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(57) Fluid flow along a fluid path 1s determined by measuring the travel time between two transducers of two oppositely
travelling acoustic burst waves. A pair of phase reference signals 1n phase quadrature are compared with the signals

recerved by each transducer to determine the phase difference therebe

'ween. The phase difference values are used to

calculate the flow velocity. After each phase difference determination |

nas been made, the transducer drive signals are

adjusted so that the launch time of the next pair of burst waves reduces the phase difference between the previously
recerved signals and the phase reference to zero 1n the absence of any changes 1n flow velocity. The duration of each
acoustic burst 1s sufficient to ensure that a predetermined number of successively received cycles in each burst are used

in the phase comparison process.
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METHOD AND SYSTEM FOR DIGITAL MEASUREMENT OF
ACOUSTIC BURST TRAVEL TIME IN A FLUID MEDIUM

ABSTRACT OF 'THE DISCLOSURE

Fluid flow along a fluid path is determined by
measuring the travel time between two transducers of two
oppositely travelling acoustic burst waves. A pair of phase
reference signals in phase quadrature are compared with the
sighals received by each transducer to determine the phase
difference therebetween. The phase difference values are used
to calculate the flow velocity.

After each phase difference determination has been
made, the transducer drive signals are adjusted so that the
launch time of the next pair of burst waves reduces the phase
difference between the previously received signals and the
phase reference to zero in the absence of any changes in flow

'velocity. The duration of each acoustic burst is sufficient to

ensure that a predetermined number of successively received
cycles in each burst are used in the phase comparison process.
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PATENT
Attorney Docket No. 9041-37

METHOD AND SYSTEM FOR DIGITAL MEASUREMENT OF
ACOUSTIC BURST TRAVEL TIME IN A FILUID MEDIUM

BACKGROUND OF THE INVENTION

This invention relates to the field of fluid flow
velocity measurement.

Various types of flowmeters have been utilized in the
past for measuring the time of flight of an acoustic signal
between a palr of spaced transducers. Typical examples of such
systems are U.S. Patent No. 4,452,090; 3,901,0778; 3,738,169;
and 4,611,496. In general, acoustic or ultrasonic pulses are
transmitted either alternately or simultaneously in the
downstream and the upstream directions between two transducers.
The travel time in the downstream direction and in the upstream
direction is determined and the two resulting values are
combined to either determine the flow velocity'value or the
speed of sound in the fluid medium. This information can also
be used to determine the composition of a binary gas mixture
assumed to be motionless. Both analog and digital systems have
been designed for this purposé,-with varying degrees of
success. .

Known devices of the above type suffer from several
disadvantages. Firstly, many of the analog devices are highly
susceptible to signal noise and drift, particularly in those
applications in'which_the'environment is gquite noisy and
subject‘to.changing ambient conditiOns. Although digital
devices tend to be less susceptible to noiSe,,lack of stability
is still a problem with such devices. In addition, most known
devices suffer from a limited dynamic range which is not well
suited to a w1de variety of appllcatlons or to particular

_appllcatlons in which the flow velocities are subject to wide

variation (e g., in a spirometry application). Further, known
devices suffer from a llmlted measurement accuracy due to a

varlety of factors, 1nclud1ng phase changes or freguency
changes in the acoustlc signal during transmission and
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reception, between sample changes of a magnitude greater than

the ability of the measurement apparatus to unambiguously

detect, and relatively low resolution capability.

SUMMARY OF THE INVENTION

The invention comprises a method and apparatus for
determining the intertransducer travel time of a palir of bursts
of acoustic signals which is devoid of the above~referenced
disadvantages and which is relatively inexpensive to implement
and highly reliable in operation.

From a method standpoint, the invention comprises a
method of determining the travel time of an acoustic wave in a
fluid including the steps of generating a pair of bursts of
acoustic waves at two different locations in a fluid medium,
establishing a phase reference, receiving each burst at a
location different from the generation location for that burst,
comparing portions of each received burst with the phase
reference to determine the phase therebetween, selecting a
phase value for each burst to be next generated in each
location which reduces any phase difference between the
previously received burst and the phase reference to a
substantially zero value, and using the phase comparison result
to determine the travel time. Each burst has a predetermined
frequency, and the phase comparison is carried out on N
successive cycles of a given burst, where N is an integer.

Preferably, the phase references established
accordihg to the method are a pair of references in phase
quadrature,'and the phase comparison is conducted with respect
to both references.

From a system standpoint, the invention includes

- transducer means for generating successive pairs of bursts of

acoustic waves at two different locations in a fluid medium and
for receiving the bursts after travel through the fluid medium,
means for establishing a phase reference, means for comparing
portions of each received burst with the phase reference to
determine the phase therebetween, means for selecting a phase
value for each burst to be next generated by the transducer
means which reduces any phase difference between the received

.....
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burst portion and the phase reference to substantially zero
value, and means for storing the phase determination result
obtained by the comparing means. The phase reference
establishing means preferably includes means for generating a
pair of references in phase guadrature, and the comparing means
preferably includes means for comparing portions of each
received burst with each phase quadrature reference.

The comparing means preferably includes phase
detector means having a first input coupled to the phase
reference establishing means, a second input coupled to the
transducer means, and an output, and means coupled to the
output of the phase detector means for generating an

accumulated value representative of the phase difference. Each
phase detector means 1includes a pair of phase detector

circuits, and the second input of each of the pair of phase

detector circuits receives a different one of the pair of
bursts from the transducer means.

The transducer means preferably includes a pair of
transducers each positioned at a different one of the two
different locations, and each of the palir of phase detector
circults is coupled to a different one of the pair of
transducers.

The phase reference establishing means further
includes an oscillator means for generating a relatively high
frequency clock signal, and programmable timer means coupled to
the oscillator means for generating a phase reference signal.
The programmable timer means preferably includes first and
second programmable timer circuits for generating a pair of
phase reference signals in phase quadrature. The programmable
timer means also includes means for generating a transducer
drive signal having a frequency matched to the acoustic waves,
and the system further preferably includes means for
periodically coupling the output of the programmable timer
means to the transducer means to generate the pairs of bursts.
The coupling means includes a pair of switch means each coupled
between an associated one of the programmable timer circuits
and an associated one of the pair of transducers for
periodically supplying the transducer drive signal from the

‘‘‘‘‘‘
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associated programmable timer circuit to the associated
transducer.

In a more specific system aspect, the invention
includes first and second transducer means for transmitting and
receiving acoustic bursts through a fluid along a fluid path,
one of the transducer means being positioned adjacent a first
location in the fluid path, the other one of the transducer
means being positioned adjacent a second location in the fluid
path spaced from the first location, each transducer means
being arranged to receive the acoustic bursts transmitted by
the other transducer means and travelling through the fluid

path and to convert the received bursts to equivalent burst
signals; means for generating a plurality of system signals
including a pair of phase reference signals in phase guadrature
and drive signals for the first and second transducer means;
means for periodically coupling the drive signals to the first
and second transducer means; means coupled to the transducer
means and the generating means for comparing the equivalent
burst signals from the first and second transducer means to the
pair of phase reference signals to determine the phase
difference therebetween; feedback means coupled to the
comparing means and the generating means for adjusting the
phase of the drive signals to reduce the determined phase
difference to a value of substantially zero; and means for
computing the value Of the f1nid flow along the fluid path
between the first and second transducer means from the
determined phase difference between the received burst and the
pair of phase reference signals.

The comparlng means preferably 1ncludes four phase
detectors arranged in pairs, with one pair dedicated to the
received signals from one of the transducer means and the other
pair dedicated to the received signals from the other

transducer means. Each phase detector has a second phase

reference input supplied by the system signal generating means
and an output'coupled to an associated digital accumulator
which accumulates a count over several successive cycles of the
received transducer 51gnals, the count being representative of
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the phase difference between the received signals and the phase
reference signal assoclated to that accumulator.

The invention provides a travel time measurement
system of extremely high accuracy, fine resolution, wide
dynamic range and relatively low vulnerability to noise
signals.

For a fuller understanding of the nature and
advantages of the invention, reference should be had to the

ensuing detailed description taken in conjunction with the
accompanying drawings.

BRIEFY DESCRIPTION OF THE DRAWINGS
Fig. 1 is a block diagram illustrating a preferred

embodiment of a system fabricated according to the invention;
and

Figs. 2A and 2B are representative wave form diagrams
illustrating the operation of the system of Fig. 1.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Turning now to the drawings, Fig. 1 is a block
diagram illustrating a preferred embodlment of a system
incorporating the invention. As seen in this Fig., a pair of
transduCers'lo, 12 are arranged along a flow path and are
separated by a constant distance L. Transducers 10, 12 may
comprise any suitable transducer capable of generating a burst
of acoustic waves of a predetermined frequency over a desired
repetition rate range in a fluid mediUm. Since such
transducers are well known to those skilled in_the art, they
Will'not be further described. In the preferred embodiment,
acoustic waves generated by transducers 10, 12 comprise a burst
of about 20 cycles of a 40 kXhz signal, with the repetition rate
of each burst being in the range from around zero to 300 hz.
These values have been found to be useful for spirometer
applications of the invention.

As seen in Fig. 1, any fluid flow along the flow path
occurs at a Velocity'v, and one purpose of the invention is to
measure this value. As described more fully below, fluid
flow v is measured by determining the travel time of each burst
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from transducer 10 to transducer 12 in the parallel direction
(left to right in Fig. 1) and from transducer 12 to

transducer 10 in the anti-parallel direction (from right to
left in Fig. 1). It is understood that the flow path may be
any condult such as a spirometer tube or the like through which
fluid can flow at a velocity v.

Each transducer 10, 12 is operated in a both a
transmit mode and a receive mode. Ideally, under zero flow
conditions, each transducer 10, 12 will be operated in the
transmit mode simultaneously to create an acoustic burst at
each location simultaneously. When there is flow along a given
direction (such as the parallel direction illustrated), the
transducers 10, 12 are operated in the transmit mode at
different times as part of the novel functioning of the
invention.

Each transducer is also operated in a receive mode
for a sufficient period of time to detect the acoustic burst
flowing along the flow path from the opposite transducer. The
received acoustic bursts are converted to equivalént electrical
signals having the same frequency and phase as the acoustic
burst waves received..

Each transducer 10, 12 is driven in the transmit mode
by an associated programmable timer 13, 14 via an associated
buffer amplifier 16, 17 and an assObiated transmit switch 19,
20 operated by a separate transmit enable signal supplied by a
microprocessor unit 25. Each programmable timer 13, 14 is
provided with a high frequency (8 mhz) frequency reference F
supplied by a system oscillator 26, preferably a quartz crystal
controlled oscillator. Each programmable timer 13, 14 is also
provided with appropriate control signals'from the
microprocessor unit 25 via system bus 27. Each timer 13, 14
has a dual function: firstly, to generate the 40 khz transmit
signals supplied to the associated transducer; and secondly to

provide phase reference signals S, and Sq used to establish the

acoustic burst travel times along the flow path i1n a manner

described below. The phase reference signals Si and Sq are
also 40 khz signals and are arranged in phase quadrature, 1i.e.,
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reference signal S
by 90°.

q is phase displaced from reference signal S

In the receive mode, the output signals generated by
transducer 10, 12 in response to received acoustic bursts are
coupled via dedicated amplifiers 31, 32 to associated zero
crossing detectors 33, 34 in which the received equivalent
signals are squared up to produce binary wave trains
corresponding to the received signals. The output of each zero
crossing detector 33, 34 is coupled to an associated pair of
phase detectors in the following manner. The output signals
from zero crossing detector 33, representing the received
signals corresponding to the acoustic burst originally
transmitted by transducer 12, are coupled as a first input to a
pair of phase detectors 36, 37, which in the preferred
embodiment are a pair of exclusive OR gates. The other input
to phase detector 36 1s the zero phase reference signal S,

supplied by programmable timer 13; the other input to phase

detector 37 is the quadrature reference signal Sq from
programmable timer 14. Similarly, the output of zero crossing
detector 34 representing the received version of the acoustic
burst originally generated by transducer 10 is coupled to a
first input of a pair of associated phase detectors 38, 39.
The other input to phase detector 38 is the phase reference
signal S;7 while the other input to phase detector 39 is the
quadrature phase reference signal Sq.
The output of phase detector 36 1s coupled to the
gating input of a first digital integrator 41, which is a high
speed incrementable counter in the preferred embodiment. The
sample-clock.or count input to integrator 41 is the high
frequency'reference signal generated by oscillator 26. In a
similar fashion, a digital integrator 42 has a clock input for
receiving the high speed clock signal F and a gating input to
receive the output of phase detector 37. Digital
integrators 43 and 44 are similarly arranged to receive the

high speed clock input F and the output from phase detectors
38, 39, respectively. |

Each digital integrator 41-44 is arranged to
accumulate counts whenever a phase difference exists between

-----
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the two inputs to the respective phase detector. Thus, digital
integrator 41 accumulates counts over a comparison period which
correspond to the total phase difference between the phase
reference signal S; and the signals received by transducer 10
from transducer 12; integrator 42 accumulates a count over a
comparison period corresponding to the total phase difference
between the quadrature phase reference signal Sq and the
signals received by transducer 10 from transducer 12; digital
integrator 43 accumulates a count representative of the total
phase difference between the phase reference signal Sy and the
signals received by transducer 12 from transducer 10; and
integrator 44 accumulates a count representative of the total

phase difference between the guadrature phase reference signal

Sq and the signals received by transducer 12 from

transducer 10. Integratbrs 41-44 are under the control of
microprocessor unit 25 via bus 27. In addition, the
accumulated results at the end of a comparison period are
transferred over bus 27 to the microprocessor unit 25 for
computationallpurposes, and the results are output via bus 27
through a suitable I/0 device 29 to any suitable follow-on
unit, such as a strip chart recorder, a printer or the like.
The system of Fig. 1 is operated in such a manner
that the travel time of an acoustic wave along the flow path
between transducers 10 and 12 is measured in both directions to
great accuracy.(on the order of 4.0 nanoseconds for a 40 khz
wave and a system frequency F of 8 mhz). These travel times in
opposite directionS'are then used to.Compute values of
interest,,such as flow velocity, actual speed of sound, flow
Volume or the like. For example, to compute flow velocity, the
following formula can be used:
' v=L 1 - 1
2 Tp Ta
where v is flow velocity, L is the distance between transducers
10 and 12, Tp is the wave travel time in the parallel direction
between transducer 10 and transducer 12, and T, is the wave
travel time between transducer 12 and transducer 10 in the
anti-parallel direction. Similarly, speed of sound in the

fluid can be calculated'according to the following formula:
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c=L 1 + 1
2 T, T,

where ¢ equals the speed of sound in the fluid and the
remalning variables have the same significance as noted above.

Fig. 2A illustrates representative system signals in
the case of zero flow along the flow path. In this Fig., as
well as Fig. 2B, the signal labelled S, is the acoustic signal
generated in the anti-parallel direction, signal Sp is the
acoustic signal generated in the parallel flow path direction,
signal S; represents the output from programmable timer 13 and

signal S_ represents the signal output from programmable

q
timer 14. Also shown in Fig. 2A is the transmit enable signal

which is active over the first half period of a sample period
in the preferred embodiment. As can be seen in Fig. 2A, after
the commencement of the sample period designated by the active
level of the transmit enable signal, transducer 10 generates a

40 khz burst of acoustic waves Sp over a period of time which

is less than the duration of the transmit enable signal during
the sample period. Similarly, in the zero flow case of Fig. 2A
at the same time transducer 12 emits a burst of several cycles
of acoustic waves Sa'ever essentially the same period. In both
cases for each transducer the burst is generated in response to
the receipt from the associated programmable timexr of the 40
khz drive signal. This signa1 is generated by the associated
timer 13, 14 for a predetermined number of cycles, which in the
preferred embodiment is 20 cycles. The timer drive signals are
illustrated directly below the transmit pulses in signals S;
(timer 13 output) and Sq'(timer 14 output). As can be seen
from the Fig., after the termination~of the drive signals S+
and S_, each transducer 10, 12 continues ring down for a
measurable period of time, after which each transducer 10, 12
1s ready to receive the acOuStic'burst travelling through the
fluid along the flow path from the opposite transducer.

The pulses received by the transducers 10, 12 are
shown in Fig. 2A to the fight of the transmit pulses spaced by
a distance'equal to the'flow_path'length L divided by the speed
of sound c in.the'fluid.; The transducers 10, 12 generate the
electrical equivalent to the acoustic signels, which have the
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packet shape 1llustrated for signals S, and Sp’ These signals
are coupled to the respective phase detectors 36~39 where the
phase of each signal is compared with the quadrature phase
reference signals S; and Sq‘ The zero phase reference (the in-
phase reference) is generated by timer 13, while the guadrature
reference, (which differs in phase from the in-phase reference
by +90°) 1is generated by timer 14. Each received burst packet
is phase compared with both phase references over a
predetermined number of 40 khz cycles. In the preferred
embodiment, the number of cycles over which the phase
comparison 1s conducted is 16, and these 16 cycles are selected
by the microprocessor unit 25 to be centered about the expected
central portion of the burst packet. Thus, in the zero flow
case under ideal conditions, the 16 cycles over which the phase
comparison is made comprise the 3rd through 18th cycles in the
burst packet. For each cycle of a given burst packet the in-
phase and quadrature digital integrators accumulate counts
whenever an out-of-phase condition exists between the two
inputs to each phase detector. Thus, for the burst packet
recelved by transducer 10, integrator 41 accumulates counts
whenever the received burst is out of phase with respect to the
in-phase reference signal S.

1

, Wwhile integrator 42 accumulates
counts whenever the received signal is out of phase with

respect to the qpadrature phase reference S Since the phase

comparison is conducted over a predetermineg number of cycles,
time varying effects are averaged._ Thus, for example, if the
actual frequency of the 40 khz signal within the burst packet
varies at all over the 16 cycle comparison period, such
variations will be averaged in the integrators 41, 42. The
same is,trueiw1th_respect to the integrators 43, 44 and the
signals received by transducer 12.

After the phase comparison is completed, the contents
of the integrators 41-44 are examined to determine the phase
difference between the received signals and the reference
signals. Since the received signals are compared with
quadrature related phase reference signals, not only the
magnitude of the'phase difference but also the direction can be

determined. Consequently, the result of the examination of the
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contents of the digital integrators 41-44 by the microprocessor
system 25 is a direct measure of the difference in travel tinme
in the parallel and anti-parallel directions. This difference
1s noted for each sample cycle and changes from cycle to cycle
can be measured and accumulated. With the 40 khz drive signals
and phase reference signals employed, and a 8 mhz system
frequency F, the accuracy of the measurement over 16 cycles 1is
200 counts per cycle times 16 Or 3200 counts total. The
smallest detectable phase change divided by the largest
detectable phase change in this system is 1 divided by 3200,
which is quite precise.

One of the significant aspects of the signal
processing according to the invention is the manner in which
changes 1n the signal travel time between the transducers 10,
12 are tracked. 1In particular, whenever the result of a phase
comparison measurement shows that the travel time between the
transducers has changed (which can be due to either a change in
flow velocity, a change in the speed of sound in the fluid or
both), the launch time of the next to be transmitted acoustic
burst is changed to compensate for the measured change in
phase. More specifically, if the result of the phase
comparison indicates that the phase of the received signal has
advanced with respect]to the phase reference signals
(indicating that the flow veIOCity v, speed of sound ¢ or both
have increased since the last sample cycle), the launch time of
the next transmitted signal for that transducer is retarded by
an amount which reduces the advanced phase difference in the
received signal to zero. Similarly, if the result of the phase
comparison ihdidates'that the flow velocity v, speed of sound c
or both havefdecreased; signified by a receding phase
difference, then the launch time of the signals from the
corresponding transducer during the next cycle will be advanced
by an amount'required to reduce this difference to zero. In
this way, each sample cycle begins with the same initial
conditions:"viz.;'if there is no change in the velocity or
speed parameters since the last'sample cycle the phase
difference‘between the received'signals and the phase reference
signals should be zero. ' '

tttt
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Fig. 2B illustrates to an exaggerated scale the
launch time adjustment after a phase comparison has resulted in
a determination that the flow velocity v in the parallel
direction has increased between samples. As seen in this Fig.,
after computation of the amount of phase difference between the
received signals and the reference signals, the transmit time
of the burst from transducer 10 is retarded by an amount
substantially equal to the phase difference between the signals
received by transducer 12 and the phase references. Similarly,
the transmit time of the acoustic burst from transducer 12 is
advanced by an amount equal to the phase difference between the

signals received by transducer 10 (flowing in the upstream
direction) and the phase reference signals. In this manner,
the expected arrival time of each acoustic burst at each

transducer relative to the phase reference signals and the
integration interval is maintained constant.

As will now be apparent, the invention provides
highly accurate measurement of the travel time of acoustic
pulses between two locations in a fluid flow path. In
particular, for the specific embodiment described above having
a reference and drive signal frequency of 40 khz and a system
clock frequency of 8 mhz, a maximum of 200 counts per cycle can
be accumulated 1n any of the digital integrators 41-44. Since
16 successive cycles are used as the phase nmeasurement period,
a total of 3200 counts is the maximum number which could be
accumulated. COnsequently, the ratio between the smallest
detectable phase change and the largest detectable phase change
is 1 divided by 3200. Also, for a given cycle of the 40 khz
signal the corresponding period is 25 microseconds, and the
time betWeen successive 8 mhz clock pulses is 125 nanoseconds,
which is the lower limit on resolution of the phase difference
magnitude per cycle of drive signal. Further, since the

“transducer drive signals must be terminated prior to the

expected arrival time of a pulse at a given transducer, the
programmable timers 13, 14, which are used to derive the drive
signals from the relatively high frequency system clock 26, can
also be used to generate the phase reference signals, which
saves hardware costs. Also, since the entire system is under
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control of the microprocessor unit 25, computational changes
and frequency changes can be relatively easy to implenent.

The algorithm employed with the digital integrators
41-44 of the Fig. 1 system for a spirometer application is
relatively simple. If P equals the composite phase
measurement, R equals the real (in-phase) component of P and Q
is the gquadrature phase component of P, then the following
rules may be applied in order to obtain the composite phase
measurement:

If R 2>2 0 or Q = 0, then P=Q

If R < 0 and Q@ > 0, then P=Q-2R

If R < 0 and Q < 0, then P=Q+2R
The first 1nequality covers the range of phase angles from
-90° to +90°; the intermediate inequality covers the phase
range from +90° to +180°; and the last inequality covers the
range from -90° to -180°. It should be understood that this

algorithm is by way of example only, and that other algorithms
may be employed, as desired.

_ A specific embodiment of the invention used as a
spirometer is shown in the Appendix hereto.

' While'the'above provides a full and complete
disclosure of the preferred'embodiments of the invention,
various modificatiOns,:alternate constructions and equivalents
will occur to those skilled in the art. 1In particular, other
system frequencies.than”thqse described above can be used
depénding on thg requirements of a givén application.
Therefore, the above description should not be construed as
“limiting thefinVention, which is defined by the appended
claims. ' -

.
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WHAT IS CIAIMED 1IS:

e ——

1. A method of determining the travel time of an
acoustic wave in a fluid, said method comprising the steps of:
(a) generating a pair of bursts of acoustic
waves at two different locations in a fluid medium;
(b) establishing a phase reference;
(c) receiving each burst at a location

different from the generation location for that burst;

(d) comparing portions of each received burst
with the phase reference to determine the phase therebetween:

(e) selecting a phase value for each burst to
be next generated in each location which reduces any phase
difference determined in step (c¢) to substantially zero; and

(£) wusing the result of step (¢) to determine
the travel tinme.

2. The method of Claim 1 wherein each burst has a
predetermined frequency.

3. The invention of Claim 1 wherein the portion of
a given burst compared in step (d) comprises N cycles of the
burst frequency, where N is an integer.

4. The method of Claim 3 wherein said N cycles are
successive cycles. '

5. The method of Claim 1 wherein said step (b) of
establishing includes the step of establishing a pair of
references-in quadrature phase; and wherein said step'(d) of
comparing includes the step of comparing the received burst
portion with said pair of references.

6. A system for determining the travel time of an
acoustic wave in a fluid, said system comprising:
'~ transducer means for generating successive pairs
of bursts of acoustic waves at two different locations in a
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fluid medium and for receiving said bursts after travel through
sald fluid medium;

means for establishing a phase reference;
means for comparing portions of each received

burst with the phase reference to determine the phase
therebetween;

means for selecting a phase value for each burst

to be next generated by said transducer means which reduces any
phase difference between the received burst portion and the

phase reference to substantially zero value; and

means for storing the phase determination result

obtained by the comparing means.

7. The invention of Claim 6 wherein said phase

reference establishing means includes means for generating a
pair of references in phase quadrature.

8. The invention of Claim 7 wherein said comparing

means includes means for comparing portions of each received

burst with each of said pair of phase guadrature references.

9. The invention of Claim 6 wherein said comparing

means includes phase detector means having a first input

coupled to said phase reference establishing means, a second

input coupled to said transducer means, and an output, and

means coupled to said output of said phase detector means for

generating an accumulated value representative of said phase
difference.

10. The invention of Claim 9 wherein said phase
detector means includes a pair of phase detector circuits; and

wherein the second input of each of said pair of phase detector

circuits receives a different one of said pair of bursts from
sald transducer means.

11. The invention of Claim 10 wherein said
transducer means includes a pair of transducers each positioned
at a different one of said two different locations; and wherein
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each of sald pair of phase detector circuits is coupled to a
different one of said pair of transducers.

12. The invention of Claim 6 wherein said phase
reference establishing means comprises osclllator means for

generating a relatively high frequency clock signal, and
programmable timer means coupled to said oscillator means for

generating a phase reference signal.

13. The invention of Claim 12 wherein said
programmable timer means includes first and second programmable

timer circuits for generating a pair of phase reference signals
in phase guadrature.

14. The invention of Claim 12 wherein said
programmable timer means includes means for generating a

transducer drive signal having a frequency matched to said
acoustic waves; and further including means for periodically
coupling the output of said programmable timer means to said
transducer means to generate said pairs of bursts.

15. The invention of Claim 14 wherein said
transducer means includes a palir of transducers each positioned
at a different one of said two different locations; wherein
said programmable timer means includes first and second
programmable timer circuits for generating a pair of said

transducer drive signals; and wherein said coupling means

“includes a pair'of switch means each coupled between an

associated_one of said programmable timer circuits and an
associated one of said pair of transducers for periodically
supplying the tranSducer'drive signal from the associated
programmable timer circuit to the associated transducer.

16. A system for detecting fluid flow along a fluid
path, Said system comprising:

- first and second transducer means for transmitting
and receiVing acoustic bursts through a fluid along the fluid
path, one of said transducer means being positioned adjacent a
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first location in said fluid path, the other one of said
transducer means being positioned adjacent a second location in
sald fluid path spaced from said first location, each said
transducer means being arranged to receive the acoustic bursts
transmitted by the other transducer means and travelling
through said fluid path and to convert the received bursts to
equivalent burst signals;

means for generating a plurality of system signals
including a pair of phase reference signals in phase quadrature
and drive signals for said first and second transducer means;

means for periodically coupling said drive signals to
sald first and second transducer means:

means coupled to said transducer means and saild
generating means for comparing the equivalent burst signals
from said first and second transducer means to said pair of
phase reference signals to determine the phase difference
therebetween;

feedback means coupled to said comparing means and
sald generating means for adjusting the phase of said drive
signals to reduce the determined phase difference to a value of
substantially zero; and

means for computing the value of the fluid flow along
sald fluid path between said first and second transducer neans
from the determined phase difference between the received

bursts and said pair of phase reference signals.

17. The invention of Claim 16 wherein said drive
signals have a predetermined fregquency; and wherein said
coupling means includes switch means for coupling said drive
signals to said first and second transducer means for a
predetermined drive pericd.

18. The invention of Claim 17 wherein said
predetermined drive period has a value greater than a
predetermined number N of drive signal cycles, where N 1s an
integer, and less than a preselected travel time for an

acoustic burst between said first and second locations.
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19. The invention of Claim 18 wherein said comparing
means includes means for performing the phase comparison for N

consecutive cycles of said equivalent burst signals.

20. The invention of Claim 16 wherein said comparing
means includes a first phase detector having a first input
coupled to said generating means for receiving one of said pailr
of phase reference signals, and a second input coupled to the
output of said first transducer means:;

a second phase detector having a first input coupled
to said generating means for receiving the other one of said

palr of phase reference signals, and a second input coupled to
the output of said first transducer means;

a third phase detector having a first input coupled
to one of said pair of phase reference signals and a second

input coupled to the output of said second transducer means;
and

a fourth phase detector having a first input coupled
to sald generating means for receiving the other one of said
phase reference signals and a second input coupled to the
output of said second transducer means.

21. The invention of Claim 20 wherein said
generating means includes means for generating a relatively
high frequency system clock signal; and wherein said comparing
means further includes first accumulating means having an
enabling input coupled to the output of said first phase
detector and a count input coupled to said clock signal
generator for accumulating a stored value representative of the
phase difference between one of said phase reference signals
and the equivalent'burst signals from said first transducer
means; second'accumulating means having an enabling input
coupled to the output of said second phase detector and a count
input coupled to said clock signal generator for accumulating a
stored value representative of the phase difference between the
other one of said phase reference signals and the equivalent
burst signals from said first transducer means; third
accumulatlng means hav1ng an enabllng input coupled to the
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output of said third phase detector and a count input coupled
to said clock signal generator for accumulating a stored value
representative of the phase difference between said one of said
prhase reference signals and the equivalent burst signals from
said second transducer means; and fourth accumulating means
having an enabling input coupled to the output of said fourth
phase detector and a count input coupled to said clock signal
generator for accumulating a stored value representative of the
phase difference between the other one of said phase reference.

signals and the equivalent burst signals from said second
transducer means.

22. The invention of Claim 20 wherein said
generating means includes means for generating a relatively
high frequency system clock signal, first programmable timer
means for dgenerating one of said phase reference signals and
said drive signals for said first transducer means, and second
programmable timer means for generating the other one of said
phase reference signals and said drive signals for said second
transducer means.

23. The invention of Claim 22 wherein said drive
signals have a predetermined frequency; and wherein said
coupling means includes first switch means for coupling the
drive signals from said first programmable timer to said first
transducer means for a predetermined-drive period, and second
switch means for coupling the drive signals from said second
programmable-timer to said second transducer means for a

predetermined drive period.

24. The invention of Claim 23 wherein said feedback
means-includes means for individually adjusting the phase of
said drive Signals output from said first programmable timer
means.and said drive signals output from said second
programmable timer means so that said drive signals for said
first transducer means are adjusted for substantially zero
phase'betWeen.said equivalent burst signals from said second

transducer and said phase reference signals and said drive

P
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