
















modes other than the lowest one modeled, which would be a

sensible precaution in an experimental probe). On the Earth,

the coupling between air and the sensor walls is very weak,

and so the measurement from Fig. 10 would give a result of

around 340 m/s for the straight pipe, in agreement with the

value for the bulk atmosphere on Earth which was input into

the simulation. However, when the sensor is used on Venus,

only the steel pipe gives results resembling those from an

idealized rigid boundary: it measures a sound speed for the

gas in the pipe which differs from that of the bulk atmos-

phere by less than 2.5%. Such a percentage change might be

considered small in some circumstances, although this

degree of coupling to a steel pipe would cause tuning prob-

lems if this straight pipe were part of a tuned system (such as

a mass sensor45 or sound source/receiver40–44). The coupling

problems are much greater if, instead of steel, carbon fiber or

aluminum were used. Both aluminum and carbon fiber pipes

show dispersion in the straight pipe, because the coupling

between sensor wall and gas inside changes the propagation

mode of the acoustic wave. The corresponding 2D spectra

are shown in Fig. 11 to highlight the propagation mode in

[Fig. 11(a)] aluminum and [Fig. 11(b)] carbon fiber straight

pipes, respectively.

Figure 12(a) shows the results for a spiral pipe having

the dimensions shown in Fig. 9. Two kinds of material, steel

and aluminum, are investigated (the anisotropy of carbon

fiber precludes its inclusion in this geometry with current

computational facilities, although extrapolation from the

straight pipe example suggests significant effects from cou-

pling). Since the wall of the spiral pipe is influenced by the

gas on both sides (it is similar to a multi-layer sandwich

structure excited by signals with different phases) their cou-

pling is very complicated. A snapshot of the sound field at

0.2 ms after a pulse signal was generated at the source end

of the gas column is also shown in Fig. 9. At this time, the

original wave front that traveled through the gas column has

just reached position “A.” However, some energy has propa-

gated though the solid walls of the spiral (the hatched areas)

to “B.” The coupling between gas and solid has allowed

energy to bypass the through-gas propagation path between

A and B (which is as yet unperturbed). In this way, acoustic

energy has traveled through the wall to couple the two gas

layers which “sandwich” that portion of wall. Despite the

complexity of the sound field inside, Fig. 12(a) shows that

FIG. 12. (Color online) Simulated resulted for measurements of ground-

level atmospheres by straight and spiral pipe sensors where the solid walls

are made of aluminum. (a) Phase velocity as a function of frequency, as

measured by a spiral sensor having the dimensions of Fig. 9. Circles,

squares, and triangles represent idealized rigid boundary, steel and alumi-

num, respectively. The open symbols correspond to the ground-level atmos-

phere on Earth and filled symbols correspond to that on Venus. (b) The

attenuation per unit length, plotted against frequency, as if measured and

averaged from 500 microphones placed equidistantly along the axis of the

gas column. The solid line shows the input attenuation coefficient of gas on

Venus. Circles and stars represent the results measured by using straight and

spiral shape sensors, respectively.

FIG. 11. (Color online) Plots of the 2D spectrum with axis of phase velocity

against frequency for straight pipes with 1 cm thick walls of (a) aluminum

and (b) carbon fiber containing gas on Venus to an inner diameter of 1 cm.

The color scale value which is the output of a 2D FFT shows (in dB) the

“normalized acoustic pressure per Hz per meter,” where 0 dB corresponds

to the situation where the original output of 2D FFT equals 1 Hz�1 m�1.
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use of the phase spectrum method7 (Sec. III) to obtain the

phase velocity indicates that the spiral pipe gives a very sim-

ilar result to that observed in the straight pipe if the wall is

an idealized rigid boundary. However, when coupling occurs

[shown in Fig. 12(a) for steel and aluminum pipes], the

sound speed measured in the pipe on both Earth and Venus

differs significantly from the value that would be observed

in an infinite 3D volume of atmosphere, or which would be

predicted for a pipe with rigid walls.

While such acoustical sensors were initially proposed

for measuring sound speeds, their layout would at first sight

appear to be amenable to take attenuation data, and indeed

this has been proposed in order to obtain the density of gas

and the acoustic impedance through insertion loss.46,48 Cer-

tainly, the atmospheric composition and conditions could

be inferred from data on the acoustic absorption that occurs

in the bulk atmosphere32,52,53 (i.e., outside of the tube).

Given however that Figs. 10, 11, and 12(a) showed that the

sound speed of the gas in the pipes (straight and spiral) will

differ from that in the bulk atmosphere (and earlier papers

showed that the transducer resonance in the pipe will differ

from that in the bulk atmosphere44), the question must be

asked as to whether measured attenuations in the pipe can

really be taken as representative of those in the bulk atmos-

phere. Figure 12(b) plots the attenuation coefficient taken

by averaging the data from 500 microphones that are

equally spaced on axis along the length of the tube (it is

assumed in the simulation that they do not themselves

attenuate the propagation). This number is probably unaf-

fordable, but such averaging is required to obtain good data

in the simulations for Venus conducted here, and it is possi-

ble that unacceptable scatter might occur with the use of

only two fixed microphones (as with the proposition by

Hanel and Strange that “Sound absorption is derived from

the amplitudes of both microphones,” although it is noted

that the data were acceptable for the laboratory tests they

conducted on Earth). Figure 12(b) shows that the simulated

attenuation coefficient measured along the axis of a straight

pipe (open circles) matches that of the bulk atmosphere53

(solid line). However, the attenuation measured in the spiral

pipe (asterisk symbols) differs greatly from that in the bulk

atmosphere, because the walls will couple together adjacent

gas layers in the spiral: not only does the presence of modes

cause the sound speed and attenuation to differ from that

found in the bulk gas, but propagation through non-rigid

walls provides the signal with a “short-cut” so that it can

miss out lengths of the fluid column and so not incur the

travel time delay and absorption which would occur had it

propagated entirely through the gas column. [The choice of

aluminum for the pipe walls is illustrative only and does

not imply this would be suitable for Venus’ acidic atmos-

phere; the attenuation coefficient in Al is 0.1% that of the

gas, and so is neglected (Table II)].

Therefore, if propagation within a vessel or pipe is to be

used to determine gas properties through inversion of acous-

tic sound speed and attenuation, then if that inversion

assumes propagation conditions in the free field, such an

inversion could generate misleading results if the gas in

question couples to the walls. The effect is enhanced for cer-

tain geometries (here, it was greater in the spiral pipe than

the straight one). The effect is also greater for those materi-

als where coupling is great, and the drive to reduce weight

and save space in probes favors use of those sorts of materi-

als and geometries. Choice of the excitation frequency can

enhance or reduce the effects, and such choice (and correc-

tions for coupling) can be undertaken using the approach

outlined in this paper.

V. CONCLUSION

In this paper, a finite element method numerical study

of acoustic wave propagation in liquid-filled viscoelastic

pipes is conducted. Compared to theoretical and experimen-

tal studies, the numerical method provides an easy and reli-

able way to predict both propagation modes and attenuation

in a liquid-filled pipe. Two particular applications are inves-

tigated in this paper. First, the pipeline system of the Spalla-

tion Neutron Source is simulated as a liquid-filled solid pipe.

The results show agreements with the model developed by

Baik et al.7 Second, an acoustic planetary exploration sensor

is investigated. Results show that, if coupling between pipe

walls and gas inside is considered, a sensor calibrated on the

Earth may not work appropriately on another planet, and this

is illustrated using the example of a long-standing instrument

designed for Venus and currently under consideration for the

Jovian planets. The sound speed and attenuation measured

even for Earth’s atmosphere may not match those for an infi-

nite 3D volume of gas for certain sensor geometries (e.g., a

spiral pipe). The imperative to use lightweight materials and

compact geometries in planetary probes will tend to exacer-

bate this effect. This coupling issue adds a second complica-

tion (the first being fluid loading44) to the use of pipe

geometries for acoustical systems in dense atmospheres.
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movie files. The first (Movie_Straight pipe.wmv) shows an axisymmetric

simulation of propagation up a straight pipe with the dimensions and mate-

rial properties shown in Fig. 1 of this paper. The axis of rotational symmet-

ric is at the extreme left of the color plot, corresponding to the center-line

of the pipe. The source generates an impulse signal at the bottom at t¼ 0s.

This acoustic signal then propagates to the top of the pipe via the pipe walls

and the liquid inside. Although only one main mode showed in the movie,

the signal tends to be dispersive, because the speed of sound is frequency

dependent (caused by coupling). The associated still figure (Still_straight

pipe.jpg) shows a time history map of the signal along the center of the

pipe. From the figure, only one main mode can be recognized. The fastest
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wave front reaches the top of pipe (1.8 m) at about 1.3 s, while energy at

frequencies with lower speed keeps catching up thereafter. The second

movie file (Movie_Straight pipe with air annuli.wmv) repeats the conditions

of (Movie_Straight pipe.wmv) but with the addition of 8 circles (0.1 mm in

diameter) of gas halfway up the tube (which represent the cross sections of

annular rings of gas because of the rotational symmetry). The annular rings

introduced serious reflection inside the pipe. The associated still figure

(Still_straight_pipe_with_air_annuli.jpg) shows a time history map of the

signal along the center of the pipe. From the figure, part of the energy was

reflected by the annular ring at about 0.07 s and re-reflected at the bottom at

about 0.15 s. The reflection is serious, though only 8 very small size annular

rings were introduced. In practice, millions of bubbles in the liquid will def-

initely make the situation (not only reflection, but also attenuation, etc.)

more complicated. The movie file (Movie_ORNL_SNS_ pipes.wmv) shows

a 3-D simulation of an acoustic pulse (pulse duration = 0.6 ms) propagating

along a pipe system with same dimensions of the real Spallation

Neutron Source TTF test loop used in ORNL. The pipe wall is steel, and

the inside liquid is mercury. The associated still figure, a snapshot when

t¼ 2.5 ms has been added to this paper as Fig. 8. The movie file

(Movie_Spiral_Venus_aluminum_gas.avi) is an illustration of the simula-

tion used to form Fig. 9 of this paper (the still of Fig. 9 shows more clearly,

by marking the solid walls with additional hatching that cannot be put

in the movie, that adjacent layers of the spiral alternate gas-solid-gas-

solid, etc.). Transmission between gas layers, through the wall, allows

pressure signals to propagate between the source (at the center of the spiral)

and the furthest sensor (at the far end of the spiral) far more quickly than

the actual propagation time for the signal which travels through the gas

alone.
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