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1. ABSTRACT

A novel approach for explaining the coupling of sound from transducers into granular materials is suggested. It
is assumed thal ¢nergy cannot be transferred through the poini-contacis of the uansducer. and the graing. A thin,
equivalent layer of air, henceforth labelled "the coupling layer”™, is proposed. The thickness of this layer is of
the order of magniwude of the average grain size. Catculation of the coefficient of transmission using this
assumption shows that the coupling is effecuively a second order pole low-pass filter. An experiment 1o check
on the validity of the model is carried oul in glass beads of tightly controlled sizes. The results of the model and
experiment agree within the experimental error, pointing 10 a decrease in the pole frequency as the bead size
increases,

2, BACKGROUND

In many practical instances in scismics and acoustics one is considered with the conpling of acoustic energy
between a transducer and a medium. In seismic work, the mandatory procedure is 1o wet the soil around the
geophone 10 enhance energy wansfer. It is clear that the moist layer is only a small fraction of & wavelength.
Similarly, most underwater transducers are exicmally moulded in rubber {or polyurethane) to increase the amount
of energy flowing between them and water. Again the rubber layer thickness is much smaller than a
wavelength. Moreover, the water-tightness of a transducer can be achieved using technigues other than extemal
rubber coating. The common denaminator among all the above procedures of the ype is that a thin layer
relative 10 a wavelengih is applied o the inlerface beiween the uansducer and the medium o improve the
acoustic energy coupling. :

The most prevalent method of formulating the coupling layer in underwater acoustics (1) or in architectural
acoustics (2), is 1o include it as a specific coupling siratum in a multi-layered system including source and
receiver. The same mechanism may also apply 10 sound propagation through the soil (3). Nevenheless, mosi
previcus work (4-8), has not considered the coupling between transducer and soil, aliempting insiead
formulaie an explanation of the sound propagation in terms of wave types. One recent work (9) interpreted
coupling in terms of experimenual errors but considered only seismic freqeencies,

This paper suggests that a coupling layer should be incorporated into models of the acoustic energy propagation
from or © a wansducer in a soil. Also, an experiment in the sonic kHz range was carried out with glass beads as
the granular medium.

3. THEORY

Assume a layer strucwire as in Fig. 1. Layer one is the transducer, layer two is the "coupling™ layer and layer
three is the soil, or any porous medium. As the grains of the porous medium touch the transdocer only
atpoints, this interface is not really capable of an energy transfer (although it can transfer a mechanical field).
The basic assumption of this work is, therefore, that between the transducer and the otherwise continuous
porous medium there is an equivalent layer of air the thickness of which is of the onder of magnitude of the grain
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size in the medium,

As indicated in Fig.1, once can associate a density, and sound speed with each layer. Assume that the acoustic
ray is incident on the z={) interface between the ransducer and air atan angle 6. This ray is refracied at an angle
©2 into the coupling air layer, Travelling through the air layer the thickness of which is 1, the ray is refracted
again al the air-soil interface 10 emerge &t an angle 83. In a practical siuation, a transducer would be directional
requiring an inlcgralion on the ) incident angle. One may obtain 62 and 83 using Snell’s law. The calculation
shows that the propagation in the transducers is almost one dimensional, and that the maximum value of 83 is
about 12°, Although 87 goes up to 907, one can nevertheless assume a one dimensional energy problem, Since

the air gap between the transducer and the grains is much smaller than the diameier of the ransducer only a
negligible amount of energy will be losi at high 0.

Introducing the sub-index m (m = 1, 2, 3) as the layer index, and n (n = i, t, r for incident, wansmiued and
—
reflecied) as the wave-type index, one can write the pressure of the wave moving in the direciion d as:

Pm = Ap mSxp (i (wt - dAm)] )
'_ A o expl] (et - z€os Oy x sin 8m )]
= fp,mexp(l) Am Am
o 2
tm = @

where pm, ¢ are the density and the speed of sound in the layer m, and d is resolved as shown in Fig 1, and
Zm = pyCyyy are the impedances,

One can vse the conservation laws for the pressure and particle velocity (eqs. (2), (3)) at the 2=0, z=1 interfaces:

PigtPra= P2 +Pr,2
2 = 0 inerface )]

“i.l + Ur.l = Ill.z + Ur,

Pr,2+Pr2 = P23
z= | imerface )]
U2 +Ur,2 = 9,3

Substinning the pressures (eq. (1)) and the panicle velocities (eq. {2)) into the conservation laws (eq. (3) and eq.
(4)), and using the definition of the required anenuation of encrgy between layers 1 and 3:

= {Anelcl _
* (Al)pm ®
One obuains after some algebra:
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al=

4Z)123 cosd2

D= (Z} cosB2 cosBy + Z3 cosez)zmsz(kzl cos82) +

(22 cos83 + 2123 cos28/Zx)sin Z (k21 cosd2) &2)
where k2 =% is the wave number for layer 2,

This expression is true both for the transmitter-coupling-beads path (TB) and for the be.ads-ooupling-mceivﬂ'-
(BR) path. N was also assumed the cosf;=1 since both transducers are one dimensional to a8 first
approximation.

Both egs. (6) and (8) can be writlen as:

a
A= B cos@2 (kal cos82) + Y sin (ka1 cos82)

where ¢, B and ¥ constanis are independent of frequency and bead size.
Assuming kal«1, equivalent to the coupling layer being very small compared w a wavelength, ane chiains:

a

% Beyaan? ®

For the sake of simplicity @2 = 0 was chosen. As one can see, at very low frequencies (kg —0)

a .
=g 9}
and the auenuation is constant. While at very high frequencies the constani term in the denominator is small
and therefore:
a
ay = ot 2 (0
Aty 2
(%)

In this case the auenuation behaves as a second order pole at f = 0. The functional behaviour of 8 is llustrated
in Fig.2. One can obviously sec that there is a transition frequency, fy, at which the wansmission coefficient
changes its frequency response. This transition frequency f; is given by the conditions &; = 8y, therefore:

= 5% e) 2 an

and will depend upon |, and hence upon the bead size.
The values of o, f, ¥ can be expressed using the impedances for he TB case:
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a =422z (12-1)
B =az;22 T2
Y =23 (12:3)

Using the values of Tables 1 and 2, one obtains the values of Z1, Z5, Z3 and Iy for the TB and BR cases (see
Table 2) and 630 p beads. One should note that the frequency dependence of the auenuation comes through ks,
but may depend also on the values of the impedances, if variation of the sound speeds with frequency is allowed.
In this work it was assumed that any frequency dependence is represenied by ko only, and that all sound speeds

are frequency independent.

Substance Impedance (mks rayls) Density {gm¥) Sound speed (rnls‘l.)
aluminium 1.53x107 2.78 5500
glass beads 1272105 1.72 4
air 4.15x102 1.21x10°3 343 (a1 20°)
Table I. Densities, sound speeds and impedances, for aluminium, glass beads and air
Case Intexrface z] (ray/s) 232 (ray/s) z3 (rayfs) fr (Hp)
T8 | xmiuer - beads 5.3x107 a15x102 | 3352108 %
BR | beads - receiver 3.35%10% 4.15x102 15.3x107 3380

Table 2. Predicted transition frequencies for Cases TB and BR

Table 2 indicates that fi for the TB case is very low (less than 100Hz) and, probably, it would be very difficult
1o verify experimentally. The value predicied of fy for the BR case depends on the glass bead size: the larger the
bead, the lower f1. The calculaled value of a;_ yields no attenuation up to ferp: Hence in a situation when glass
beads are located between the faces of identical transmitter and receiver the qualitative behaviour of a; is predicted
10 be as follows:

a. negligible auenuation up to f;TB.
b. 6 dB/oct. excess atenuation between fiTp and figR-
c. 12 dB/oct excess auenuation above fipp.

The results of the numerical calculation carvied out for several glass bead sizes appear in Fig. 3 for an assumed
sound speed of 74 m/sec in the glass beads. The sound speed in the glass beads was not measured, since a long
range propagation experiment was not carried out. The assumed value of 74 m/sec for the sound speed was
borrowed from a long range (~ 100 wavelengihs) experiment (not réported here) using silver sand with the same
grain size disiribulion as the plass beads.
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4, EXPERIMENT

An experiment was carricd out 10 1est the prediciions of the model in seclion 2. The experimental sel-up appears
in Fig. 4., while the electronic sysiem for the data acquisition is illusirated in Fig. 5.

Two identical ransducers of the sandwich type were supplied by Brilish Aerospace. Both are rejected units,
which is demonsirated by spurious resonances autesting to defects in manufacwring, and therefore the useful
frequency range for observation was 8-16 kHz only. The wansducers resonale al 21 kHz and have an aluminium
wansmitting (receiving) head of 30 mm diameter.

A stand-bench was construcied to locate both transducers on the same axis facing each other. The holders of the
ransducers were acouslically isolated from each other using a succession of aluminium and nylon discs
providing an excellent mismatch of —110 dB with respect 10 a case in which both vansducers had face conuact.
The apparatus includes a micrometric movement used 10 fix the ransducer faces al a predetermined distance of 4
mm. This distance was chasen 1o provide at lzast 8-10 plass beads in the wransmiuer-receiver path. The 30 mm
head diameter provides an area large enouph 10 integrae over the various possible paths between the two
transducers. The transducers were encased and elecwrically screcned by the Engineering Mechanics machine shop.

The heart of the dala acquisition sysiem was an FFT analyser, One-Sokki CF-920. Besides allowing for a dual
channel acquisition of both wansmission and reception daw it gencraed the signal for the experiment. The
wansmitting branch included a B&K 4440 gating sysiem which irimmed the continuous signal into single,
manually activated bursts of 4 msecs. The pulscs thus oblained were amplified using a B&K 2706 amplifier.
The output was then stepped up using an in-house transformer providing a more convenient maich between the
amplifier and the wransmiuer, The receiving branch included of two amplifiers: A B&K 2635 charge amplifier
was connected to the receiver and its output fed ino 8 B& X 5612 spectrum shaper was used as a band-pass filler
on the filter loop of the line B&X 2607 amplifier, thus preventing seismic noise on one hand and the transducer
resonance on the other from limiting the dynamic range of the measurement. The outputs of the power
amplifier in the transmitting branch and the line amplifier in the receiving branch were connected to the FFT
analyser which was used only as an ADC and mass storage device.

The following experiments were carried out, each using 16 bursts:

a. Transmiuer and receiver at intimate contact. Labelled 1ir.

b. 4 mm air gap between the transducers. This experiment was used to est whether cross-cormelation
produced the speed of sound in air.

c. 4 mm gap berween the wansducers, but filled consecutively with various distributions of glass beads.

The average grain sizes of Lhe distributions were: 25um, 70um, 160um, 340um, 630um, 1125um.

The data analysis produced the transfer function between wransmission and reception in each experiment. To
eliminate the system response and the effect of the individual transducer, ransfer funclions were taken of the
transfer functions relative to that for the ransmiuer and receiver in contacl. The only spectral range of intenest
was the one found with almost zero phase difference, although a small linear phase dependence was allowed doe
10 the 5612 filter in the reception path. This range was found to be consisieat in all the experiments and
deiermined 1o be approximately 9-16.5 kHz. At last, the slope of the coupling stienuation in dB/octave in the
9.155 kHz-16.48 kHz band is calculated using a linear fit,

5. RESULTS AND DISCUSSION

Figure 6 is a typical example of the transfer functions (each in two frames - amplitude & phase). The slope of

the transfer is plotied in a solid line over the doued experimental one. Also, the slope resulis, together with the

mode] predictions, are given in Table 3. As secn, the phase drops from | radian at 9.155 kHz to aboul 0 radians
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al 16.48 kHz. The 2n radians jumps are anefacts of the calculation only, while the slight drop in the phase is a
result of the filtering in the recciving branch.

Glass bead size Calculated slope* Measured slope
{micrans) (dB octave) (dB octave)
5 -4.99 =551 15
70 -5.16 ~389+15
160 -5.65 6291 1.5
3o —-6.98 $42+15
630 -8.47 -1t 15
1125 =943 -11.29+ L5

*sound speed in glass beads assumed 1o be 74 m/sec.
Table 3. Experimental and calculated slopes for ihe coupling atienuaiion in various glass beod sizes

The proposed theoretical model is very simplistic. The propagation between two-  ransducers considered to
invelve Iwo couplings only. Na account is given 1o any propagation within the glass beads themselves, Ata
sound speed of 74 m/sec, the disiance beiween the 1wo transducers a1 9.155°16 kHz is 4.62 mm, is barely a
wavelength or 1wo. There is not enough gap, therefore, between the transducers to allow significant
propagation effects through the glass beads.

The experimenial set-up chosen immediately eliminates ihe low frequency region, where no relevant effects can
be measured due 1o a low signal 10 noise ratio. The comparison of the theoretical and experimenial results
points at the rend of an increasing atienuation vs frequency slope with increasing bead size. .

The scope of the experiment was much hindered by the namow usable bandwidth of the transducers. Better
wransducers would have yielded not only a wider frequency atienuation constant, but would have cnabled a
wansmitted - received signal cross-correlation measurement without many prominani side lobes. One could have
then retrieved the sound specd in the coupling layer from \he cross-correlation measurement, possibly with an
investigation of the dispersion of sound speed vs bead size. The assumption that @B,y (see egs. (12)) are
frequency independent may have also been removed, resulting in a study of the propagation in the coupling
layer,
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8. FIGURES

Schematic description of the 3-layered coupling interface,

The functional shape of the auenuation versus frequency.
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