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1. INTRODUCTION

Lord Reyleigh writes that Liscovius and Sonmhauss "found that the pitch of a
flask partly filled with water was not altered when the flask was inclined
(1]." This observation is confirmed in Stephens and Bate[2]. However, in
the development of s device to measure the volume and flow of fluids[3], the
resolution of a Helmholtz resonator wes developed to & sensitivity of + 1 port
in 35,000 or + 0.0000286 (+0.00286%). This device consistently showed
devietions in the Helmholtz resonance frequency as 8 function of the attitude
of the vessel, However, these changes were first sscribed to thermodynamic
differences, as the Helmholtz resonance changes about 0.108% per degree F in
tha vicinity of room tempersture.  As the development work continved, it
became clear that factors other then chenges in tempersture were the cauvse of
the frequency differences. : :

2. EXPERIMENTAL PROCEDURE

A 500 m1, round bottom, long-neck flask and a 1000 mil, round bottom, short-
neck flask were obtained for experiments. A test configuration wes devised

85 shown in Figure 1. The loudspeaker and flasks were fixed to a platform
that wes hinged at its base. The base was then clamped to & laboratary bench.
This arrangement allowed the flasks snd loudspeaker to remsin in & fixed
position relative to each other while the platform to which they were attached
was roteted through 90° from @ verticel to a horizontsl position. The
distance from the loudspeaker to the mouth of the flasks was 7cm to 10cm,
depending on which flask was used. The output of the loudspeaker wes BOGB

to B5dB at the mowth of the flask, -

Tests were performed by determining the frequency of the peak sound gressure
inside the flasks as a function .of the sngle of tilt of the platform. The
test sequence consisted of first measuring the Helmholtz frequency at the
verticel position (0°tilt). - Then the angle of tilt of the axis of the flask
was incressed until a 90° angle wes reached or until the water was in danger
of spilling from the flask. After this test sequence, the flask wes again
oriented to the vertical and the original measurement was repeated. A small
piezoelectric microphone was placed inside each flesk to sense the sound
pressure. A frequency synthesizer of a very stsble design was used to provide
the frequency input to excite the Helmholtz resonances. The frequency synthe-
sizer also permitted the frequency to be controlled to D.1Hz,
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3. TEST RESULTS

Figure 2 shows the results of tiiting the empty 500 ml flesk. The Helmholtz
frequency remains relatively unchanged, within + 0,2z, es one would hope.

Figure 3 shows the results of tilting the 500 ml flask when it contained

140 ml of water. The totsl chenge in the Helmholtz frequency was 2.7Hz. The
inmitisl Helmholtz frequency of 206.7Hz in the verticel position was exsctly
repeated after the test sequence. :

Figure 4 shows the results of tilting the 500 ml flask when it contained

250 ml of weter. The flask could only be tilted to 60° without spilling the
water. The totel change in the Helmholtz frequency wes 2.0Hz. Again, the
initisl Helmholtz frequency of 249.2Hz at the verticel position waes exactly
repested after the test sequence. .

Figure 5 shows the Tesults of tilting the empty 1000 ml flesk. The change
in the Helmholtz frequency throughout the test sequence was 0.254z, so it
also remained essentially unchanged.

Figure 6 shows thes results of tilting the 1000 ml flask containing 280 ml of
water. The change in tha Helmholtz freguency was 1.4Hz. The initial
Helmholtz frequency of 141.4Hz wes repested efter the test sequence to within
0.3Hz, -

Figure 7 shows the resuits of tilting the 1000 ml flesk containing 500 ml of
water. The flssk could not ba tilted more then 60° without spilling the
water. The change in the Helmholtz frequency was 1.1Hz. The initial
Helwholtz frequency of 166.3Hz wes exactly repested after the test.

4, DISCUSSION

The dsts indicetes thet the Helmholtz resononce of the flaske hes a sensi-
tivity to its angle of inclinetion. This seems to be well substentiated by
the fasct that the Helmholtz frequancy at the vertical position, es measured
at the beginning of the test sequence, con immedietely be dupliceted after-
werds by quickly reorienting the vessel. Furthermore, the change in the
Helmholtz frequency shows @ smooth and steady downwerd shift as the vessels
are tilted to progressively larger angles. The empty flesks, on the other
hand, show no substantisl chenge. Tho small amount of change thot was
measured with the empty flesks, and in onge case with e partially filled flesk,
could result from two obvious causes. First, tempersture fluctustions can
cause changes in tha Helmholtz freguency. Ta minimize this problem, the
apparatus was placed in an electrically hested and controlled room. The
temperature was monitored during the tests. Each individual test was also
performed as quickly es possible to minimize problems essocisted with temper-
ature changes. Another source of error could result in determining the
frequency of the Helmholtz resonance which wes always taken as the frequency,
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to the nearest 0.1Hz, where the largest cutput of the microphone occurred.
As the date wes not interpolated, this could have resulted in sn error of
+ 0.1Hz.

Acoustic pressure patterns were also measured inside the flasks. Patterns
similar to those found by Cummings [4], [5) were measured. It was noted that
these pstterns were disturbed by the asymmetrical. The patterns s8lso shifted
in such a way that they resembled those of vessels of slightly larger volume.
This phenomenon is also consistent with the simulteneous decresse in the
Helmholtz frequency as the angle of tilting incressed. Figure 8 shows sound
pressure patterns in a 500 ml flask. The figure shows that the sound
pressure pettern in the flask containing 250 ml of water and inclined at 65°,
shifts awsy from its pattern at 0° toward the pattern for an empty flask.

The inset shows this more clearly.

Tt was also observed that reguler vessels, such as spherical bottom flasks,
had relstively small varimtions in their Helmholtz frequencies as a function
of sttitude, More irregularly shaped vessels had greater veriations ond were
less well behsved. Figures 9 and 10 show the results of tilting a larger
(60.6 liters) and very irregularly shaped vessel helf full of water. The
tests were performed in a manner similer to that described for the flasks.
The results show grester frequency changes and erratic pstterns rather than
smpoth trends.

Finally, it must be stated that pravious observers 11), [2] did not have the
vse of the precise instrumentation available today. It is not surprising that
they were unawers thet the lumped parameter solution was not exactly correct.
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Figure 1. Test Configuration
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Figure 3. Helsholtr Freguency es e Function of Attituda for
500 ml Flask Costaining 140 wl of Water.
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Figure 8. Melsholtz Frequency ms » Function Attitude far an

Irregularly Shaped 60.Gf Vessel Tilted Front to Bock.
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1. TINTRODUCTION AND TECHNICAL OESCRIPTION

There are » great many applications that require the deteérminstion of the
amount of liquid or liquid-like materials in a vessel. There are g variety
of devices that monitor the level of the liguid surface either comtinuously,
intermittently, or occasionally. Since the liquid level is indicated di-
rectly, the amount of liquid in the vessel must be inferred. This is not
difficult for vessels with constant cross-section. However, for irregularly
shaped vessels, the relationship of the volume of liguid must be empirically
determined from its level. Since liquid storsge tanks are used in a variety
of attitudes and/or in conjunction with moving vehicles, curremt measurement
devices that sense the liquid level are inherently subject to two serious
drawbacks: 1.) The tank must always be oriented in a given attitude relstive
to the sensor position. Otherwise, the sensors will not detect the fluid
Ievel properly. 2.) If the tank is on & moving vehicle, acceleratiom forces
cavse motion of the fluid within the tank so that the level of the fluid may
vary considerably. During the period of agitation of the liquid, all of the
state-of-the-art devices that measure the level of the liquid surface are
uvnable to provide accurate measurements.

The volume/flow meter under development makes use of the principles of
acoustic cavity resonance first set forth by Helmholtz and Rayleigh [1], [2].
The classic work has been developed into new methods for measuring the volume
of liquid in a closed, or nearly closed, vessel.

2. PHYSICAL CONSIDERATIONS

The Helmholtz resonant frequency 6n of a simple cavity is given by

§ = Le/omdfastevyy?

n

¢ = Speed of scund
a = Neck azea

£ = Neck fength

¥ = Empty Vclume in the vessef.
The ratio a/f is the "geometric factor”™ for each resonator. It is sometimes
celled the "Conductivity Factor® of the neck. It appesrs to be quite a simple
relstionship, but it has long been known that this factor is complicated by
the reguirement of an effective end-correction for £. The geometric factor
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may be represented as a/£:V[Inf 1°/c. The ratio, a/¢ may be repleced by k,
and this factor can he found from experimentsl measurements. For a vessel of
given geometry, the volume of the airspace above the liquid may be found from
the relationship U=hc/(?n6|l’. Thus, the voelume of the sirspace is a function
of its resonant frequency, and the resonant frequency is an inverse function
of the airspace volume. Hence, as is well known, the vessel hés a lower reso-
nant frequency when it is empty and a higher resonant frequency when it is
full. By abserving that

.Uc s U+U£
where VY, = Tank vofume in cubic meterns,
v

Vy = Liguid vofume in cubic meleras,

It is easy to determine the volume of liquid present from
Ve = vc-v = B-V.

Since the capscity of any given vessel is a constant, it mey be replaced by
the term, B. The indicating or "resd out"” system for the vessel can be cali-
brated to read the volume of liquid directly.

Adnspace volume in cubic metens,

The flow rete of liguid into or out of the vessel is the change in volume as
a functiom of time, the expression for the volume of liquid present may be
differentiated to find the flow rete: dV,/dt=dV/df. The acoustic volume/flow
meter currently under development can megsure either the volume or flow, or
both, simultaneously.

3. TRACKING THE FREQUENCY

A method was devised for sutomatically tracking the changes in the Helmholtz
rescnant frequency as a function of the change in volume of a closed vessel.
The test configuration is shown in Figure 1. The block diegram of the
electronic control and detection system is shown in Figure 2. This system
proved to be workable snd its accuracy was guite good. However, the response
to volume changes (flow) was quite slow.

4, TRACKING PHASE CHANGES

In an effort to simplify the system and improve both the response time and
accuracy, a phase tracking method was devised. This method chooses a fixed
frequency representing a Helmholtz resonance. Changes in volume are then
measured from the phase changes between the acoustic input and acoustic out-
put of the vessel. Figure 3 shows a disgram of the messuring system. The
speaker provides scoustic input to the system, and the microphone measures
the acoustic response (output) of the system. To accomplish the measurement,
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the electrical input to the speaker and the electrical output of the micro-
phone are converted into TTL square waves and used as inputs to an exclusive
OR gate. The output of the exclusive OR gate then converts the cut-of-phase
relationship of the two waves into a pulse. The time width of this pulse
represents the phase angle relationship of the two original waves. With this
method, a smell change in volume will produce an easily measureable phase
thange. The change in phase can be taken ss a measure of the volume change
from the relationship

#=360° [Phase Time]/[Frequency T<ime)
where # is the phase to be determined, Phase Time is defined as the time width
of the pulse representing the difference between the input and output and
Frequency Time is defined as one-half of the period of the fixed input
fregquency. '

For larger volumes more than one frequency must be used, and the container is
divided into frequency steps. FEach of these steps is used for a specific
renge of volume within the vessel. Many frequency steps can be used to ensure
that the container is always very close to resonsnce. One major advantage of
choosing the set of frequencies to be usedis that frequencies that may cause
problems, such as column resomances or other rescnances within the container,
can be avoided.

Another advantage of using the phase tracking method is thet the duty cycle
out of the exclusive QR gate can he used to measure flow into and out of the
container, By integrating the output of the exclusive OR gate, wa get a DC
voltage equivelent to the phase relationship. If we differentiate this wolt-
age with respect to time, the output reflects any change of the volume, i.e.
flow. A block diagram of the system is shown in Figure 4.

Actual messurement sccuracy obtained with the phase tracking method is as
oreat as 0.000286 (0.00286%) with 10 to 12 fregquency steps when thermal
equilibrium is achieved. The thermodynamic changes of air in the vicinity of
room temperature alter the Helmholtz rescnance about 0.108% per degree F.

The cirecvit for measuring flow directly has been able to measure a flow less
than 0.00246 (0.246%) of the volume per hour. The accuracy has since been
improved but has not been quantified. However, a flow of only one drop at a
time can easily be meassured in a 3.79 liter vessel.

The system can be used to make volume measurements eon such technically diffi-
cult fluids as beer with foam. Figure 5 shows the results of such a test.
The beer wes placed in 8 mixing device which was then closed with an acoustic
driver such as shown in Figure 3. The liquid was allowed to out-gas and come
to an equilibrium state. It was then very briefly agitated by the mixer at
time zero. As a high-foaming beer was used, this produced a great deal of
foam. The decrease in the air volume is clearly shawn by the increase in the
resonant frequency. This indicated that the system can easily measure the
volume of such a delicate fluid. However, the foam eventually collapses,
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accompanied by a thermal reaction. Ultimately, the system warms up, stabil-
izes, and returns to its original state. The amount of foam present and the
mixture of gasses present affects the Q of the system as well as its frequen-

cy.

Flow in a pipe may also be measured with this device. This is accomplished
by creating a chamber containing a weir, criface, etc. within the pipe.
Hence, the level of the liguid inside the chamber will be higher or lower,
depending on the flow rate.

5. SOME OTHER DETAILS

Some additional "details" arose in the course of this work, These details
are of considerable importesnce but lie outside the scope of this psper. The
first issue is whether or not a Helmholtz resonance exists in a closed vessel.
As it turns out, it does exist, but that is a story in itself. References
{41,[5],[6] give some comfort.

B second issue involves the design of the neck. This is crueial in meking the
device operate properly. The neck must be designed to provide the largest
possible frequency span between empty and full while maintaining & high system
0. Figures 6 and 7 show the freguency range and Q for a 3.79 liter vessel.
Considerable development effort showed thet s "distributed” neck geometry
consisting of a plate with a number of holes of different diameters gave the
best results. A third issue is whether or not the Helmholtz frequency is
independent of attitude [2],[3). Unexpectedly, it turns out not ta be (7].
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Figure &, System Performance vs Time For Beer.
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Figure ). Test Configuration.
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Figure 6. Helmholtz Frequency of a 3.79 Liter
vessel as a Function of Fluid Volume
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