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A multi-level probe for sonic range measurements utilizes a plurality of parallel reflectors that each include an opening arranged
coaxlally about a beam of ultrasonic energy transmitted along a reference axis from an associated transducer. The opening In
each reflector permits most of the sonic energy to pass to a subsequent reflective surface, while the periphery about the opening
provides echo signals for determining physical conditions In the environment through which the sonic energy has passed. A

novel system Is used for determining physical conditions that are a function of time differences between signals from different
reflectors, calculated with a highly efficient digital signal processing algorithm.
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Abstract

MULTI-LEVEL PROBE AND SYSTEM FOR
MEASUREMENT OF PHYSICAL CONDITIONS IN
LIQUID-CONTAINING TANKS

A multi-level probe for sonic range measurcments utilizes a plurality of

parallel reflectors that cach include an opening arranged coaxially about a
beam of ultrasonic energy transmitted along a reference axis from an associated
transducer. The opening in each reflector permits most of the sonic energy
to pass to a subsequent reflective surface, while the periphery about the
opening provides echo signals for determining physical conditions in the
environment through which the sonic energy has passed. A novel system is
used for determining physical conditions that are a function of time differences
between signals from different reflectors, calculated with a highly eflicient

digital signal processing algorithm.
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DESCRIPTION
MULTI-LEVEL PROBE AND SYSTEM FOR MEASUREMENT OF
PHYSICAL CONDITIONS IN LIQUID-CONTAINING TANKS

Technical Field

This disclosure pertains to apparatus and methods designed for usage within a
liquid-containing tank for measuring physical conditions within the interior of the tank
that are a function of the transit time of sonic energy through the liquid, such as liquid
level, volume, density, and temperature.

Background Art

The present improvements were developed to provide users of underground
liquid storage tanks with inventory and leak detection information. More specifically,
they were developed to provide periodic reconciliation of product flow-through 1n
liquid storage tanks, as well as leak detection during quiescent periods.

The use of sound energy has been proposed previously for measuring distances
in a liquid by directing sound waves against retlective surtaces at known locations
within the liquid and against the liquid surface. The retlection of such sound waves
provides echoes which result in output signals that can be processed to measure hquid
depth. When the sound waves are directed vertically within a liquid-containing tank,
one can measure the liquid level within the tank, and thereby compute the volume of
liquid at a selected time. Various systems for analyzing reflected signals to measure
liquid level within a tank have been described in numerous U.S. patents, such as U.S.
Pat. Nos. 2,787,160, 3,214,974, and 4,748,846.

A set of reference reflectors spaced vertically at known positions relative to a
source of ultrasound energy within a liquid having known physical parameters will
provide echoes whose differential timing correlates to the average temperature between
the reflectors. However, when working over a vertical distance that demands a series of
reflectors, the arrangement of conventional radial tabs or reflectors one above the other
will cause the acoustic energy from the transducer to become attenuated by a
shadowing effect. While it is recognized that the transmitted acoustic energy in the
liquid does bend about each reflector due to a fringe effect, and that the reflectors can
be focused and/or stepped to maximize the echo amplitude returned to the transducer,
conventional configurations of reference reflectors as evidenced in the above-identified

U.S. patents have been found to become limiting in many practical applications of this

technology.
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Monitoring of product flow-through and leak detection processes in liquid
storage tanks requires accuratc periodic measurement of liquid level and
temperature changes that have occurred over the monitored time. Both the
velocity of sound in a liquid and its density are affected by temperature changes
that might have occurred. Volume comparisons of liquid at different times can
be made by converting actual liquid volume to "net volume” (corrected to a
reference temperature, such as 60°C) or by correcting measured volume to the
initial temperature conditions.

Changes in the liquid level that have occurred over the monitored period
can be determined by periodic measurement of the transit time or propagation
time of sonic energy reflected back to a transducer from the liquid surface.
Relative temperature changes that have occurred in the liquid from one
measurement time to the next can be determined by measurement of changes in
the transit time of the sonic energy reflected back to the transducer from a
series of reflectors at known heights throughout the liquid. This temperature
information can then be used in calculating volume changes to reconcile flow-
through over a period of tank usage or for leak detection over a quiescent
period.

Many factors have been identified as contributing to possible errors in
both liquid level or volume calculation and leak detection for liquid storage
tanks. Effects of temperature on liquid density and sound velocity have the
most significant impact. The probe disclosed herein provides a means for
determining liquid level and volume, liquid density changes with time and relative
densities and liquid temperatures at a substantial number of levels within a tank
using periodic measurements of ultrasonic propagation velocity.

The speed of sound through a medium is a direct function of its density
and modulus of elasticity. Since density varies with temperature, temperature can
be indirectly determined by measuring the speed of sound through the liquid.
Changes in density can be measured by determining changes in the propagational
velocity of sound over a known distance in the liquid.

When liquid is added to a tank (for example, during a delivery), the
temperature of the now-combined liquid in the tank will increase or decrease as
it seeks thermal equilibrium with the surrounding environment - atmosphere,
backfill, native soil and ground water - about the tank. Similarly,

newly-introduced liquid will also seek thermal equilibrium with the liquid
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previously present in the tank. This equalization process generally has a long
time constant and tends toward either thermal stratification or homogeneity,
depending on the temperature differential of the two liquids and the
surrounding environment.

As a result of developing a two dimensional thermal model of liquids
within a tank, it has been determined that thermal knowledge of six inch
horizontal sections of the product in a tank would provide adequate
temperature information to apply as a correction factor when calculating net
volume of the liquid in large storage tanks of the type used for petroleum
products. The disclosed probe makes such accurate measurements of
propagation time practical in large liquid storage tanks.

The present invention provides a novel probe wherein most of the
acoustical energy passes through each reference reflector to subsequent
reflectors, while assuring the reflection of an identifiable echo to the
transducer. In addition, a novel processing system for the reflected output
signals has been developed to effectively convert the reflected output signals
to the transit time or propagation time of the reflected energy, which is a
direct function of liquid density.

Accordingly, in one of its aspects, the present invention provides an
apparatus for sonic measurement of physical conditions within a liquid,
comprising: a vertical support; sonic transducer means for transmitting a
beam of sonic energy upwardly along the support and for receiving
downwardly reflected portions of the beam; and a plurality of transverse
reflectors spaced apart from one another along an axis on the support, the
reflectors each including an opening arranged coaxially about the axis for
permitting passage through the opening of a substantial percentage of a
conically shaped beam of sonic energy directed upwardly along the axis while
also downwardly reflecting outer portions of the beam.

In a further aspect, the present invention comprises an apparatus for
sonic measurement of physical conditions within a liquid, comprising: sonic
transducer means for transmitting energy in an upwardly-directed, conically
shaped beam centered about a reference axis and for producing output signals
as a function of reflected energy returned downwardly to the sonic transducer

means; a plurality of reflectors each having an opening centered about the
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reference axis and bounded by a peripheral reflective surface, the reflectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed downwardly toward the sonic transducer
means for permitting passage through the openings of a substantial percentage
of a conically shaped beam of sonic energy directed along the reference axis
by the sonic transducer means while also downwardly reflecting outer portions
of the beam; and support means carrying both the sonic transducer means and
the reflectors for positioning the reflectors above the sonic transducer means
in vertical alignment along the reference axis.

In a still further aspect, the present invention provides an apparatus
for sonic measurement of physical conditions within a liquid, comprising: an
elongated upright support; sonic transducer means mounted to the lower end
of the support for transmitting energy upwardly in a conically shaped beam
centered about a reference axis and for producing output signals as a function
of reflected energy returned to the transducer means as an echo; and a
plurality of reflector rings mounted to the support at preselected spaced
locations along the reference axis relative to the sonic transducer means, the
reflector rings each including a reflective surface surrounding an opening
formed through it and centered about the reference axis, the reflector rings
being positioned along the support with their reflective surfaces facing
downwardly toward the sonic transducer means for permitting passage through
the openings of a substantial percentage of a conically shaped beam of sonic
energy directed along the reference axis by the sonic transducer means while
also downwardly reflecting outer portions of the beam.

In a further aspect, the present invention provides a method of
analyzing the propagation of a sinusoidal burst from a source transducer to
a reflecting surface and back to the source transducer, comprising the steps
of: transmitting a sinusoidal burst of known period T and phase from a
source transducer for a predetermined duration, the transmitted burst being
approximated by the equation:

y, = k cos(wt),
where A is the instantaneous intensity of the transmitted burst at time ft,

w = 2w/T is the frequency of the transmitted burst, and k 1s a modulating

function that is zero until the start of the burst, increases in amplitude‘ over
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the next several cycles, remains constant for the duration of the burst, and
then returns to zero; reflecting at least part of the transmitted burst back
toward the source transducer from a reflective surface as a reflected burst;
repetitively measuring the value of the instantaneous amplitude of the reflected
energy at the source transducer for a duration of cT, where c is an integer,

the values of the instantaneous amplitude of the reflected energy being
<. . _» where n+1 represents the total number

represented by xi, xi+1, e X
of values measured and n+1 = cm, where m equals the number of samples
taken during each period T; and determining the phase angle 6 between the
transmitted burst and the reflected burst by the equation:

1+n

ijsin(mtj)

9 = tan! [

1+n

E x.cos(wt,)
]=1

where tj represents the time when the value xj was measured and w = 27/T
is the radian frequency of the transmitted burst.

Brief Description of the Drawings
The preferred embodiment of the invention is illustrated in the

accompanying drawings, in which:

Fig. 1 is a schematic view illustrating the present system in conjunction
with a liquid-containing tank;

Fig. 2 is an enlarged horizontal section taken across the probe as seen
along line 2-2 in Fig. 1;

Fig. 3 is an enlarged vertical section through the center of a reflective
ring; |

Fig. 4 is similar to Fig. 3, but illustrates a second form of the

reflective ring; and

Fig. 5 is a plot of transmitted and reflected signals at the transducer.

Best Modes for Carrying Out the Invention
Generically speaking, the following description pertains to measurement

devices for determining physical conditions (liquid levels, temperature, density,

volume, mass) within a liquid, specifically liquid contained within a tank. It
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operates on the principle of sonar. A burst of acoustic, high frequency c¢ncrgy
is transmitted from a transducer fixed to a probe and located at the bottom of
the tank.  The transducer is aimed vertically upward through the liquid.
Reference surfaces on the probe at known distances reflect this encrgy downward
and produce cchoes that can be detected by the transducer. In addition, the
sound energy that recaches the liquid surface is also reflected downward. The
reflected sound waves arrive at the transducer as an echo which can be
amplified and digitized for data processing purposes.

In applications with high variability in sonic propagation rates due to
temperature or other properties of the tank environment, accuracy iIn
measurement of physical properties within the tank is directly related to the
number of reference reflectors that can be placed in the path of the sound
waves. When using conventional reflectors available prior to this development,
each reflector in the sound propagation path caused significant attenuation of the
signal, severely limiting the number of reflectors that could be placed in the
path.

The solution posed by the present disclosure is a reflector having an
aperture that is slightly smaller than the conical propagation beam of the sound
wave at the reflector position.  The reflector is arranged in a position
perpendicular to the beam. Its aperture is coaxial with the beam axis to assure
that most of the beam energy passes through it. Reflection of only the
periphery of the beam uses energy that is typically not available for subsequent
reflection and therefore no significant attenuation occurs due to the reference
reflectors.

The drawings illustrate details of a preferred form of the invention. The
multi-level probe is shown in a working position within a tank 10, which can be
any type of liquid storage tank, whether above ground or below ground. Details
of tank 10 are immaterial to an understanding of the present invention.

Tank 10, schematically illustrated in Fig. 1, contains a liquid having a
liquid surface illustratively shown at 15. The present multi-level probe can be
used for monitoring liquid level, determining liquid volume within tank 10, and
measuring temperature and density throughout the liquid within tank 10, as well
as measurement of any additional physical properties of the liquid that are a

function of the transmission of sonic waves through the liquid.
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The probe cssentially comprises a plurality of reflectors 12 that each
include an opening or apcrture. Rcflectors 12 are illustrated as comprising
annular rings. The openings at the center of each ring have a periphery
surrounded by a reflective surface 16. In Figs. 1-3, the reflective surface is
transversely rounded or toroidal. It can be convex in cross-section, as shown,
or concave. Flat reflective surfaces 17, shown in Fig. 4 can also be used,
particularly in the upper one-half section of a probe structure. Use of flat
reflective surfaces in the lower one-half of the tank 10 has been found to create
signals that are difficult to analyze because of the muitiple reflections which
occur between adjacent retlectors.

Reflectors 12 along the vertical probe have their reflective surfaces 16 (or
17) facing in a common direction about their respective openings. The diameter
of each opening is selected to reflect the edges of a beam of ultrasonic energy
transmitted along a central reference axis 19 extending vertically along the center
of the probe while it is In use.

The reflectors 12 are carried on support means shown as a plurality of
posts 13 fixed to the respective reflectors 12 by any suitable fastening technique.
The posts 13 position reflectors 12 at preselected transverse locations with their
respective openings arranged about reference axis 19 (see Figs. 1 and 2). The
peripheries of the openings in reflectors 12 are preferably coaxially positioned
along the common reference axis 19.

A sonic transducer 11 is fixed between the support posts 13 at their
lowermost ends. It faces upwardly and is centered along axis 19. Transducer 11
is used for transmitting sonic energy outwardly in a conically shaped beam
centered about the reference axis 19 and for producing output signals as a
function of reflected sonic energy returned to the transducer as an echo.

The multi-level probe is completed by a hanger 14 secured to the upper
ends of posts 13 for suspending the probe as a unit within a tank 10, as
schematically shown in Fig. 1.

The transversely rounded reflective surfaces 16 have been found to
significantly decrease the problem of multiple echoes or reflections between the
reflectors 12 and transducer 11. In normal use, the multi-level probe will extend
from the bottom of tank 10 to its top, with the transducer 11 directly adjacent

the bottom tank surface. The use of rounded reflective surfaces 16 is of

primary importance in the lowe: one-half of the multi-level probe. Multiple
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reflections from the reflectors 12 at the upper half of the multi-level probe arc
not a problem, since they present signals having an apparent range exceeding the
height of the tank, and can therefore be readily discarded by signal processing
software techniques.

Distortion of the received signals at transducer 11 will also occur unless
the reflector thickness is a multiple of an odd number of Y of the sonic energy
wave length in the medium comprising the reflector (1/4, 3/4, 5/4, 7/4, etc.).
This is not a concept novel to the present disclosure, but is important in
practicing the invention because the basic echo concept will not otherwise work
well in practice due to timing errors associated with such distortion.

One must also take into account the well-known effects of both acoustic
reflection amplitude and distortion in the reflectors based on their thickness (in
wavelength). In finalizing the probe design following experimentation, the use
of 3/4 wavelength thickness for the reflectors was selected to maximize
reflectance and minimize transmission of the bursts of sonic energy.

The peripheral diameter of each opening in the respective reflectors 12
affects the acoustic energy available to the subsequent reflectors. A large
diameter reflector aperture, relative to the acoustic beam diameter striking it, will
reflect a very limited amount of the transmitted sonic energy. A small diameter
reflector aperture, again relative to the beam diameter, will upset the wave tront
és it passes through the reflector 12 by introducing an interference pattern
resulting from edge ettects.

The annular reflective surfaces 16 have been generally described as being
"transversely rounded." By this it is meant that the surfaces have curvature in
directions transverse to the reference axis 19 about the surface areas in the path
of the transmitted sonic energy from transducer 11. The curvature shape of the
impacted reflective areas is not considered to be critical, so long as they are not
flat and perpendicular to axis 19. The reflective surface 16 can be a section
of a torus, or can be parabolic or hyperbolic, oval, ellipsoidal or can have other
curvatures that are not specifically definable by geometric terms. As previously
mentioned, the curved surfaces can be either concave or convex, or a
combination of both.

The sonic transducer 11 is controlled by a suitable signal processor 20
(Fig. 1) such as a conventional microprocessor. An A/D converter 21 provides

the signal processor with digital values representing the instantaneous amplitude
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of reflected ultrasonic signals impinging on transducer 11. The signal processor
20 is operatively connccted to sonic transducer 11 for converting the resulting
output signals to data indicative of a mcasurcd physical condition.

A significant fcaturc of the invention is a novel method of processing the
reflected signal measurements to dctermine the time required for a sonic burst
emitted by the transducer 11 to propagate to a reflector 12 and then back to
the transducer 11.

The transducer 11 emits a sinusoidal burst of known period T and phase
for a predetermined duration. The radian frequency of the transmitted burst in
radians/second can be represented by w. The transmitted burst can then be
approximated by the equation:

yt
Y being the instantaneous intensity of the transmitted burst at time t, 0 = 2x=/T

I}

k cos(wt),

being the frequency of the transmitted burst, and k being a modulating function
that is zero untill the start of the burst, increases in amplitude over the next
several cycies, remains constant for the duration of the burst, and then returns
to zero.

In the preferred embodiment w = 2nx Mrad/sec = 1 Mhz. The period
T of each cycle is 1/(2rw) = 1ps. The radian frequency of the transmitted
burst is preferably between 5 Mrad/sec and 10 Mrad/sec.

Each burst will propagate upwardly through the liquid until it encounters
the first reflector 12. As explained above, the outer portions or fringe of each
burst of sonic energy is partially reflected and echoes back to the transducer 11
as a reflected burst of sonic energy. The remaining burst energy continues to
propagate upwardly until it encounters the next reflector 12. The outer fringe
of burst energy is again partially reflected back to transducer 11. In a similar
fashion, each succeeding reflector 12 sequentially reflects a fringe portion of the
burst energy back to transducer 11. Burst energy reaching the top of the liquid
level is reflected by the liquid surface 15.

To enable the signal processor 20 to detect each reflected burst, it is
necessary that the end of each reflected burst reach transducer 11 before the
beginning of the next reflected burst.  Accordingly, the duration tb of the

originally transmitted burst must be shorter than the difference in propagation

times between two successive reflected signals.

~ 2
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In the preferred embodiment, the duration of the burst is 100 ps or 100
cycles the first time a burst is sent.  Subsequent bursts can be less than 100
us (approximately 20 ps) because the approximate locations of the reflective
surfaces will have alrcady been determined from the first burst.

After the burst transmission, the processor 20 repetitively measures the
instantancous amplitude of the reflected cnergy at the sonic transducer. These
values are stored within the signal processor’s memory for later reference. As
will be explained, it is important to perform all measuremenis on the reflected
signals at a fixed frequency which is an integral multiple of the sinusoidal burst
frequency.

In the preferred embodiment, the reflected signals are measured at a rate
of 8 MegaSamples/second.

Fig. 5 shows a time-based plot of a transmitted burst 31 and a
corresponding plot of the reflected burst 33. While actual transmission of the
transmitted burst 31 does not extend past tb’ a dashed line 32 shows the same
burst 31 extended in time over the period of its reflection.

Reflected burst 33 impinges on transducer 11 after transmission of burst
31 has ended. The signal processor 20 periodically samples the instantaneous
amplitude of the reflected burst energy 33 beginning at t = tO’ and continues
sampling at a constant sampling frequency. The consecutively measured values
are referred to as x,, x, ., X. , where n+1 represents the total number

7 i+ 1+n
of values measured.

To determine the propagation time tp of the output signals, the following
method first determines the phase angle © between transmitted burst energy
represented by reference numeral 32 in Fig. 5 and the reflected burst energy
represented by reference numeral 33. It then determines the number of full
cycles p of the transmitted burst energy 31 and its time extension 32 from the
leading cycle of the transmitted burst 31 to the leading cycle of the reflected
burst 33. From these values, the propagation time tp can be calculated by the
equation:

tp = T(p + 672n).

The signal processor 20 first analyzes the measured values of instantaneous

amplitude x to determine the approximate beginning of the reflected burst 33.

Since tp is known within an approximate range, the signal processor’s analysis
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can be confined to values measured during this time range. It then selects a contiguous
group of values x; through Xi:n, measured at t; through t;.;, which represent samples
from this portion of the reflected burst energy 33. 0 is then determined by the following

equation, which was derived using the method ot least squares:

1+n 1+0 1+0 1+n

Y xsin(ot) Y cos(wt) - Y xcos(wt) ) sin(wt)eos(@t) |
j=t - j=i j=i

9 = tan! | L -
i+1n 1+n i+n i+n
Yy xcos(wt;) Y sin(wt) - Y xsin(wt) Y sin(wt)cos(wt;)
= = i i

where t; represents the time when the value x; was measured.

In practice, n is chosen so that the measurements represent an integral number
of burst periods. Stated differently, the values of the instantaneous amplitude of the
reflected energy at the source transducer 11 are taken as being measured for a duration
of ¢T, where ¢ is an integer. Assuming that n+l equals the total number of
instantaneous amplitude values measured, n+1 = ¢cm, where m equals the number of

samples taken during each period T. As a consequence:

and

i+n i+n

-, 2 “ .9
Y cos (wt) = Y sin (t)
j=i j=1

so that the above formula simplifies to:

i+n
Y x;sin(wt)
j=i

-1

0 = tan .
1+

2 ‘xjcos(wtj)

j=i
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The quadrant of 6 can be determined by usual methods from the signs of the
numerator and denominator in the equation and used to determine the phase angle.

[t has been observed that determination of 6 in this manner yields results with a
much finer resolution than the sampling interval. In fact, digital sampling theory states
the 8 can be measured exactly if x; were known exactly and the number of samples per
period is greater than two.

In the preferred embodiment, for example, the A/D sample rate 1s only 3
MegaSamples/second, while the reflected burst has a frequency of 1 Mhz. This means
that only 8 measurements are taken during each cycle of the retlected burst 33 - one
measurement for each 45 degrees of the reflected burst. But even with this relatively
low sample rate, and with x; measured with 8 bits of resolution, 6 can be calculated to
an accuracy of better than 1 degree. This accuracy is maintained even when n 1s less
than or equal to 40. In addition, the method provides a high degree of immunity to
noise, is not dependent upon amplitude thresholds, and may be performed with
relatively few simple calculations due to the presence of an integral number of cycles in
the sample interval.

Once O is known, the signal processing device can make an accurate
determination of B. Beginning at a point which is known to precede reception of the
reflected burst, successive values of x,, which would closely correspond to a positive or
negative peak of the reflected burst 33, can be analyzed to determine which value ot x,
corresponds with the beginning of a series of alternately positive and negative values.

The value x, occurs at time t, and B can then be calculated as:

B = integer(t, /T).

As one familiar in the art will recognize, various additional methods ot noise
reduction may be utilized. For example, multiple bursts may be transmitted, with the
resulting corresponding measurements of the reflected burst being accumulated and
averaged.

Signal processing techniques can also be used to determine the leading cycle of

the reflected burst. Once 0 is known, the signal processor can
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calculate when ecach peak of the reflected burst was received at  the
transducer. It can then determine which of the mcasurements of x fall closest
in time to positive and ncgative pcaks of the reftlected burst.  These values,
in the preferred embodiment, will occur at every fourth valuc of x.
Beginning at a value of x which is known to precede the leading cycle

of the reflected burst, the following equation is calculated for each consecutive

value of x :
a

a+k
Z = jz: :(j cos(wt;+6)
=3-X

where k is equal to the number of samples per period of the burst divided
by two. The value t. is the time t when the measurement x, was taken.

| J
The signal processor can then analyze the values of Za produced by

the above calculation, looking for a series of alternately positive and negative

values. The beginning of this series will correspond to the leading cycle of

the reflected burst.

Once B has been determined in this manner, the propagation time of

the output signals tp can be directly calculated by the equation:
tp = T(p + 0/2r).
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Claims

1. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

a vertical support;

sonic transducer means for transmitting a beam of sonic energy
upwardly along the support and for receiving downwardly reflected portions of
the beam; and

a plurality of transverse reflectors spaced apart from one another along
an axis on the support, the reflectors each including an opening arranged
coaxially about the axis for permitting passage through the opening of a
substantial percentage of a conically shaped beam of sonic energy directed

upwardly along the axis while also downwardly reflecting outer portions of the

beam.

2. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

a support;

a plurality of transverse reflectors spaced apart from one another along
an axis on the support, the reflectors each including an opening arranged
about the axis for permitting passage through the opening of a substantial
percentage of a conically shaped beam of sonic energy directed along the axis
while also retflecting outer portions of the beam, at least some of the

openings being bounded by a periphery including a transversely rounded

reflective surface.

3. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

a support;

a plurality of transverse reflectors spaced apart from one another along
an axis on the support, the reflectors each including an opening arrangéd
about the axis for permitting passage through the opening of a substantial
percentage of a conically shaped beam of sonic energy directed along the axis

while also reflecting outer portions of the beam, at least some of the
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openings being bounded by a circular periphery coaxially positioned about the

axis and including a transversely rounded retlective surface.

4. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

a support,;

a plurality of transverse reflectors spaced apart from one another along
an axis on the support, the reflectors each including an opening arranged
about the axis for permitting passage through the opening of a substantial
percentage of a conically shaped beam of sonic energy directed along the axis
while also reflecting outer portions of the beam, each reflector being an

annular ring having a toroidal surface area serving as its reflective surface.

3. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

sonic transducer means for transmitting energy in an upwardly-directed,
conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned downwardly to the
sonic transducer means;

a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the reflectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed downwardly toward the sonic transducer
means for permitting passage through the openings of a substantial percentage
of a conically shaped beam of sonic energy directed along the reference axis
by the sonic transducer means while also downwardly reflecting outer portions

of the beam; and

support means carrying both the sonic transducer means and the

reflectors for positioning the reflectors above the sonic transducer means in

vertical alignment along the reference axis.

6. An apparatus for sonic measurement of physical conditions within

a liquid, comprising:
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sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means; and

a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the retlectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam, the

reflective surface of each reflector being transversely rounded.

7. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means;

a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the retlectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the

reflected energy at the sonic transducer, the values of the instantaneous

amplitude of the reflected energy being represented by Xo X 15 - o Xjgp

where n+1 represents the total number of values measured; and

determining the phase angle 0 between the transmitted energy and the

reflected energy by the equation:

1+n 1+11 1+n 1+0
Yy x;sin(wt;) Y cosz(o)tj) - Y x.cos(wt,) Z sin(wt;)cos(wt;) |
9 = tan! |1 — o = .
1+n 1+1k 1+n 1+n

e aBs i f om ommmtad s mdete® Yacnd v s T ZRNIFA S s W N RO LR J RN RV 1D - 5 N R e MR T o dvrt e e r iy A S T et Y0 | AT W A G (AT R ~ AR TR, ) e T
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where t, represents the time when the value x, was measured and w = 27/T

is the radian frequency of the transmitted energy.

8. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means;

a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the reflectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the

reflected energy at the sonic transducer, the values of the instantaneous

2

.’ x.

amplitude of the reflected energy being represented by x. ‘+n

D S
1 1+1
where n+1 represents the total number of values measured; and

determining the phase angle 8 between the transmitted energy and the

reflected energy by the equation:

i+n 1+0 1+n 1+n

ijsin(mtj) zcosz(wtj) - E:xjcos((otj) Y sin(wt)cos(wt) |
j=t ) =1 j=i j=i

9 =tan! | L& , _ .
1+n 1+n i+m i+n
. 2 . .
E xjcos(mtj) E sin ((otj) - E xjsm(u)tj) Z sm((otj)cos(mtj)
j= j= =1 j=t
where tj represents the time when the value xj was measured and w = 27/l

is the radian frequency of the transmitted energy; and

determining the quadrant of 8 from the signs of the numerator and

denominator in the equation used to determine the phase angle.

9. An apparatus for sonic measurement of physical conditions within

a liquid, comprising:
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sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means;

a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the retlectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the sonic transducer, the values of the instantaneous

amplitude of the reflected energy being represented by X X 10 -+ o Xjgp’

where n+1 represents the total number of values measured; and

determining the phase angle 6 between the transmitted energy and the

reflected energy by the equation:

i+n i+n i+n 1+
Y xsin(wt;) $ cosq(wt) - ) xcos(wt) ): sin(wt)cos(wt;) |
9 = tan™' |12 = j=i j=i

1+n0 1+1 1+n i+n

Y xcos(wt;) Esinz(mtj) - ijsin(mtj) }_:sin(wtj)cos(mtj)

where tj represents the time when the value xj was measured and o = 2w/l
is the radian frequency of the transmitted energy;

determining the quadrant of 8 from the signs of the numerator and
denominator in the equation used to determine the phase angle;

determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the first peak of the reflected energy,
the number of integral periods being designated as B; and

calculating the propagation time of the output signals by the equation:

t T(B+0/2).

P

10. An apparatus for sonic measurement of physical conditions within

a liquid, comprising:

P e ank o, 5 TE L .ﬁwmmm--g SRk p SOty e s e S L ]
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sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means;

a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the reflectors
being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of c¢T, where c is an

integer, the values of the instantaneous amplitude of the reflected energy

x. . s where n+1 represents the total

+1° ° ° 7 “1+n
number of values measured and n+1 = cm, where m equals the number of

being represented by X, X.

samples taken during each period T; and
determining the phase angle @ between the transmitted energy and the
reflected energy by the equation:
i+n
D) xsin(wt,)

0 = tan! |12

1+

Z: x.cos(wt)
j=i

where tj represents the time when the value xj was measured and w = 2#/T
is the radian frequency of the transmitted energy.

11. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means;

a plurality of reflectors each having an opening centered about the

reference axis and bounded by a peripheral reflective surface, the reflectors
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being transversely positioned at preselected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of ¢T, where ¢ is an

integer, the values of the instantaneous amplitude of the reflected energy

X 10 oo Xigp where n+1 represents the total

number of values measured and n+1 = cm, where m equals the number of

being represented by Xos

samples taken during each period T;
determining the phase angle @ between the transmitted energy and the
reflected energy by the equation:
i+n
) xsin(wt)

0 = tan! |12

1+n

Z: x,cos(wt,)
j=i

where tj represents the time when the value xj was measured and w = 27/T
i1s the radian frequency of the transmitted energy; and
determining the quadrant of @ from the signs of the numerator and

denominator in the equation used to determine the phase angle.

12.  An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

sonic transducer means for transmitting energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
function of reflected energy returned to the sonic transducer means;

a plurality of reflectors each having an opening centered about the

reference axis and bounded by a peripheral reflective surface, the reflectors

being transversely positioned at preselected locations along the reference axis

with their reflective surfaces directed toward the sonic transducer means for
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permitting passage through the openings of a substantial percentage of a
conically shaped beam of sonic energy directed along the reference axis by the
sonic transducer means while also reflecting outer portions of the beam; and
signal processor means for:
repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of ¢TI, where c is an

integer, the values of the instantaneous amplitude of the reflected energy

: where n+1 represents the total
Xi+1’ e ey Xjo P

number of values measured and n+1 = cm, where m equals the number of

being represented by X5

samples taken during each period T;

determining the phase angle @ between the transmitted energy and the

reflected energy by the equation:

1+n

) xsin(wt)

9 = tan! |12

1+n

Z: x.cos(wt)
j=i

where t. represents the time when the value x. was measured and @ = 2#/T
1s the 1!adian frequency of the transmitted enJergy;
determining the quadrant of @ from the signs of the numerator and
denominator in the equation used to determine the phase angle;
determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the first peak of the reflected energy,
the number of integral periods being designated as B; and

calculating the propagation time of the output signals by the equation:
tp = T(B+6/2w).
13.  An apparatus for sonic measurement of physical conditions within
a liquid, comprising: .
an elongated upright support;
sonic transducer means mounted to the lower end of the support for

transmitting energy upwardly in a conically shaped beam centered about a
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reference axis and for producing output signals as a function of reflected
energy returned to the transducer means as an echo; and

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an
opening formed through it and centered about the reference axis, the reflector
rings being positioned along the support with their reflective surfaces facing
downwardly toward the sonic transducer means for permitting passage through
the openings of a substantial percentage of a conically shaped beam of sonic

energy directed along the reference axis by the sonic transducer means while

also downwardly reflecting outer portions of the beam.

14. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an elongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo; and

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an
opening formed through it and centered about the reference axis, the reflector
rings being positioned along the support with their reflective surfaces facing
toward the sonic transducer means for permitting passage through the openings
of a substantial percentage of a conically shaped beam of sonic energy
directed along the reference axis by the sonic transducer means while also
reflecting outer portions of the beam, the reflective surfaces of the reflector

rings being transversely rounded.

15. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an clongated support;



CA 02028750 1997-11-04

21

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo; and

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a retlective surface surrounding an
opening formed through it and centered about the reference axis, the reflector
rings being positioned along the support with their reflective sur.faces facing
toward the sonic transducer means for permitting passage through the openings
of a substantial percentage of a conically shaped beam of sonic energy
directed along the reference axis by the sonic transducer means while also
reflecting outer portions of the beam;

the support comprising a plurality of elongated posts fixed to the
reflector rings;

the reflector rings being arranged along the reference axis in equally
spaced parallel positions and with each reflector ring being perpendicular to

the reference axis.

16.  The apparatus of claim 13, further comprising:
signal processor means operatively connected to the sonic transducer

means for converting the output signals to data indicative of a measured

physical condition.

17. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an eclongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo;

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer

means, the reflector rings each including a reflective surface surrounding an
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opening formed through it and centered about the reference axis, the reflector
rings being positioned along the support with their reflective surfaces facing
toward the sonic transducer means for permitting passage through the openings
of a substantial percentage of a conically shaped beam of sonic energy
directed along the reference axis by the sonic transducer means while also
reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the

reflected energy at the sonic transducer, the values of the instantaneous

amplitude of the reflected energy being represented by X X. o 05 0 oo Xjgp)

where n+1 represents the total number of values measured; and

determining the phase angle 8 between the transmitted energy and the

reflected energy by the equation:
i+n 1+ i+n i+n
. Y 2 .
ijsm(mtj) Z cosl(wt;) - ijcos((otj) Zsm(wtj)cos(o)tj) |
1= )=t ]=t

9 — tan-l. E_ S i U —

i+n 1+0 i+n 1+n

» 2 . »
) x.cos(wt) ) sin (wt) - ) xsin(wt;) Yy sin(wt;)cos(wt,)
j= i j j=

where t, represents the time when the value x, was measured and w = 2Z7/T

J ]
is the radian frequency of the transmitted energy.

18. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an elongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo;

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an
opening formed through it and centered about the reference axis, the reflector

rings being positioned along the support with their reflective surfaces facing

toward the sonic transducer means for permitting passage through the openings
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of a substantial percentage of a conically shaped beam of sonic energy

directed along the reference axis by the sonic transducer means while also

reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the

reflected burst at the source transducer, the values of the reflected burst’s

<. . s where n+1

instantaneous amplitude being represented by x., X, ‘4n

i i+l
represents the total number of values measured;

- 0’

determining the phase angle @ between the transmitted burst and the

reflected burst by the equation:

1+1 1+1 1+n 1+n
Y xsin(wt) Y cos(wt)) - Y x.cos(wt) E sin(wt.)cos(wt;) |
ji joi j=i j=i

0 = tan'l : — - -
1+n 1+1n 1+1 i+n
Yy xcos(ot) Y sinz(cotj) - Y xsin(wt) Y} sin(wt;)cos(wt;)
j=i j= j= )=

where tj represents the time when the value xj was measured and w = 27/

is the radian frequency of the transmitted burst; and

determining the quadrant of @ from the signs of the numerator and

denominator in the equation used to determine the phase angle.

19. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an elongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo;

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an
opening formed through it and centered about the reference axis, the retlector
rings being positioned along the support with their reflective surfaces facing
toward the sonic transducer means for permitting passage through the openings

of a substantial percentage of a conically shaped beam of sonic energy
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directed along the reference axis by the sonic transducer means while also
reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the

reflected burst at the source transducer, the values of the reflected burst’s

instantaneous amplitude being represented by Xo Xo 15+ o o Xipp’ where n+1

represents the total number of values measured;

determining the phase angle 6 between the transmitted burst and the

reflected burst by the equation:

1+n

i+n 1+n i+n

)3 xsin(wt;) ) cosz(cotj) - ), x.cos(wt;) 2. sin(wt;)cos(wt;) |
0 = tan! ]=1 ] = ~ j=i j=i

1+n 1+0 i+n :

) =1

+
Y xcos(ot;) Y sinf(wt) - ) xsin(wt) sin(wt,)cos(wt;)
=1 1=1 }= )

where t. represents the time when the value x. was measured and w = 2#/T
1S the :adian frequency of the transmitted bujrst;
determining the quadrant of # from the signs of the numerator and
denominator in the equation used to determine the phase angle;
determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the first peak of the reflected energy,
the number of integral periods being designated as fB; and

calculating the propagation time of the output signals by the equation:

tp = T(B+0/2m).

20. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an elongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo;

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an

opening formed through it and centered about the reference axis, the reflector
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rings being positioned along the support with their reflective surfaces facing
toward the sonic transducer means for permitting passage through the openings
of a substantial percentage of a conically shaped beam of sonic energy
directed along the reference axis by the sonic transducer means while also
reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the

reflected energy at the source transducer for a duration of ¢TI, where c is an

integer, the values of the instantaneous amplitude of the reflected energy

S where n+1 represents the total

cm, where m equals the number of

being represented by Xo Xiiqo o o o

number of values measured and n+1

samples taken during each period T; and
determining the phase angle 6 between the transmitted energy and the
reflected energy by the equation:
1+n
Exjsin(mtj)

9 = tan! |12

1+1

Z xjcos((otj)
j=i

where tj represents the time when the value Xj was measured and @ = 2#/T
is the radian frequency of the transmitted energy.

21.  An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an elongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo;

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an

opening formed through it and centered about the reference axis, the reflector

rings being positioned along the support with their reflective surfaces facing
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toward the sonic transducer means for permitting passage through the openings
of a substantial percentage of a conically shaped beam of sonic energy
directed along the reference axis by the sonic transducer means while also

reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of c¢T, where ¢ is an
integer, the values of the instantaneous amplitude of the reflected energy

being represented by x., x. . . . X: . Where n+1 represents the total
i

i+1’ +n
number of values measured and n+1 = cm, where m equals the number of

samples taken during each period T, and
determining the phase angle 8 between the transmitted energy and the

reflected energy by the equation:

1+D

) xsin(wt.)

9 = tan! |12

1+n

E x.cos(wt)
|

where tj represents the time when the value xj was measured and w = 2#w/T
is the radian frequency of the transmitted energy, and
determining the quadrant of 6 from the signs of the numerator and

denominator in the equation used to determine the phase angle.

22.  An apparatus for sonic measurement of physical conditions within
a liquid, comprising:

an elongated support;

sonic transducer means mounted to the support for transmitting energy
in a conically shaped beam centered about a reference axis and for producing
output signals as a function of reflected energy returned to the transducer
means as an echo; |

a plurality of reflector rings mounted to the support at preselected
spaced locations along the reference axis relative to the sonic transducer
means, the reflector rings each including a reflective surface surrounding an

opening formed through it and centered about the reference axis, the reflector
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rings being positioned along the support with their retlective surfaces facing
toward the sonic transducer means for permitting passage through the openings
of a substantial percentage of a conically shaped beam of sonic energy

directed along the reference axis by the sonic transducer means while also

reflecting outer portions of the beam; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of cT, where c i1s an

integer, the values of the instantaneous amplitude of the retlected energy

being represented by x., Xx. ., X:,.»o Where n+1 represents the total

T 1-+n
number of values measured and n+1 = cm, where m equals the number of

samples taken during each period T, and

determining the phase angle 8 between the transmitted energy and the

reflected energy by the equation:
1+n 1+1 i+0 i+n
. \ 2 v
Y xsin(wt;) Y cos(wt) - ) xcos(wt) Y sin(wt)cos(wt)) |
9 = tan! |1 j=i j=L j=i

1+n 1+1 i+1 i+n

. 2 o :
Yy x.cos(wt.) Y sin (wt) - Y. xsin(wt;) ) sin(wt.)cos(wt)
)= =1 j=i j=i

where t. represents the time when the value x. was measured and w = 2#/T

J ]
is the radian frequency of the transmitted energy;

determining the quadrant of 6 from the signs of the numerator and

denominator in the equation used to determine the phase angle;

determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the first peak of the retlected energy,
the number of integral periods being designated as B; and
calculating the propagation time of the output signals by the equation:
tp = T(B+6/27).

23. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:
transducer means for transmitting a sinusoidal burst of known period

T and phase for a predetermined duration;

reflector means for reflecting the transmitted burst back toward the

source transducer as a reflected burst; and
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signal processor means for:
repetitively measuring, at a rate greater than 2/T, the value of the

instantaneous amplitude of the reflected burst at the source transducer, the

values of the reflected burst’s instantaneous amplitude being represented by

T R . where n+1 represents the total number of values
measured; and

determining the phase angle 6 between the transmitted burst and the

reflected burst by the equation:

1+n 1+1 1+0 1+
ijsin((otj) ) cosz(mtj) - ijcos((otj) Zsin(mtj)cos(mtj) |
0 = tan—l }=1 - j=1 j= j=i

i+n 1+1 i+n i+n
Y xcos(wt;) Z sin(wt) - ), xsin(wt) E sin(wt;)cos(wt;)
j=i j= J= =t

where tj represents the time when the value xj was measured and w = 27w/T

is the radian frequency of the transmitted burst.

24. An apparatus for sonic measurement of physical conditions within
a liquid, comprising:
transducer means for transmitting a sinusoidal burst of known period

T and phase for a predetermined duration;

reflector means for reflecting the transmitted burst back toward the
source transducer as a reflected burst; and

signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of cT, where ¢ is an
integer, the values of the instantaneous amplitude of the reflected energy
being represented by x;, X - - - X, Where n+1 represents the total
number of values measured and n+1 = cm, where m equals the number of

samples taken during each period T; and

determining the phase angle 6 between the transmitted burst and the

reflected burst by the equation:

HPN L AN PR | N N s U e DN s - 2 M AR ST e e T e .



CA 02028750 2000-11-10

29

1+n
Z: xsin(ot)
j=i

0 = tan’!

1+n

Y x.cos(wt.)

j=

where tj represents the time when the value xj was measured and w = 2#/T
is the radian frequency of the transmitted burst.

25. A method of analyzing the propagation of a sinusoidal burst from

a source transducer to a reflecting surface and back to the source transducer,

comprising the steps of:

transmitting a sinusoidal burst of known period T and phase from a

source transducer for a predetermined duration, the transmitted burst being

approximated by the equation:

Y, = k cos(wt),
where Y, is the instantaneous intensity of the transmitted burst at time t,
w = 2uw/T is the frequency of the transmitted burst, and k is a modulating
function that is zero until the start of the burst, increases in amplitude over

the next several cycles, remains constant for the duration of the burst, and

then returns to zero;

reflecting at least part of the transmitted burst back toward the source

transducer from a reflective surface as a reflected burst;

repetitively measuring the value of the instantaneous amplitude of the

reflected burst at the source transducer, the values of the reflected burst’s

., X:, .» Where n+1

instantaneous amplitude being represented by x., x. i4n

i i+1
represents the total number of values measured; and

determining the phase angle 6 between the transmitted burst and the

reflected burst by the equation:

. — o) .
Y xsin(wt) Y cosi(wt) - Y xcos(wt) Y sin(wt;)cos(wt;) |
9 — tan—l 1:.1 i — j==im . ....le......... ]=1 X
1+n 1+0 1+n 1+n
» 2 . .
Z x.cos(wt;) Y sin (ot) - Z x;sin(wt,) 2 sin(wt;)cos(wt;)

j=t
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where tj represents the time when the value xj was measured and w = 27/T
is the radian frequency of the transmitted burst.

26. The method of claim 25, further comprising the following
additional step:
determining the quadrant of 6 from the signs of the numerator and

denominator in the equation used to determine the phase angle.

27. The method of claim 25, further comprising the following
additional steps:

determining the quadrant of & from the signs of the numerator and
denominator in the equation used to determine the phase angle;

determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the first peak of the reflected energy,
the number of integral periods being designated as B; and

calculating the propagation time of the output signals by the equation:

tp = T(B+6/2w).

28. The method of claim 26 wherein the propagation time t, is

determined for multiple consecutive reflected bursts that are reflections, from

multiple reflective surfaces, of a single transmitted burst.

29. A method of analyzing the propagation of a sinusoidal burst from
a source transducer to a reflecting surface and back to the source transducer,
comprising the steps of:
transmitting a sinusoidal burst of known period T and phase from a
source transducer for a predetermined duration, the transmitted burst being
approximated by the equation:
Y, = k cos(wt),
where Y, is the instantaneous intensity of the transmitted burst at time t,
w = 2w/T is the frequency of the transmitted burst, and k is a modulating
function that is zero until the start of the burst, increases in amplitude over

the next several cycles, remains constant for the duration of the burst, and

then returns to zero;
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reflecting at least part of the transmitted burst back toward the source
transducer from a reflective surface as a reflected burst;

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of ¢T, where ¢ is an
integer, the values of the instantaneous amplitude of the reflected energy

being represented by x., x. . ., X;,.» where n+1 represents the total

i i+ 1+n
number of values measured and n+1 = cm, where m equals the number of

samples taken during each period T; and

determining the phase angle 6 between the transmitted burst and the

reflected burst by the equation:
1+n
> xsin(wt,)

0 = tan! [

1+n

Z x.cos(wt.)
J=1

where tj represents the time when the value Xj was measured and w = 2%/T

is the radian frequency of the transmitted burst.

30, The method of claim 29, further comprising the following
additional step:
determining the quadrant of 6 from the signs of the numerator and

denominator in the equation used to determine the phase angle.

31. The method of claim 29, further comprising the following
additional steps:

determining the quadrant of & from the signs of the numerator and
denominator 1n the equation used to determine the phase angle;

determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the first peak of the reflected energy,
the number of integral periods being designated as B; and |

calculating the propagation time of the output signals by the equation:

tp = T(ﬂ+0[2ﬂ").
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32. The method of claim 30 wherein the propagation time t; is

determined for multiple consecutive reflected bursts that are reflections, from

multiple reflective surfaces, of a single transmitted burst.
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