgreresmall size of the sensors, their intrinsiediional and broad band
behavior, and their low influence to backgroundsaaind reflections under certain conditions. Hariielocity sensors
are sometimes used alone, to measure structuraliaib, or in combination with a sound pressurerapbone to meas-
ure the sound intensity, impedance and energy.

Here, the perspective of measuring in reverberaatmbers under high sound levels is being invesgtthatoday,
typically only two types of sensors are used faer @lsoustic noise tests for spaceflight: acceletersere used to meas-
ure the vibration; microphones are used to meakersound pressure.

Accelerometers are relatively cheap, but altholngly tare available in various types their mass nfinence the re-
sponse of the lightweight object under test. Lagbrometers can be used for non-contact measuraniestiead, but
their application is difficult because their moung$ are subjected to vibrations, the number of oreasent points is re-
stricted due to the limited test time, and moreadntgmtly, it is extremely complicated to reachalter/inner surfaces or
measurement points. Velocity sensors placed clogbet surface could be used for non-contact meammnts. In the
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(very) near field of a surface the structural vitma almost equals the particle velocity becausedtin layer can be con-
sidered to be almost incompressible [2-5].

Microphones of are used to measure the sound peekestel in the reverberant chamber. But the squredsure level
only represents the potential energy of the revariienoise field. Using particle velocity sensa@ispo the kinetic energy
could be measured complementing the measuremeataod the total acoustic energy at any arbitraiptp Depending
on the location in the reverberant chamber theditgnwaves result in different sound pressure regglfrom point to
point. To reduce this effect, the mean sound pressumicrophone measurements on multiple locatisnsed.

Sound pressure measured in the vicinity of a atreds also used to estimate the local acoustit &sainput for simu-
lation. However, some principles based on soundgore measurements cannot be used here. E.g. i@ istensity
probes cannot be used because of the reverbenaditions and because the relation between pressuterelocity can-
not be assumed constant at these high sound levels.

This paper will describe the applications of PUb@®that are envisaged at the moment. To demansiate of the-
se applications the first results of a test onRRED/ATV solar array wing of Dutch Space [1] wik lshown. Many ac-
celerometers and sound pressure microphones wawdratalled on the panel during this test, andmaparison with
these sensors will be made. These activities werdenn the frame if the ESA funded project VAATLMR8nducted
by Dutch Space and partners. The acoustic testtendneasurements were carried out in the reverberamber of
IABG [6].

1. Applications of PU probes in reverberant conditions ahigh sound levels

Several applications of PU probes for reverberaoirr testing of space structures can be envisaged/#irbe discussed
here. The applications involve enhanced or new autktiio improve testing on test objects or the perémce of the re-
verberant room.

1.1 Measurement of the full energy density

By measuring the sound pressure only the poteaiaigy is measured. The energy density is appraginaith the
potential energy alone via [7-10]:

2
E»2*U =2*p—2[W] (1)
2rc

With E being the sound energy, the potential energy pressure, air density and speed of sound

From the particle velocity vectarthe kinetic energ in one direction can be calculated:

rv?
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By measuring both the potential and kinetic eneéngirree directions the full energy dendtyan be calculated:

p2 uX2+u2+u22
E=U+K=U+K,+K, +K,=——+r Y [w]
2rc 2

While the conventional sound pressure based emagg@surements by using intensity probes are plaoendent, ac-
tually the full energy density is a place indepemndguantity. Accordingly, sound energy measurementdd be per-
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formed in addition or could even replace all cohimicrophones in a reverberant noise field (typic& to 10 control
microphones are normally used).

Also for measurements of the acoustic charactesiditke the reverberation time and equivalent giitsmm area, full
energy density measurements could be done withrfprabes than with microphones only.

1.2 Direct measurement of the input power

A reverberant room for testing of space structgeserally consists of several noise sources torca®oad frequency
range. The noise level inside the reverberatiomtde is influenced by the presence of test strestand measurement
equipment. The adjustment of the sound level issoostraightforward because the energy is measoddcctly via
several control microphones. Because of the lomgrberation time it can take a certain amountroktio obtain a sta-
ble sound pressure level after adjustment of th@dcource level.

A direct measurement of the input power with a Rbbp could save time for such an adjustment. Thatipower
could be measured with particle velocity aloneoat frequencies, and with sound intensity probdsgit frequencies.

In the near field of a sound source almost alladienergy is kinetic energy. The potential energgrrthe source is
much more influenced by the reflections. The assianghere is that the amount of energy being akebiy the sound
source is low. By measuring the kinetic energy witparticle velocity sensor the source can thechbeacterized at low
frequencies [2-5]. This direct measurement of thensl source could also be used as a referenceali@ulation of the
impulse response of all the other sensors, whicidcbe used for measurement of the magnitude alay dé each re-
flection.

At high frequencies the near field conditions donabd hold anymore. This means the sound intenkibylsl be meas-
ured instead [2-5, 11]. However, sound intensityasteements with traditional P-P probes are imptssgibthese rever-
berant conditions because of the amount of reflastior in other terms the p/l (pressure/intensitgex is too high. PU
intensity probes are not affected by this p/l ingeablem.

1.3 Non contact vibration measurements

Close to the surface, in the so called very nedd fithe particle velocity is almost equal to theface velocity, due to
the almost incompressible characteristic of air. thcs relation to become valid two conditions hawebe met: the dis-

tance j to the surface should be much smaller its typscag L, and the wavelengthshould be larger than the vibration
surface L [3]:

L /
r, <<— <<— 4

2p 2p

Practically the maximum frequency is often 1-2 Kbérause it is often not possible to position thessevery close to
the surface and because the typical size of tHfamicannot be regarded to be small anymore (atfrégjuencies there
are many material modes).

Accordingly, when placed on a separate mountingjgba velocity sensors can be used for non-contdwation meas-
urements. Also arrays of particle velocity senstas be used. Because of the small size of the seatsp measure-
ments inside structures are possible.

1.4 Acoustic quantities near the structure: sound radiation pedance and energy

Apart from vibration measurements with a velociynsor only, it also possible to measure other dfiesin the vi-
cinity of the structure when these sensors are gwdbwith a sound pressure microphone. Sound iitfensipedance
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and energy are vector quantities that can be @kxalin one or three directions, depending on timaber of velocity
sensors inside the probe [4-5, 7, 11]. Sound iityehsnd impedancé can be calculated directly with sound pressure
and particle velocity:

I :% plicoy/ M/mz]; ®) z :Up[Ns/ m3] ®)

Where is the phase betwegnandu. The small sensor size allows detailed testinthefsurface. Impedance meas-
urements have been done with millimeter accura6y. [lany pressure microphone based methods areatidtbecause
of the reverberant conditions and because theigelaetween pressure and velocity is not lineamemg at high sound
levels. Although the measurement of these propesti@uld be possible with PU probes more verificetiat high sound
levels is still required.

1.5 Visualization of 3D sound fields around structures

The structure under test will influence the souietifinside the reverberant room. Their impact ddo¢ measured
with 3D sound intensity and energy measurementa.rigverberation chamber, the noise sources aatelb@t a certain
part of the chamber. In consequence the noise firelg not be ideally homogeneous. Hence it mighideful to meas-
ure the distribution of the acoustic load in thepgnthamber or around the test object.

1.6 Diffusion

The reverberation time is a scalar quantity forrtmm absorption and the objects inside chambeth WU probes it
is also possible to characterize the degree diiglifh via the ratio of intensity and energy [8)6][8] a metric called the
field indexF was developed. Assuming plane waves the followatp is a metric for the amount of diffusion (rémgy
from O to 1):

F =%[—] ™

Wherel is intensity,c is the speed of sound afdis the sound energy. In an anechoic environmentiritensity
would be high and this ratio would approach urlitya perfect reverberant room the intensity wowddzbro.

2. High sound level PU probes

Although it is possible to measure with regular pdbes in reverberant field (figure 1) it was neeeg to develop
special low sensitive sensors to measure at thighesbund levels. The development of these prabeas iongoing busi-
ness, and previous versions are described in [14-15

In figure 1d the 3D PU probe is shown that is uedhe measurements in this paper. It consisthrefe low sensi-
tive particle velocity sensors and one pressuresttacer. To prevent that there are vibrationshéasupport the probe is
suspended in springs. Some mass was added togpension to reduce the resonance frequency to H3-2the outer
dimensions of the probe are 7x7cm, while the sendmmselves are almost at the same spot withkYem area. The
total weight is 17 gram, of which 6 gram is rigidiyed to the surface, and 11 gram is suspendsgrimg which can be
regarded as dynamic weight that doesn't influeheestructure.



Fig. 1. (a) Regular 1D PU probe, (b) Regular 3D Plgrobe, (c) High sound level velocity and pressureessor, (d) The 3D high sound
level PU probe that is used here.

3. Description of the test on a folded solar array wing

The objective of Dutch Space and their partnetiénVAATMLDS project was to measure the responskaoustic
environment characteristics of a bread board wihgmexposed to a diffuse sound field [1]. Like dgriaunch, in this
test the 4 solar panel layers are folded into &age with outer dimensions of 1805 x 1156mm x139wee, figure 2
and 3. Most sensors were installed in the 12mm gapstween the panels.

Fig. 2. Left: Deployed solar array, front view. Ridt: 3D PU probe next to an accelerometer and a suaEe microphone. Pictures taken
at the premises of Dutch Space.



Fig. 3. Right: Stowed solar array (picture taken atDutch Space). 3D PU probe inside an air gap. (piate taken at IABG).

81 accelerometers and 8 B&K surface microphone® westalled on the panel. Also eight 3D velocitplpes were
installed. A sketch of the sensor arrangement pratal in between the panels is shown in figurewvdo Surface micro-
phones and velocity probes were installed on tpe ttee bottom panel and on each side of panel nhutghblo micro-
phones and velocity sensors were installed onhiing panel.
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Fig. 4. Exploded 3D view of the sensor arrangememin the solar array wing: 81 accelerometers (smalllack spheres), eight surface
microphones (yellow) and eight 3D velocity probes eve installed.

The stowed solar array wing was tested at the bevant chamber of IABG. This chamber has a volumE3@snt
and is capable to generate 156dB OASPL. Five cbmicrophones and 1 monitor microphone were usathduhe
tests. In figure 5 the test set-up is shown.

During this test, first empty chamber calibratioms were performed at 140.2dB, 137.2dB and 133Q4BPL. Af-
ter the integration of the test article, a low letest at 133.5dB was done, followed by an interiatedlevel test at
137.5dB, an acceptance level test at 140.5dB awadifia post low level test at 133.6dB OASPL.

Unfortunately, something went wrong during the nfanturing process of the 3D PU probes, resultinthénfact that
the integrated sound pressure microphones did odt during these measurements. In consequencsptirel pressure
signals from the nearby surface microphones weed irsstead. Also there are several acceleromegtatively close to
the probes to compare with. In this paper the semesmes are the same as in [17].



Fig. 5. The stowed FRED/ATV solar array wing surrounded by microphones inside the reverberant chambehoto was made at the
premises of IABG

4. Measurements Results

Since this was only a first reverberant noise ts$hg the particle velocity sensors, not all theliaptions that were
mentioned in chapter 1 are investigated. In thig Step, a comparison could be made with acceketemand a surface
microphone very near to the probe.

4.1 Linearity of the probes

First the linearity of the particle velocity probisschecked. This is done by comparing the spesftthe pre- and the
post low level run [1]. There was no visible damaf¢he probes and the higher level responseseamesimilar to the
lower ones. This means the high level run did ril@cathe integrity of the probes. As example tesponses of probe 4
and the nearby surface microphone are shown:

3 1st low level test (133.5dB)
intermediate level test (137.5dB)
acceptance level test (140.5dB)
2nd low level test (133.6dB)

Pressure [Pa2/|—|z]
Velocity [(m/s)/Hz]

Frequency [Hz] Frequency [Hz]

Fig. 6. Power spectral density during several measement runs. Left: surface microphone SP3-2. Rightvelocity element in direction
X of PU probe 4. [17]
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4.2 Velocity vs. acceleration

The acceleration can be calculated from the vel@gnsors that were placed normal to the paneks.r@$ults are com-
pared with accelerometers that were positionedhye&ome results are in reasonable agreement,sotfoérso much.
This might be due to the fact that both sensorsalaneasure at the same position. Two examplestemgn in figure 7.
In most figures the result of the velocity sensohigher than the accelerometer. This might beerhby the PU probe
suspension system that is used. The resonancesfregof the used suspension spring system is bath&@and 20Hz.
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Fig. 7. Acceleration measured with an accelerometeamd a velocity sensor. Left: ¥ low level run. Right: acceptance level run. [17]

4.3 Energy vs. sound pressure

As mentioned earlier, the potential enetdyan be calculated from the sound pressure whidftés used to estimate
the energy density inside the reverberant chaniiye.total energy density is the sum of potential energy and the ki-
netic energ¥ in all three directions. In the following graplssshown that the 2*the potential energy U is oftequite
good agreement with the energy density. In somescti®e potential energy is a bit lower and it sewnitse affected by
standing waves at some frequencies. The kinetiggr@mmponent normal to the surface seems to bedbin all cases.
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Fig. 8. Kinetic-, potential- and full energy densiy during acceptance level run. Left: Probe2 and SPRight Probe4 and SP3-2[17]



4.4 Diffusion

From the particle velocity in three directions dahd nearby sound pressure the sound intensity @& can be calcu-
lated. In an anechoic environment the field indsbior /cE will approach unity. In a reverberant environmgmig quan-
tity shall approach zero. As expected this valugety near zero here (figure 9, left):
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Fig. 9. Left: Diffusion calculated at four different locations and measurement runs[17]. Right: diffusion in a gym.

A remark has to be made here that for an accuedtailation of the intensity and energy the sensbiauld be as
close as possible to each other (especially at figfuencies). Here the spacing between the surfacephones and
the velocity sensors was relatively large (aroubdnd in most cases).

In order to demonstrate that the field index is aletays near zero the diffusion was also measured gym. Two
situations were measured; one with sources fromirgdttions, and one with a single source relayieébse to the sensor
(figure 9, right). With sources from all directiottee ratio 2I/cE is low because the intensity iw,lovhile the pressure
and energy are high, figure 10 left. The direchalgtrength of a single nearby sound source ismstronger than its re-
flections which have a long path. Therefore thenstty is much higher and 21 is almost equal topffiec and E, figure
10 right.
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Fig. 10. Scaled intensity, pressure and energy vas. Left: Sound sources from all directions. RightSingle sound source at 30cm.
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Conclusion & Outlook

PU probes offer interesting opportunities for réxeant room testing of space structures. Here suinieese applica-
tions were demonstrated with the data obtained faomeasurement with a stowed solar array wing. Iaésensors
were placed on, and inside the array wing. Thaalitggand structural integrity of the probes haeemtested, showing a
similar behavior before and after a high level ¢(u#40.5dB OASPL). Velocity sensors can be used éor-contact vibra-
tion measurements. From the velocity normal tostindace the acceleration is calculated and comparedarby accel-
erometers. The results show some differences whight be explained by the variation between diffémeasurement
positions and by the suspension system of the igleensors. The potential energy (sound pressased), the kinetic
energy (velocity based), and the full energy dgngtessure & velocity) are compared. In some césepotential en-
ergy deviates slightly from the full energy as regential energy can be affected by standing wa&lksa the principle
of quantifying diffusion is tested with the ratibiotensity and energy. This field index factor slsato be almost zero in
the reverberant room while it increases to a marinofione in an anechoic environment.

There are several ideas that should be testecktifuthre. Energy, intensity and acoustic impedasméd be measured
inside, around, or on the surface of structuregaor be used to measure the quality of the revanbeoom. With PU
probes the input power of the sound sources mighinbasured directly while being much less affetigdeverbera-
tions, with the potential of saving time and money.
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