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Acoustic Bridge Volumeter'

TORIGOE Ippei* and ISHII Y asushi**

A new device is proposed for measuring the volume of a container (or the volume of an object placed within a known container)
using gas compressibility laws. A container whose volume is to be measured, areference container of known volume and a bypass tube
are so arranged that their electric equivaents form abridge circuit. A loudspeaker is mounted on the wall between the two containers
so that one face thereof applies alternating compression to the volume undergoing measurement, while the opposite face applies
compression of opposite phase to the reference volume. These compressions cause sound pressure within the two containers and the
bypasstube. And thereisthe balance point within the bypass tube where the sound pressure vanishes; the bypass tube forms the ratio
arms of the acoustic bridge circuit. The position of this balance point is afunction of theratio of the two volumes. Furthermore, it is
affected neither by the static pressure, the gas composition, the temperature nor the compression amplitude. The volume to be measured
can be obtained by simple calculation from the position of the balance point. An experimental apparatus was built; that included a
container whose volume could be varied from 2 x 10-*m?® to 10 x 10-3m? by filling with water and an electret microphone for picking
up the sound pressure along the bypass tube. The success of the proposed method has been verified experimentally with this apparatus.

Key Words: volume measurement, gas laws, Boyle-Charles' law, sound pressure, acoustic impedance, acoustic bridge circuit.

1. Introduction

Itisnot easy to measure the volume of acontainer having acomplex
shape. Measurement of the internal dimensions of a container
involves considerable time and intensive work. Methods in which
liquid poured into a container is measured are not applicable to some
types of container. For those containers to which the liquid method
is not applicable, gasis employed as an alternative filling medium.
Methods using gas are all based on the equation of state. A typical
procedure of this method is as follows: a container isfilled with a
certain amount of gas, a known change in volume is made to this
container, the origina volumeis calculated from the resulting change
in pressure on the basis of Boyle's law. With this method, factors
that might cause measurement errors include fluctuations of the gas
temperature during the measurement, errorsin pressure gauges, leaks
in the measurement system or the container itself, a change in the
volume due to the opening and closing of avalve, etc. In order to
make high accuracy measurement, by eliminating all these errors, a
large-scale system and a complicated measurement procedure are
required. A simpler example of this method employs a piston or a
mercurial column connected to a container which is moved to cause
achangein the container volume?:2.

The method based on Boyl€e's law reguires along time to complete
the measurement, since the pressure must be measured after the
temperature of the gas in the container reaches an equilibrium with
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the ambient temperature. Slight leaksin the container will resultin a
considerable measurement error. Another method has been devel oped
to overcome these drawbacks; in this method an alternating change
in volume is applied to a container, and the volume is calculated
from aresulting dynamic change in pressure. Because a dynamic
change in pressure is sound, this method can be called an acoustic
volumetric measurement method. For example, there are reports on
aporosity meter for acoustical materials?, afuel gauge® and a body
plethysmograph that measures the volume of a human body®.

In the acoustic volumetric measurement, achange in thefollowing
quantities may cause measurement errors. the gas composition, the
temperature, the static pressure, the sensitivity of a sound pressure
sensor, the amplitude of the alternating volume change, etc. The
effects of these quantities must be minimized or eliminated to increase
the level of accuracy and stability of measurement. We previously
proposed the following methods featuring the use of information
contained in sound frequencies: (1) amethod utilizing a Helmholtz
resonator and atemperature compensation technique for this method®,
(2) amethod using the antiresonant frequency of an acoustical system
and a temperature compensation technique” ®. We a so proposed
the following method featuring the use of sound pressure amplitude
information. A reference container with a known volume and a
measuring container whose volume is unknown are placed facing
each other. A sound source is mounted between the two containers
and driven sinusoidally to apply an alternating compression to each
container. Theresulting sound pressurein both containersis detected
and the volume of the measuring container is calculated from the
ratio between these sound pressure amplitudes?. Since aratiometric
technique is being used, it becomes possible to measure the volume
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of a container without being affected by such factors as the gas
composition, the temperature, the static pressure, and the amplitude
of compression.

In devel oping the method discussed in this paper, the above method
featuring sound pressure amplitude was adopted as a basic concept.
In addition, a bridge circuit was employed to the method with the
prospect that the bridge configuration would work to cancel out the
effects of influence quantities. Inan acoustical system, sound pressure
and volume velocity function in much the same way as the voltage
and current function in an electrical circuit. A container isrepresented
equivalently by a capacitor whose capacitance is proportional to the
volume of the container. Measuring the volume of a container can be
compared to measuring capacitancein an electrica circuit. This paper
applies the bridge technique widely used in electrical measurements
to an acoustica system in order to measure the volume.

2. Principle

2.1 Structure of the acoustic bridge volumeter

Fig.1 shows the configuration of the acoustic bridge volumeter. A
measuring container whose volume is unknown (volume: V,) and a
reference container with a known volume (volume: V, ) are placed
facing one another acrossabaffle plate. A sound source (loudspeaker)
is mounted in this baffle. The two containers are connected via a
bypass tube and amicrophoneisinstalled to detect the sound pressure
inside the bypass tube. In this setup, when the speaker is driven
sinusoidally, the volume of each container also fluctuates sinusoidaly.
The fluctuations in the two containers are equal in magnitude while
oppositein phase. Sincethetwo containers are connected viaabypass
tube, the gas can move through this tube. The movement of gasin
the bypass tube causes compression of the gasin each container. That
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Fig.1 Configuration of the acoustic bridge volumeter.

is, achange in volumeis expressed as the total of that caused by the
displacement of the speaker diaphragm and that due to the movement
of gasin the bypass tube. When the length of the bypass tube is
sufficiently short compared with the wavel ength at the speaker driving
frequency, the whole of the gasin the bypass tube can be considered
to vibrate in phase. Then, the volume change in each of the two
containers caused by gas movement also has the same magnitude
while opposite phase. Therefore, at a given moment, the volume
change in each container is equal in magnitude but opposite in sign.

When asinusoidal change of thevolume AV is applied to acontainer
having avolume of V, (i = 1,2), the resulting sound pressure p, can be
expressed as follows, on condition that the change in state of gasis
adiabatic:

P

-y
pi=-ry 4V )

where, v is the ratio of specific heat (1.40 for air at atmospheric
pressure and room temperature) and P, isthe static (average) pressure.
The amplitude of sound pressure in each container is inversely
proportional to the volume of each container, and of opposite sign.

Let us next consider the sound pressure distribution within the
bypass tube. The sound pressure at the upper end of the bypass tube
isequal to that inside the reference container, while the sound pressure
at the lower end is equal to the sound pressure in the measuring
container. Because the gas inside the bypass tube vibrates at an
uniform acceleration, the sound pressure gradient along the bypass
tube axisis uniform. Thisimplies that there is a section across the
bypass tube where the sound pressure vanishes— the cross section at
"the balance point”. Let the distance from the upper end to this section
bel, and the distance from the lower end bel,,. It must be noted here
that |, and |, are the acoustical distances that contain the "end
correction”. The graph ontheright in Figure 1isasketchillustrating
the sound pressure distribution within the bypass tube.

2.2 Equivalent circuit

The acoustical systemin Fig.1 can be represented equivalently as
Fig.2 in an appropriate frequency range. Providing that the vibration
velocity of the diaphragm isu sin wt and the effective areais S, a
speaker can be represented by a current source having an intensity of
S u,sinwt. Theelectrical analogue for the acoustical compliance of
the container is a capacitor whose capacitanceisV, / yP, (i = 1, 2).
The acoustical inertance of the bypass tube of length I, and cross-
sectional area Sisrepresented by acoil having inductance pl, /S(p is
the density of gas). The microphone set to detect the sound pressure
in the bypass tube works as a galvanometer (null detector). The
balance equation for this bridge circuit is

joply  yR, _ Jopl, yR
S Jov, S joV, @
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Fig.2 Equivalent circuit.

Therefore, the relationship between the position of the balance point
in the bypass tube and the volume of the containers can be expressed
asfollows:
LV,
(A @
Asequation (3) shows, if the position of the balance point is measured,
theratio of the two volumes can be found, and therefore the volume
of the measuring container can be calculated.

2.3 Approximation validity

The equivalent circuit shown in Figure 2 contains some
approximations. The conditions under which the equivalent
representation applies are as follows:

(1) Infinitesimal vibration

The fluid system shown in Fig.1 can be regarded as an acoustical
system only if the velocity of fluid is extremely small and linear
acoustical theory can thus apply. When the flow velocity increases
inside the bypass tube, the kinetic energy of the fluid will increase
and the dynamic pressure — aterm proportional to the square of the
particle velocity — will not be negligible. Although the dynamic
pressure can be eliminated with the help of signal processing
techniques such as phase sensitive detection, to maintain a higher
signal-to-noise ratio, it is necessary to control the intensity of the
dynamic pressure to within certain limits. In the experiments
mentioned in the next section, the intensity of the dynamic pressure
was 1% or less of the sound pressure inside the reference container.

(2) Lumped parameter system

An acoustical system which is by nature a distributed constant
system can be approximated by alumped parameter system, as shown
in Figure 2, if the operating frequency is sufficiently low. In other
words, containers can be represented as capacitors and a tube can be
represented as an inductance, provided the characteristic size L of the

container or the tube is much smaller than the wavelength A. The
error resulting from the lumped element approximation is of the order
of (kL)?/ 2 (seethe appendix). Where, k (= w/ ¢) isthe wave
number, cisthe sonic speed, andkL =2xL/A. Thevaueof (KL)?
/ 2 in the experiments in the next section was about 0.02.

(3) Losses

In Figure 2, the bypasstubeis represented by alossessinductance.
Inarea tube, however, there exists resistance due to the viscosity of
air. Also, inared container, there is some conductance due to heat
conduction. Let usestimate the approximate level of losses, assuming
that the cross section of the bypass tubeiscircular.

<Viscousresistance>

The acoustic impedance of atube of length | can be calculated as

follows9:
jop! 6 .
" 1+ (1-
S { * a( J)}
| 4
where 8, = |2 @)
Vpo

aisthetubeinner radius, u isthe viscosity coefficient of thegas, pis
the density of the gas, and w isthe angular frequency of sound. From
Eq. (4) we can seethe following: owing to viscosity, areal component
(resistance) arises in the impedance of the bypass tube, and the
imaginary component is also affected and increases. The effect of
the viscosity on both componentsis of the order of 6,/ a— theratio
of the boundary layer thickness to the tube inner radius. The value of
4/ awas about 0.04 in the experiments described in the next section.

< Heat conduction>

When an alternating compression is applied to a container, the
temperature of gas in the container fluctuates around the quiescent
value in accordance with the pressure fluctuation. For actual
containers, heat conduction occurs between the gas and thewall, and
thus the change of gas state in containersis not adiabatic in the strict
sense. Assuming that the thermal conductivity and the heat capacity
of the container wall isinfinite and that the temperature of thewall is
isothermal, we find the impedance of a container having avolume V
to be given by

R N
oV {1-@- >(1-J>S§—v} Q

where 6, isthe thickness of athermal boundary layer, x isthe thermal

conductivity of the gas, ¢, is the specific heat at constant pressure,
and Sk isthe inner surface area of the container (see the appendix).
This equation indicates the following: owing to heat conduction at
thewall, areal component arisesin theimpedance and the capacitance
increases. The effect of heat conduction on the impedance of a
container isof the order of (y- 1) Srd:/ 2Vo ; that is, it is proportional
to the ratio between the volume of the thermal boundary layer and
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the volume of the container. For the containers in the experiments
described later, the conductance was about 2% of the susceptance.

(4) End correction

<Additional mass>

In accordance with the vibration of the gas within the bypass tube,
the gas in the containers also vibrates in the vicinity of both ends of
the bypass tube. The effective length of the bypass tube is longer
than the geometrical one ("end correction"). The distances!|, and |,
which indicate the position of the balance point include the end
correction. |f atube is connected to finite-volume containers having
different shapes, asisthe case with the present study, it isimpossible
to clarify the amount of end correction analytically. Studies have
been conducted to investigate the end correction in the configuration
in which atube is connected to a finite-volume container 1910 12. 13),
From the results of these studies, it seems reasonable to suppose that,
for the containers in our experiments, the correction is about 8a/ 3w
which isthe value when the tube is mounted in an infinite baffle, and
that the shape of the containers has only aminimal effect and thusthe
corrections at both ends of the bypass tube are nearly equal.

<Additional volume>

When the gasin the container is compressed and its pressure rises,
the gas within the bypass tube is also compressed. Therefore, an
increase in the volume due to the bypass tube must be added to the
effective volume of the container. The additional volume is
approximately Sl, /2 since the pressure gradient in the bypasstube is
uniform. For the containersin our experiments, the additional volume
was less than 0.05% of V., which is extremely small and therefore
considered to be negligible.

2.4 Nullifying the influence quantities

The acoustic bridge volumeter can measure the volume without
being affected by influence quantities such as the gas composition,
the temperature, the static pressure, the sensitivity of the microphone,
the amplitude of speaker vibration, etc. Thisis because the acoustic
bridge volumeter employs a null method and performs comparative
measurement. There are advantages due to this feature; in the design
stage, the performance requirements for the sound source and a sound
pressure sensor can be relaxed. In the experimental apparatus
described in the next section, alow-priced speaker and an electret
microphone were used.

In addition, even if there are departures in areal system from the
conditions for appropriate approximation, the departures will not
directly affect the measurement results. For example, the impedance
of the bypass tube can be expressed as the sum of the end correction
and the impedance present over the entire length of the tube. Since
the amount of end correction is of the order of the tube diameter, if
the length of the bypass tube is made much larger than its diameter, it
can be presumed that the impedance of the bypass tube is nearly
proportional toitslength. If this be the case, the balance equation for

thebridgecircuitisstill given by Eq.(3). Evenif theviscousresistance
islarge and not negligible, the effect on the volume measurement is
minimal. Particularly, the effect of al influence quantities, including
the effect of approximation, can be cancelled by making the bridge
highly symmetrical and thereby bringing the balance point to the
midpoint of the bypass tube.

3. Experiment

Several experiments were performed using a prototype to verify
the principle of the acoustic bridge volumeter. In Fig. 3, the
experimental setup is shown; the containers consist of an acrylic pipe
having a diameter of 192 mm and a thickness of 12 mm, aluminum
top and baffle plates of 10 mm in thickness as well as an aluminum
base plate of 22 mm in thickness each mounted on the acrylic pipe.
The reference container is set in an upper position and is about 100
mm in height and 2.9 x 10 m*in volume. The measuring container
is set at alower position and is about 340 mm in height. A valveis
installed on the measuring container so that its volume can be varied
intherangefrom 2.0 x 10°to 10.1 x 103 m?3 by pouring in water. A
full-range speaker of 70 mm diameter is mounted in the baffle plate
to apply asinusoidal compression to each container at afrequency of
40 Hz; the sound pressure level within the reference container was
118 dB.

An acrylic pipe having awall thickness of 3 mm is connected to
elbows to make a]-shaped bypass tube of diameter 16 mm and length
120 mm; this tube is attached to the side wall of the containers. A
microphone probe tube made of brass (2 mm inside diameter and 3
mm outside diameter) isinserted coaxialy into the bypass tube. A
small apertureisdrilled in the side face of this probe tube to feed the
sound pressure in the bypass tube to an el ectret microphone mounted
on the top of the probe tube. A step motor was employed to dide the
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Fig.3 Experimenatal setup.
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microphone probe tube in the axial direction in increments of 0.02
mm.

First, the amplitude of the sound pressure inside the bypass tube
was measured. Fig.4 shows the results when V, was about 6.9 x 10
3 m3. The negative amplitude means that the phase of the sound was
inverted. The sound pressure was linearly distributed along the axis
of the bypass tube, as was predicted in section 2.1.
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20 ~e
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Distance from the top of the bypass tube (mm)

Fig.4 Sound pressure distribution along the bypass tube.

Next, the measuring container was filled with water to upper limit,
and the position of the balance point in the bypass tube was measured
as the water was released in increments 0.5 x 10-3 m3(500cc). For
the ]-shaped bypass tube in this setup, it isimpossible to calculate
geometrically the acoustic equivalent length even after the end
correction isleft out of consideration. Thus, for thefirst place, I,' and
|, distances from the corner of the ]-shaped pipe to the balance point,
were measured. L et the distance from the corner of the ]-shaped pipe
to the acoustic end be Al, then the acoustic distances between the
balance point and both ends of thetube are given by I, = 1 + Al, |,
= |, + Al (see Fig. 5). Moreover, the correct value of the volume of
the reference container V, is not yet known. A regression line was
fitted to the values measured at 17 points using Eq. (3). Theresults
are plotted in Fig.6; in which the estimated value of V, and Al are
used. Fig.7 isan enlarged plot of the residuals from the regression
line. The percentage of residuals was less than 0.25% in this
experiment. Figures6 and 7 indicate that the acoustic bridge volumeter
is capable of measuring the volume of a container in terms of the
balance point position.

Finally, the following experiments were performed to observe the
effects of influence quantities that may cause measurement errors.
Measurements were made at certain volume and at aroom temperature
of 302K. Then, the room temperature was lowered to 292K and the
same volume was measured again; both results were the same within
the measurement uncertainty. To investigate the effect of the shape
of containers, the volume of the measuring container was read, at
several levels of water, for two cases, onein which the experimental
apparatus was set upright and onein which it wastilted by 45 degrees.

V, (10-°mv)

Error (10-5m?3)

Fig.5

12

10

20

Baffle plate

Al

Bypass tube
//

|,

Microphone |~
probe tube ~

e
-
-

Aperture

—+-
|
|

Al

Acoustical equivalent length of the bypass tube.
(I,=1'+Al L= 1+Al).

Fig.6 A plot of the container volumevs. (1,/1,).

1,/1,

Fig.7 Residua errors.



T.SICE Vol.E-1

No difference was observed between the two cases. The influence of
achange in the gas composition was investigated as follows: firstly,
measurement was made with an empty container; a piece of dry ice
was then put in the measuring container to sublimate and fill the two
containers with carbon dioxide (y = 1.30); finally, the second
measurement was made. No difference due to the change of the gas
composition was observed.

4, Conclusion

A new method, named acoustic bridge volumeter, is proposed for
measuring the volume of containers. We considered theoretically
the principle and the influence quantities of the method. We also
built an experimental apparatus and performed severa experiments
with this apparatus to verify the principle. The resultsindicate that
the acoustic bridge volumeter is simple and superior in that a high
level of accuracy and stability can be achieved.

Besides the prototype presented in this paper, there are many other
possible embodiments of the principle. Elements other than acoustic
inductances can be used on the ratio arms of the acoustic bridge —
acoustic resistive elements, for example. If extreme measurement
accuracy is required, the position of the microphone should be fixed
at the midpoint of the ratio arms, and the reference volume should be
adjusted to match the volume to be measured.

Because of the precursory nature of this study, we have concentrated
on the fundamental aspects of the proposed method, and the
experiments presented above are far from complete. Future work in
this study should include: (i) the design of constructions for practical
applications; (ii) testsin an extended range of measurement conditions;
(iii) the assessment of the overall uncertainty in measurement.

We would like to express our sincere appreciation to Mr.
HIRAOKA Jin (Toray Industries) and Mr. KIMURA Naozumi
(Kyushu Matsushita Electric Industrial Co.) for their assistance in
performing the experiments.
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Appendix

1. Errorsdueto lumped element approximation

<Impedance of a container>

The acoustic impedance Z, of acylindrical container of depth L
and cross-sectional area S, is given by

1 yR
j_w SL (A1)

C

Z =

This container can be regarded aso as an acoustic pipe of sectional
area S and length L with one end closed. The acoustic impedance
Z,, as seen from the other end, can be calculated as follows:

1 pcC
If kL isextremely small, theratio of Z,/Z4isexpressed approximately
as

2
z1+(kL)
) 3

N|_N

(A3)

< Particle velocity at both ends of the bypass tube>

Let us estimate the particle velocity at both ends of the bypass tube
shown in Figure 1, viewing the bypass tube as an acoustic pipe of
crosssectional area S and overall length L (=1, +1,) and considering
that each end isterminated by each container. Theratio of the particle
velocity at the upper end u, to that at the lower end u,, u,/u,,is
expressed irrespective of theintensity of the sound source asfollows:

2
Y_g, VooV (k)
u, V,+V,+SL 2
2
V-V (k) (A.4)
V,+V, 2

The difference in the particle velocity is of the order of (KL)%/2.

2. Impedance of a container having an isothermal wall

The acoustic impedance of a container having avolumeV and an
isothermal wall (temperature T ) is calcul ated.

Let us start with the distribution of excess temperature above an
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isothermal wall. Assume that there is an ideal gas above a plane,
infinitely large, isothermal wall (y = 0) and that the pressure of the
gasfluctuatesin phase. The equation of energy conservation can be
expressed in terms of enthalpy as

p=- =4 -dvqg (A.5)

where p (= po + dp) isthe gas density, histhe enthalpy per unit mass,
P (= Po + p) isthe pressure, and q is the heat flux vector. Assuming
that a change in pressure p is sinusoidal and extremely small, the
second- or higher-order terms can be neglected. Then Eq. (A.5) can
be modified as follows using Fourier's heat conduction law and the
relationship between enthal py and temperature (dh = ¢,dT =c,60) :

jp,wc,0=jop+xdvgradd (A.6)

where k is the heat conductivity of the gas. Since the temperature
distribution is developed in the vertical direction, the second term on
the right hand side of (A.6) reducesto k96 /dy>. With the boundary
conditions(y=0: =0, y—: §— 6 (1) ) taken into consideration,
the solution of Eq (A.6) is obtained:

0= p {1_ ef(1+j)y/6t}
pOCp

2K (A7)
pwC

where 6, =
P

o isthethickness of the thermal boundary layer. The influence of
theisothermal wall on the distribution of the gas temperature extends
to a distance of the order of 6; from thewall. Aty = 2x6:, for
instance, the second term on theright hand side of (A.7) that represents
the effect of thewall decreasesto 0.2% of the first term that represents
the value at a point far from the wall.

Let us next consider the acoustic impedance of a container having
avolume V. Neglecting the higher orders of variation, we have the
following equation for the sinusoidal time variation of the state of an
ideal gas:

_jop __jop  job
Po R T (A-8)

Integrating the left hand term of (A.8) over the container volume and

using the continuity equation
jop
—-——=divu A
) (A9)

we find

fffv divudv=ffSRunds=—U (A.10)

where u isthe particle velocity, Skisthe container inner surface, u, is
the particle velocity component normal to S, and U is the volume
velocity applied to the container. Let us next turn to the right hand
side of (A.8). If the characteristic dimension of the container islarge
enough in comparison with d, the excess temperature distribution is
given by equation (A.7) ailmost everywhere in the boundary layer.
Substituting (A.7) into 6 and assuming that the pressure variesin
phase within the container, we can integrate the right hand side of
(A.8) over the container volume;

. 8.4,
- Jwa:/ {1+(V -1)(1- J)S;—V} p (A.11)

here Sk isthe inner surface area of the container. Equating (A.10) to
(A.11) and using the fact that the term due to heat conduction is small
(e << 1), wefind the acoustic impedance of the container to be given

by

jii‘} fi-e@-9)}

S:0, (A.12)

where & =(y —1)W _
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