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Technical Field _

This disclosure pertains to apparatus and methods designed (or usage
within a liquid-containing tank for measuring physical conditions within (be
interior of the tank that are a [lunction of the transit timc 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 wilh inventory and leak detection information. More
specifically, they were developed to provide periodic reconciliation of product
flow-through in liquid storage tanks, as well ms leak detection during quiescent
periods.

The use of sound energy has been proposed previously for messuring
distances in a liquid by directing sound waves against reflective surfaces at known
locations within the liquid and against the liquid surface. The reflection of such
sound waves provides echoes which result in output signals that can be processed
to measurc liquid depth. When the sound waves are directed vertically within

a liquid-containing tank, onc can measurc the liquid level within the lank, and |

thereby compule the volume of liquid st a selecled time. Various systems for
analyzing reflected signals lo measure liquid level within a tank have been
described in numerous US. patenls, such as patenls 2,787,160, 3,214,974, and
4,748,846,

- A sel of reference refleciors 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 cotrelates lo the average
temperature between the reflectors, However, when working over a vertical
distance that demands a scries of rellectors, the atrangement of conventional
radial tabs or refleciors one above the other will cause the acoustic enetgy from
the transducer to become ullcnuated by a shadowing effect, While it is
recognized that the transmilled acoustic energy in the liquid does bend about
each reflector duc to a fringe effect, and that the refleclors can be focused
and/or stepped to maximize the echo amplitude retumed to the transducer,
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conventional configurations of rcference reflectors as  evidenced in the
above-idemiﬁe'd U.S. patenis have been found to becomc limiting in many
practical applications of this technology.
. Monitoring of product flow-through and leak detection processes in liquid
5 storage lanks requires accurale periodic measurement of liquid level and
temperature changes that have occurred over the monitored time. Both the
velocity of sound in a liquid and ils density are alfected by lemperature changes
that might have occurred, Volume comparisons of liquid at different times can
be made by converling actual liquid volume lo ‘nmet volume® (correcicd to a
10 reference temperature, such as 60°C) or by correcling measured volume lo 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 lime or propagation
time of sonic energy reflected back to a transducer [rom the liquid surface.

15 Relative temperalure changes that have occurred in the liquid [rom one
measurement time o the next can be determined by measurement of changes in
the transit time of the sonic energy veflected back to the transducer from a
geries of reflectors at known heights throughout the liquid. This temperature
information can then be used in calculating volume changes to reconcile flow-

20 through over = period of tank usage or for leak deteclion over a quiescent
period. '

Many [actors heve 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

25 mosl 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

30 and modulus of clasticity. Since density varies with temperatute, lemperature can
be indirectly determined by measuring the speed of sound through the liquid,
Changes in densily can be mcasured by determining chenges in the propagationsl
velocity of sound over a known distance in the lquid.

K4

When liquid is added to a tank (for example, duting a delivery), the
35 temperature of the now-combined liquid in the tank will Increase of decrease as
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it seeks thermal equilibrium with the surrounding environmeni - atmosphere,
backfill, native soil and ground waler - about the tank. Similarly,
newly-introduced liquid will also seek thermal equilibrium with the liquid
previously present in the tank. This equalization proccss generally has a long

5 lime constanl and lends toward either thermal stratification or homogeneity,
depending on the temperature dilferential of the two liquids and the surrounding
environment.

As a rcsult of devcloping a two dimensional thermal model of liquids
within a tank, it has been determined thal thermal knowledpe of six inch

10 horizontal sections of the product in a tank would provide adequate tcmperature
information to epply ms a correction factor when calculating net volume of the
liquid in large storage tanks of the typc used for petroleum products. The
disclosed probe makes such accurale measurements of propagation time practical
in large liquid storage tanks,

13 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 refllected output signals to the transit time

20 ar propagation time of the refiected energy, which is & direct function of liquid
density.

ef i of the wi

The preferred embodiment of the invention is illustrated in the
25 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 scction taken across the probe as seen
along line 2-2 in Fig. 1
30 Fig. 3 is an enlarged vertical seciion through the center of a reflective
ring;
Fig. 4 is similar to Fig. 3, bui illusirates a sccond form of the reflcctive
ring; and

Fig. 5 is a plot of transmitted and rellecicd signais at the transducer,
35 '
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Best Modes for Carrving Out the Inventja

Generically speaking, the following description pertains (0 mecasurement
devices for determining physical conditions (liquid levels, tempcrature, density,
volume, mass) within a liquid, specifically liquid contained within a tank. It

s operates on the principle of sonar. A bursl of acoustic, high frequency energy
is transmilted from a transducer [ixed to a probc and located at the bollom of
the tank. The transducer & aimed verlically upward through the liquid.
Reference surfaces on the probe at known distances reflect this energy downward
and produce echoes that can be detected by the transducer. In addition, the

10 sound energy that reaches the liquid surface is also reflected downward. The
reflected sound waves arrivc st 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 in

15 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 reflecior in the sound propagstion path caused significant attenuation of the
signal, severely limiting the number of reflectors that could be plsced in the

20 palh.

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 rellector pasition. . The rellector is arranged in a posilion
perpendicular to the beam. Ils aperture is coaxisl with the beam axis to assure

25 that most of the beam energy passes through |t " Reflection of only the
periphery of the beam uses cnergy that is typically not available for subsequent
reflection and therefore no significant atienuation occurs due to the reference
reflectors.

The drawings illustratc details of a preferred form of the invention. The

30 muli-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 illusirated in Fig. 1, contains a liquid having a
liquid surface illustratively shown at 15, The present multi-level probe can be

3; used [or moniloring liquid level, dctcrmining liquid volume within tank 10, and
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measuring temperature and density throughout the liquid within tank 10, as well
as measurement of any additional physical properties of the liquid that arc a
function of thc transmission of sonic waves through the liquid.

_The probe essentially comprises a plurality of reflectors 12 that each
include an opcning or aperture. Reflectors 12 are illustrated as comprising
annular rings. The opcnings st the center of each ring have & periphery
surrounded by a reflective surface 16. In Figs. 1-3, the reflective surface is
transversely rounded or loroidal. It can be convex in cross-section, a5 shown,
or coscave. Flat reflective surfaces 17, shown in Fig. 4 can also be used,
particularly in the upper one-hall scction of a probe structure. Use of flat
refleciive surfaces in the lower one-half of the tank 10 has been found lo create
signals thal are difficult to analyze because of the multiple reflections which
occur bewween adjacent reflectors.

Reflectors 12 along the vertical probe have their reflective surfaces 16 (or
17) facing in 8 common direction about their respective openings. The diameler
of cach 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 iz in use,

The reflectors 12 are catried on support means shown as a plurality of
posts 13 fixed to the respective reflectors 12 by any suitable fastening technique.
The posts t3 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 coaxislly positioned
along the common teference axis 19.

A sonic transducer 11 Is fixed beiween the support posis 13 ai their
lowermost ends. It faces upwardly and is centered along axis 19. Transducer 11
is used for transmitting sonic cncrgy oulwardly in a conically shaped beam
centered about the refercncc axis 19 and for producing output signals as a
function of rellected sonic energy returned to the transducer as an echo.

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

The transversely rounded refleclive surlaces 16 havc been found to
significantly decrcasc the problem of multiple echoes or rellections belween the
refllectors 12 and lransducer 11. ln normal use, the multi-level prabe will extend
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from the bottom of tank 10 to its top, with the transducer 11 directly adjacent
ihe bottom tank susface. Thc use of rounded refleclive surfaces 16 s of
primary importance in the lower one-hall of the mulli.level probe, Multiple
reflections from the reflectors 12 at the upper half of the multi-level probe are
not a problem, since they present signals having an apparent range exceeding the
height of the tank, and can thercforc be readily discarded by signal processing
sofiware techniques.

Distortion of the received signals at transducer 11 will also occur unless
the reflector thickness is a mulliplc of an odd number of Y% of the sonic energy
wave length in the medium comprising the reflector (1/4, 3/, 5/4, 7/4, elc.).
This is not a concept novel L0 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.

Onc must also lake into account the well-known clfects 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 [or the reflectors was zelecled 10 maximize
reflectance and minimize transmission of the bursts of sonic energy.

The peripheral diameter of each opening in the respective rellectors 12
affects the acoustic energy available 1o the subsequent reflectors. A large
diameler reflector aperture, relative to the acoustic beam diameter striking it, will
reflect a very limited amount of the transmitticd sonic energy. A small diameter
reflector aperiure, again relative to the beam diamecter, will upsei the wave front
as it passes through he reflector 12 by introducing an interference pattern
resulting from edge effects.

The annular reflleclive sutfaces 16 have been generally described as being
"transversely rounded,” By this it is meant that the surfaces have curvature in
directions transverse to the refcrence axis 19 about the surface aress in the path
of the transmitted sonic energy from transducer 11. The curvature shape of the
impacted reflective areas is not considered lo 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 nol spccifically definable by geometric terms. As previously
mentioned, the curved surfaces can be cither concave or convex, or a
combination of both.
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The sonic transducer 11 is controlled by a suitable signal processor 20
(Fig. 1) such »s a convenlional microprocessor. An A/D converter 21 provides
the signal processor with digilal values representing the instantaneous amplitude
of reflected ultrasonic signals impinging on transducer 11. The signal processor
20 is operatively connccted (o sonic transducer 11 for converting the resultling
oulput signals to data indicative of a measured physical condition.

A significant feature of the invention is a novel method of processing the
teflected signal measurements to determine the time required for a sonic burst
emilted by the transducer 11 lo propapgale lo a rclicetor 12 and then back to
the transducer 11,

The transducer 11 emils a sinusoidal burst of known period T and phase
for a predetermined duration. The radian [requency of the transmitted burst in
radlans/second can be represented by w. The transmitted burst can then be
spproximated by the equation:

Y, = k cos(wt),
Y, being the instantaneous intensity of the transmitted burst at time t, w = 2x/T
being the frequency of the transmitied burst, and k being 2 modulating function
that is zero untiil 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.

In the preferred embodiment @ = 2x Mradfsec = 1 Mhz. The period
T of each cycle is 1/(2rw) = 1ps. The radian frequency of the transmitted
burst is preferably between 5 Mradisec 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 ol each
burst of sonic energy is partially rellected 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 Eringe
of burst energy is again partially rellccied back o transducer 11. In a similar
fashion, each succeeding reflector 12 sequenlially teflects a ftinge portion of the
burst energy back to transducer 11, Burst energy reaching the top of the liquid
Jevel is refllecied by the liquid surlace 15.

To enable the signal processor 20 to detect each rcllected burst, it is
nccessary that the end of cach reflected burst reach transducer 11 belore the

beginning of the next rellected burst.” Accordingly, the duratioh_ t, of the

b
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originally lransmitted burst must be shorier than the differcnce in propagation
times between two successive reflected signals.

In the preferred embodiment, the duration of the burst is 100 ps or 100
cycles the first Gime a burst is scnt, Subscquent bursts can be less than 100

5 ps (;pproximalely 20 ps) becausc the approximate locations of the reflective
surfaces will have already becn determined from the [irst bursti.

Alter the burst transmission, the processor 20 repclitively messures the
instantaneous amplitude of the rellected energy at the sonic transducer. These
values arc stored within the signal processor's memory for later referencc. As

10 will be explained, it is important to perform all measurements on the reflecled
signals at 8 [ixed frequency which is an integral multiple of the sinusoidal burst
frequency.

In the preferred embodiment, the reflecled signals arc measured st 8 rale
of 8 MegaSamples/second.

15 Fig. 5 shows 8 time-based plot of a transmitted burst 31 and a
corresponding plot of the refleccied burst 33.  While actual transmission of the
transmitied burst 31 does not extend past ly @ dashed line 32 shows the same
burst 31 extended in time over the period of its reflection.

Reflected burst 33 impinges on iransducer 11 afler transmission of burst

20 31 has ended. The signal processor 20 periodically samples the instantancous
amplitude of the reflected burst energy 33 beginning al t = o and continues

sampling at a constant sampling frequency. The consecutively measured values

are referred to as x

i. xi+1|- --'x

i+ where n+1 represents the total number

of values measured.

25 To determine the propagation time L_ of the output signals, the following
method first determincs thc phasc anglc © between transmitted burst energy
represenied by reference numcral 32 in Fig. § and the reflected burst energy
represented by reference numeral 33. It then delermines the number of ([ull
cycles B of the transmitied burst energy 31 and its time extension 32 from the

30 leading cycle of the transmilled burst 31 to the leading cycle ol the rellected
burst 33, From these values, the propagation time tp can be calculated by the
equation:

t = T(p + 6/2x).

- This Sheet Has Been Rep

(] ml I lIIl



RC\ BY DREH & \APILR 123- 2~96 : 1:10AM : 39 11 286300 65

4 2 4 NOLALIMWAY L D IV A VA bl LRI

s .WO 91')1”91 - PCT/US91/03918

10

15

9

The signal processor 20 first analyzes the measured values of instantaneous
amplitude x to determine the approximate beginning of the rcflected bugst 33.
Since t_is koown within an approximale range, the signal processor’s analysis
can be conflined to values measurcd during this lime range. Il then sclects a
i+n’ measured at l.i through li ' which
represent samples from this portion of the reflected burst energy 33. 6 is then
determined by the following cquaiion, which was derived using the method of
lcast squares:

contiguous group ol values X; through x

(ien i*n isn

1 121 x,sin(wt) ’E cos*(wt) - jEt x,cos(wt) E sin(wt)cos(wt)
e - tm- 3 -] -

-b330693:#13
(e

’\

in i+ i i

j=i =i =
where lj represents the time when the value xj was measured.

In practice, n is chosen so Lhat the messurements represent an integral
number of burst periods. Stated differently, the values of the instuntaneous
amplitude of the reflected encrgy at the source transducer 11 are taken as
being measured for a duration of cT, where. ¢ is an inleger. Assuming that
n+1 equals the total number of instantaneous amplitude values measured, n+1

A

= cm, where m equals the number of samples taken during each pericd T.

As a consequence:

ien

Esin(mtj)cos(wtj) =0

i~

and

{ Y xcos(wt) Y- sin’(mti) -y x;sin(wt) Eain(mt}-cos(m,) X
§=i

/
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ien L]

Y cos*(wt) = ) sin’(wt)

§l [

so that the above formula simplilies to:

{ jon )
2 xjsin(wtj)
0 = tan™ |12
ien
Y xcos(wt)
\j- )

The quadrant of @ can be determined by usual methods from the signs
of the numerator and denominator in the equation and used to delermine the
phase angle.

5 It has been observed that determination of 8 in this manner yields
results with a much finer resolution than the sampling interval. In fact, digital
sampling theory stales the 8 can bc measured exactly if x, were known exactly
and the number of samples per period is grester than {wo.

In the preferred embodiment, for example, the A/D sample rate is only

10 8 MegsSamplesisecond, while the reflected burst has a frequency of 1 Mhz
This means that only 8 measurcments are taken during each cycle of the
reflected burst 33 - one mcasurement [or cach 45 degrees of the reflected
burst. Bul even with this relatively low sample rate, and with x, measured
with 8 bits of resolution, 8 can be calculated to an accuracy of better than

15 1 degree. This accuracy is maintained even when n is less than or equal to

‘ 40. In addition, the method provides 2 high degree of immunity to noise, is
not dependent upon amplitude thresholds, and may be performed wilh relatively
few simplc calculations due to an the presence of an integral number of
cycles in the sample interval, '

20 Once ¢ is known, the signal processing device can make an accurate
determination of §. Beginning at a point which is known to precede
reception of the reflected burst, successive values of x, which would closcly
correspond to a positive or nepative peak of the reflecled burst 33, can be
analyzed to determine which value of x corresponds with the beginning of a
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series of allcrnately positive and negative values. The value X, occurs at time
L and P can lhen be calculated as:
p = inlcger(tafr).
As one familiar in the arl will rccognize, various additional methods of
5  noise reduction may be ulilized. For example, multiple bumis may be
teansmitted, with the resulting corresponding measuremenis 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
10 calculate when each pcak of the refiected burst was recceived at the
transducer. It can then determine which of the measurements of x fall closest
in time to posmve. and negative peaks of the reflected burst. Thete values,
in the preferred embodiment, will occur at every fourth value of x.
Beginning at a value of x which is known to precede the leading cycle
13 of the reflecied burst, the following equation is calculated for each coasccutive
value of X

Z = .ﬁxi cos(est;+0)
fea-k
where k iz equal to the number of samples per period of the burst divided
by two. The valuc t, is the time t when the measurement x, was tlaken.
The signal processor can then analyze the values of Z produced by
20 the above calculation, looking for a series of alternately poutwe and nepslive
values. The begmmng of this series will correspond to the leading cycle of
the reflected burst,
Once P has been determined in this manner, the propagation time of
the oulput signals t can be directly calculated by the equation:
25 lp = T(p + 6/2r).

—_—
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Claims
1.  An apparatus for sonic measurcment of physical conditions within
a liquid, comprising:
a support;

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

10

2. The apparatus of claim 1 wherein at least some of the openings

are bounded by a periphery including a transversely rounded reflective surface.

3. The spparatus of claim 1 wherein at least some of the openings
!5  are bounded by a circular periphery coaxiolly positioned sbout the axis and
including & transversely rounded cellective surface.

4. The apparatus of claim 1 wherein each reflector is an annular ring
having a toroidal surface area serving as its reflective surface.
20
5. An sppsratus for sonic measurement of physical conditions within
a liquid, comprising:
sonic transducer means for transmitiing energy in a conically shaped
beam centered about a reference axis and for producing output signals as a
25 function of reflected energy returned to the sonic transducer means; snd
a plurality of reflectors each having an opening centered about the
reference axis and bounded by a peripheral reflective surface, the refleclors
being transversely positioned al presclected locations along the reference axis
with their reflective surfaces directed toward the sonic transducer means for
3o  permitting passage through thc openings of a substantial percenlage of a
conically shaped beam of sonic energy dirccted along the reference axis by the

sonic transducer means while also reflecting outer portions of the beam,

——

—
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6. The apparatus of claim 5, further comprising:

supporl means corrying both the sonic transducer means and the
rellectors for positioning the reflectors and sonic transducer mesns along the
reference axis.

5 .
7. The apparatus of claim 5, whercin the reflective surface of each
reflector i¢ transversely rounded.
8. The apparatus of claim 5, [urther comprising:
10 signal processor means for:

repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the sonic transducer, the values of the instantancous
amplitude of the reflected energy being represcated by X X g s Kigp'
where n+1 represents the total number of values measurcd and
15 determining the phase angle 8 between the transmitied energy and the
teflecled energy by Lhe equation:

f i+ts {+n I+ j+n \
Y xsin(wt) Y eosHwt) - 3 xcos(ot) 2 sin(wt)cos(wt)
8 = tan-! |45 j=i jui
ien i*n i*n
k Y. xcos(wt) Y sin*(wt) - Z xsin(wt) E sm(wt}os(utj)
=i j=t }

where 1 represents the time when lhe value x; was measured and @ = 2x/T
is the radian frequency of the transmitled energy.

20 9. The apparatus of cloim 5, further comprising:
signal processor means for: _
repetitively measuri'ng the value of the instantancous amplitude of the
reflected energy at the sonic transducer, the values of the instantaneous

amplitude of the reflected energy being represented by X X g0 0 o 0 Fi4p'
25 where n+1 represents the tolal number of values measurcd and

*= - C "L M s *
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determining the phase angle € belween the transmittet energy and the
rellected energy by the equation:

{ien i+a . \
,Z: xgin(wt) ’}? cos(ot) - 12; xcos(wt) E sin(wt)cos(wt)
= -1 =} - - =
6 = tan”! | LL - - I
E ijDS(Qtj) E sinz(mtj) - E sti.n(b} tj) 2 sin(mtjcos(@tj) j
\ J=i =1 I j=i

where tj represents the time when the valuc x, was measured and w = 2x/T
is the radian frequency of the transmitted energy; and

5 determining the quadrant of @ from (he signs of the numerator and
denominator in the equation used 10 determine the phase anple.

10. The apparstus of claim S, further comprising:
signal processor means for:
10 repetitively measuring the value of the instantaneous amplitude of the
reflected energy al the sonic iransducer, the values of the instantancous

amplitude of the reflected energy being represenied by X Kigr ot o Xigg'
where n+1 represcnts the total number of values measured nnd

detcrmining the phase angle 8 between the transmilted energy and the
15 reflected energy by the equation:

[ {+n i i*n i+n 3
Y xsin(ot) Y cos*(wt) - 2 x,c08(wt) E sin(wt)cos(wty)
= -t | j= J=i =j
6 = tan™ Jhn ' i+ I*n
L Yy xcos(wt) Y sin’(w ) - 3 xgsin(at) Z sm(wtjcos(mt,) J
Jel J=i i=i

where {, represents the time when the value x, was measured and @ = 2n/T
is the radian frequency of the transmitied energy: |

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

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

caiculating the propagation time. of the output signals by the eguation:

T Thllslsiiietfiiilfeeillil i
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{ i+n 3
3y xsin(ot)
j

ien

Z xjcos(mtj)
\§=I /

whete t, represents the lime when the valuc xj was measured and w = 2x/T
is the radian frequency of the transmitied energy; and

S determining the quadrant of 8 from the signs of the numerator and
denominator in the equation used (o delermine the phase angle.

13, The apparatus of claim 5, [urther comprising:
signal processor means for:
10 tepetitively measuring the value of the instanlaneous mmplitude of the
reflected energy at the source transducer for a duration of ¢T, where ¢ is an

integer, the values of the instantanecus amplitude of the reflecied energy being

represented by x,, Xipg o o Xap where n+1 represents the total number
i i
of values mesasured and n+1 = cm, where m equals the number of samples

15 taken during each period T:

determining the phase angle © betwcen the transmitted cnergy and the

refllected energy by the equation: 1
f+m

¥ xgsin(w tp
=i
fsn

Y xjcos(wt)
\ j=i J

@ = tan!

where ‘j represents the time when the value X was measured and @ = 22/T
is the radian frequency of the trapsmitted encrgy;
0 determining the quadrant of @ from the signs of the numerator and
denominator in the equation used io deiermine the phase angle;
determining the number of integral periods T which elapsed from the
first peak ol the transmitted energy to the first peak of the rellected encrgy,
the number of integral periods being designated as B; aad
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17

calculating the propagation time of the outpul signals by the equation:
, = T(p+0/2%).

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

an clongated support;

sonic lransducer mcans mounted 1o the support for transmitting enerpy
in a conically shaped beam centered about a reference axis and for producing
output signals as a [unction of reflected enerpy rclurned 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 1o the sonic transducer
means, the rellector rings each including a teflective surface surrounding an
opening {ormed through il 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 permilling passage throwgh 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 ouler portions of the beam.

15. The apparatus of claim 14, wherein the refiective surfices of the
refiector rings are transverscly rounded.

16. The apparatus of claim 14, wherein the support comprises a
plurality of clongated posts fixed to the reflector rings, the reflecior rings
being arranged along the reference axis in equally spaced paraliel positions and
with each reflector ring being perpendicular to the relercnce axis.

17. The apparatus of claim 14, further comprising:
signal processor mcans operalively cornected to the sonic

transducer means [or converting the oulpul signals Lo data indicative of a
measured physical condition.

18. ‘Thc apparatus of claim 14, further comprising:
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18
signal processor means f(or:
tepetitively mcasuring the value of the instanlaneous amplitude of the
reflected energy at the sonic transducer, the values of the instantaneous

amplitude of the reflected energy being represented by X Xe g0
5 where n+1 represenis the tolal number of values measured; and

. .oy xi+n-

determining the phasc angle 6 between the transmittcd energy and the

reflected energy by the equation:

(lon i+n i+n
E xsin(wt) Y, cos’(mt) Y, x,cos(0t) Z sin(wtj)cos(wtj)
8 = tan=t | L% ji i i
lﬂa f*n ien ien
Y xcos(wt) Y sm’(o:t) ¥ xsin(ot) Y sin(wtcos(wt)
\ §-t j=i i = /

whete 1, represents the time when the value xj wag measured and o = 2=x/T

is the radian {requency of the tramsmitied energy.
i0
19. The apparatus of claim 14, further comprising:
signal processor means for:
repetitively measuring the value of the instantaneous amplitude of the
reflected burst at the source transducer, the vslues of the reflecied burst’s
15 instantaneous amplitude being represented by x, x ) Xjpp Whese ntl

i+t "
represenis the total number of values measured;

determining the phase angle 8 belwcen the transmitted burst and the
reflected burst by the equation:

{ i+n

|n i+a T fem .
Z xjsin(wtj) E cos’(wtl) E xjcos(mtj) E sin(wt‘)cos(m,)\
8 = tan™! |12 = jl jui
fon fen ien
Z: x,cos(wt) E smi(mt - Y xjsin(utj) 2 sin(mjcos(wtj) )
\ il j=i jel Jui

where (, represents the time when the value xj was measurcd and w = 2x/T
20  is the radian frequency of the transmitted burst; and

determining the quadrant of 8 from the signs of the numerator and
denominator in the equation.

20. The apparatus of claim 14, {urther comprising:
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signal processor means for:
repetitively measuring the value of the instantancous amplitude of the
reflected burst at the source transducer, the values of the reflected burst’s

instantancous amplitude being represented by Xo %, » where n+l1

+l' LI I Y Xi+n
represcnts the total number of vaiues measutcd,

determining the phase angle 8 beiwecn the transmitted burst and the
reflected burst by the cquation:

( i+n l+n i+a

= tan-‘

i+n \
Z xsin(wt) E cos’(mtj) - E xcos(wt) i2;sin(m’tj)cos(mtj)

{en ien f+n

=i

where t, represents the time when the value x, was measured and w = 2n/T
is the radian frequency of the trapnsmitted bursy;

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 {rom the
first peak of the ttansmitled energy to the [irst peak of the reflected energy,
the number of integral periods being designated as §; and

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

ty = T(h+orzn). '

21. The apparatus of claim 14, [urther comprising:

signal processor means [or:

repelitively measuring the value of the instanlancous smplitude of the
reflected energy al the source transducer for s duration of cT, where ¢ is an
integer, the values of the instantancous amplitude of the reflected energy being
represenied by x, X gt K where n+1 represents the total number
of values measured and n+1 = cm, where m equals the number of samples
taken duting each period T; and

determining the phase anglc 8 between the (ransmiticd encrgy and the
rellecied energy by Lhe equation:

—

2 ¥ x,cos(wt) E sin’(ot) - Y xsin(wt) E sin(wtcos(wt)
J

—
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( t+n 3
Y xsin(wty
8 = tan? |

len

Yy xjcos(otj)}

il

whete t. represents the time when the value xj was measured and o 2xlT

is thc radian [requency of the ftransmitied energy.

22. 'The apparatus of claim 14, [urther comprising:

signal processor means for:

repetilively measuring the value of the instantaneous amplitude of the
reflected energy at the source traneducer [or a duration of ¢T, where ¢ is an

integer, the values of the instantancous amplitude of the reflected energy being

represeated by Xo Xy 1o o o o Kigy where n+1 represents the total number
of values measured and n+1 = cm, where m equals the number of samples
taken during cach period T; and

determining the phase angle © between the transmilled energy and the

reflected energy by the equation:

{ ien \
Ex,sin(utj)
8 = tan™! |
3 xcos(wt)
\J=l /

where lj represents the time when the value x, was measured and = 2x/T
is the radian frequency of the transmitied encrgy: and

detlermining the quadrant of 8 from the signs of the numerator and
denominator in the equation.

23, The apparatus ol cleim 14, further comprising:

signal processor means for;

repetitively measuring the value of the instantanecus amplitude of the
reflecled encrgy al the source transducer for 8 duration of cT, where c is an

integer, the values of the instaniancaus amplitude of the reflected energy being

IDOEBI#23
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represented by x, x. ., . . ., Xi. ., where n+l represents the tclal number
P i Tie i+n P
of values measured and n+1 = cm, where m equals the number of samples

taken during each period T; and
determining the phase anglc © beiween the transmitled energy and the
5  refllected encrgy by the equation:

in j+n ien iom 3
¥y xsin(wt) y cos’(wt) - Y x;cos{wt) E sin(wt)cos(wt)
8 = m—l I =i fol Jl'i
in jsa in +n
; j}‘: xcos(wt) }: sin®(wt) - 2; xsin(wt) j? sin(wtcos(wt) |
. I =

where (. represents the time when the value xj was measured and o = 2n/T
is the radian frequency of the transmitied energy:

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

10 determining the number of integral periods T which elapsed from the
first peak of the transmitted energy to the [irst peak of ‘the reflected energy,
the number of integral periods being desipnated as B; and

celeulaling the propagation time of the output signals by the equation:
'p = T(p+86/2n).

15
24.  An apparatus for sonic measurcment of physical conditions within
a liquid, comprising;
transducer means for transmilting a sinusoidsl burst of known period T
and phase for a predetermined duration;
20 reflector means for réﬂecting the transmiited burst back toward the

source transducer as a reflected burst; and

signal processor means for:

repelilively measuring, 8t a rate greater than 2/T, the valuc of the
instantaneous amplitude of the reflected bursi st the source transducer, the

25 values of the reflected burst’s instantancous amplitude being represented by x,,
g Xap wherc n+1 represcnls the total number of values measured;
and
determining the phasc angic 8 between the (ransmilted burst and the

reflected burst by the equation:
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{ ien len I+s = \
[] 2 »
_ ) x;sin(ewt) ):‘ cos’(wt) - z xcos(wt) Y- sin(wt)cos(wt,)
0 = tan"‘ d= =i J=i jul
i+n ien j+n jen
- 2 - - [ )
\ 12 xcos(wt) f? sin’(wt) l}; xgin(wt) le sin(wtcos(wt)
= » L u y

where 1, represcnts the time when the value xj was measured and w = 2x/T is the
radian frequency of the transmitted burst.

3
25. An apparatus {or 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;
1o reflector means for reflecting the transmitted busst 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

I5  values of the instantaneous amplitude of the reflected energy being represented by
Xo X+ e Xjug) where n+1 represents the total number of values measured and

n+1 = em, where m equals the number of samples taken during each period 'T; and
determining the phase angle @ between the transmitted burst and the reflected

burst by the equation:

( I+n

ijsin(wt,)
= tan™t | L

fen

Y x,cos(wt)
\ =i /

20  where t. represents the time when the value x, was measured and @ = 2g/T
is the radian frequency of the transmitied burst,
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26. A method of analyzing the propagation of a sifiusoidal burst from
a source transducer to a reflecting surface and back to the source transducer,
comprising the steps ol

transmilting a sinusoidal burst of known petiod T and phasc from 2

5 sourcc transducer for a predeiermined duration, the transmitted burst being
approximated by the equalion:

yl = k cos(wt),
where Y iz the instantaneous intensily of the transmitted burst at time t,
= 2#/T is the frequency of the iransmilicd burst, and k is a modulating
10 function that is zero untiil the start of the burst, increases in amplitude over
the next seversl cycles, remains constant for the duration of the burst, and
then returns to zero;

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

transducer from a reflective surface as a reflected burst;
25 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 tepresented by X Xy
represents the total number of values measured' an

determining the phase angle 8 between the tranzmitted butst and the
20 reflected burst by the equation:

N where n+1

{{+n len

e = tan-l ’.l j-i

isn ia
Y xsin(wty) 2 cos*(wt) - x,cos(wty) Esin(mtj)cos(m»tj)1
i

-5330693: #2(1
T

i+n ien

§=i §ui =i

where t, represents the tlime when the value x, was measured and o = 2T
is the radian frequency of the transmitted burst.

27. The method of claim 26, further comprising the [ollowing additional
25 slep:

determining the quadrant of 6 from the signs ol the numerator and
denominator in the equation.

28, The method of claim 26, furlher comprising the {ollowing additional
30  steps: '

(R IIIII IIIII II ll
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determining the quadrant of 8 from the signs of the numerator and
denominator in the equalion used to determinc the phase angle;
determining the number of intepral periods T which elapsed from the
first peak of the transmitted energy lo the first peak of the reflected energy,
s thx;. number of integral periods being designated as f; and
calculating the propagation time of the output signals by the equation:
lp = T(p+6/2r).

29. The method of claim 27 whetein the propagation timec t s
10  determined for multiple consecutive reflected bursis that are reflections, from
multiple rellective surfaces, of a single transmitted burst,

30. A method of analyzing the propagation of a sinusoidal burst from
a source transducer to a reflecting surface and back 1o the source transducer,
15 comprising the steps of:
trapsmitting a sinuscidal 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(wi),
20 where A is the instantaneous intensity of the transmitted burst at time t,
= 2x/T is the frequency ol the transmitted burst, end k is a modulating
function that is zero untiil 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;
23 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 instantancous amplitude of the
reflected energy at the sourcc transducer for a duration of ¢T, where ¢ is an
integer, the values of the instantaneous amplitude of the reflected energy being
30 represented by X X g o w Xy where n+1 represents the total number
of values measured and n+i = cm, where m equals the number of samples
taken during each period T; and
repetitively measuring the value of the instantaneous amplitude of the
reflected energy at the source transducer for a duration of cT, wherc ¢ is an

35 integer, the values of the inslantancous amplitude of the reflected encrpy being

—_—
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represcnied by xi, xi - o X4 Wherc n+1 rcpresents the lotal number

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

taken during each period T; and

_ determining the phase angle @ between the transmitted burst and the
5 reflected burst by the equation:

{ i+ \
Yy xsin(wt)

9 = tan~! |3
i-n

Y xcos(wt)

\J=l /

where t, represents the time when the value xj was measured and w = 22/T
is the radian frequency of the transmitied burst.

31. The method of claim 30, further comprising the following additional
10 step:

determining the quadrant of @ from the signs of the numeralor and
deaominator in the equation.

32, The method of claim 30, further comprising the [ollowing additional
15  steps:
determining the quadrant of @ from the signs of the fumerator and
denominator in the equation used to determinc the phasc angle;
determining the number of integral periods T which elapsed from the
first peak of the lransmitled energy lo the first peak of the reflected energy,
20 the number of integral periods being designated as p; and
calculsting the propagation lime of the output signals by the equation:
tp = T(f+6/2r).

33. The method of clasim 31 wherein the propagation time t s
25 determined for mulliple consecutive rcllected bursts that are reflections, from
muliiple rcflective surfaccs, of a single transmitled burst,
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