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ACOUSTIC FLOW SENSOR 

[0001] This application is a continuation-in-part of PCT 
application PCT/US05/31647, ?led 7 Sep. 2005, Which is a 
continuation-in-part of Us. application Ser. No. 11/ 1 61,135, 
?led 25 Jul. 2005, Which is a continuation-in-part of Us. 
patent application Ser. No. 10/946,834, ?led 22 Sep. 2004. 

BACKGROUND 

[0002] The present invention relates to acoustic apparatus 
and methods for ?uid ?oW measurement. More speci?cally, 
it relates to apparatus and methods for compensating for 
variations in the internal diameters of pipes in Which ?oW is 
measured, for measuring ?oW in the presence of ?oW 
rotation or other pro?le variations, for optimizing the loca 
tion and orientation of a ?oW sensor and for detecting 
accumulation of pipe Wall deposits. 

[0003] The present invention relates to apparatus and 
methods of compensating for the variation of internal diam 
eters of pipes in Which sensing probes are inserted, opti 
miZing their insertion depth and orientation during installa 
tion, and detecting the accumulation of pipe Wall deposits. 

[0004] Insertion probes for detecting the ?oW of ?uids are 
typically mounted in round pipes having internal diameters 
that are not precisely knoWn. Because these probes are 
generally used to measure ?oW rate by sampling a small 
portion of the ?oW pro?le and deriving from that measure 
ment the volumetric ?oW rate based upon an assumed 
internal pipe diameter, a pipe diameter different from that 
assumed can introduce signi?cant error into the derived 
results. The magnitude of the problem can be seen by 
considering the ASTM A 106 dimensional limits for a range 
of diameters about a nominal diameter of six inches for 
Schedule 40 steel pipe. The tolerances are +1/16", —1/32" in 
diameter and +15%, —12.5% in Wall thickness. The corre 
sponding variation in Wetted cross sectional area approaches 
2% and provides that degree of uncertainty in determining 
volumetric ?oW rate. Those skilled in the art Will recogniZe 
that tolerances vary With the pipe siZe and may increase or 
decrease from the recited example. 

[0005] Insertion probes generally need to be inserted to a 
correct depth and to have a precise angular orientation With 
respect to the direction of the ?oWing ?uid in order to 
minimize ?oW measurement error. Feldman et al., in Us. 
Pat. No. 6,584,860, teach methods of and apparatus for 
measuring a distance betWeen a portion of the piping appa 
ratus into Which a probe is inserted, and for combining the 
results of these measurements With a presumed pipe diam 
eter in order to insert the probe to the correct depth. 

SUMMARY OF THE INVENTION 

[0006] In a preferred embodiment of the present invention, 
a probe type acoustic time-of-?ight (also knoWn as transit 
time) ?oW sensor provides both ?oW rate and pipe siZe 
measurement. A probe of this sort comprises a transmitting 
transducer arranged to generate an acoustic beam directed so 
as to make a plurality of re?ective contacts With the pipe’s 
interior Wall prior to reaching a receiving transducer dis 
placed along the ?oW axis from the transmitting transducer. 
This displacement enables a ?oW rate related time measure 
ment to be made. The preferred transducers may periodically 
exchange functions or may concurrently be in the transmit 
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ting and receiving modes to measure a differential acoustic 
transit-time betWeen the upstream and doWnstream acoustic 
signals and therefore the ?oW rate. Each of the preferred 
transducers is aimed to project an acoustic energy beam at 
an angle Which crosses the ?oW axis so that, after being 
re?ected by the pipe Walls, the beam can be received by the 
other transducer. The acoustic energy paths betWeen a pair 
of transducers thus de?ne a quasi-helix having acoustic 
energy ?oWing along it in both of tWo directions. 

[0007] The acoustic energy paths of this embodiment, 
When projected onto a cross-section perpendicular to the 
axis of the pipe, approximate chordal paths. In a preferred 
version of the second embodiment of the present invention, 
Where the insertion depth of the transducers is 25% of the 
pipe’ s diameter and the transducers are beamed horiZontally, 
these paths de?ne a quasi-helix that appears, in cross 
section, like an equilateral triangle. That is, the path can 
conceptually be constructed by draWing an equilateral tri 
angle, cutting through one vertex and then moving the cut 
ends of the triangle apart along a line perpendicular to the 
plane of the triangle by a selected amount corresponding to 
a ?oW measurement distance betWeen the tWo transducers. 
The associated transit time is responsive to the ?oW rates 
along those paths and the ?uid ?oW intersecting those paths 
provides an approximation of the volumetric ?oW in the 
entire pipe. Hence, the volumetric accuracy is improved. 
Further improvement is possible When more than one probe 
is used and is particularly effective When the respective 
associated acoustic energy paths have different locations in 
the pipe cross-section. Such improvement is particularly 
evident When the ?oW pro?le is not uniform. 

[0008] Aparticular preferred embodiment of the invention 
provides compensation for the effects of rotating ?oW com 
ponents. Because the quasi-helical path lengths used in the 
second embodiment discussed above can be much greater 
than the distance along the pipe axis by Which a pair of 
transducers is spaced apart, any non-axial (i.e. rotary) com 
ponent of ?oW (e.g., as may be introduced by a bend in the 
piping upstream of the measurement location) can introduce 
errors into the measurement. These errors can be canceled 
out by incorporating a second pair of transducers on a the 
same or a different probe head, Where the second pair of 
transducers is arranged to generate a quasi-helical acoustic 
beam in the opposite rotation direction from that de?ned by 
the ?rst pair of transducers. That is, a ?rst pair of acoustic 
transducers spaced apart along the axis of the pipe de?nes a 
?rst acoustic beam that is re?ected at least tWice from an 
internal surface of the pipe, and that folloWs a path from an 
upstream one of the transducers to the doWnstream one that, 
When vieWed along the axis of the pipe in the ?oW direction, 
is a clockWise quasi-helix. A second pair of acoustic trans 
ducers is similarly arranged to de?ne a counter-clockWise 
quasi-helical path. In an arrangement of this sort, both pairs 
of transducers Would have essentially the same response to 
an component of ?oW in the axial direction, but Would have 
equal and opposite responses to a rotary component of ?oW. 
Thus, adding the tWo signals Would act to remove the effects 
of the rotary component from the overall ?oW signal. 

[0009] The accuracy of a ?oW probe measurement is 
enhanced by increasing the fraction of the overall ?oW that 
is sampled by the instrument. In some embodiments of the 
invention multiple probes are used and each probe axis has 
a respective angular setting With respect to the pipe axis. In 
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arrangements of this sort each of the probes comprises a 
respective sensing head having at least one pair of trans 
ducers mounted on it in order to sample respective portions 
of the pipe so that a greater fraction of the overall ?oW is 
sampled 

[0010] For any of the above described embodiments the 
magnitude of the signal detected by the receiving transducer 
of the acoustic distance measuring device is an indication of 
both the optimiZation of the acoustic path and of possible 
presence of scale or other internal deposits. Thus, changes in 
signal level over time may provide a means of monitoring 
the build up in internal deposits. 

[0011] Although it is believed that the foregoing recital of 
features and advantages may be of use to one Who is skilled 
in the art and Wishes to learn hoW to practice the invention, 
it Will be recogniZed that the foregoing recital is not intended 
to list all of the features and advantages of the invention, and 
that less than all of the recited features and advantages may 
be provided by some embodiments. 

BRIEF DESCRIPTION OF DRAWINGS 

[0012] The various advantages of the present invention 
Will become apparent to one skilled in the art by reading the 
folloWing speci?cation and subjoined claims and by refer 
encing the folloWing draWings in Which: 

[0013] FIG. 1 is a partly schematic vertical sectional vieW, 
taken along an axis of a pipe, of an insertion probe having 
separate pairs of transducers for measuring pipe siZe and 
?oW rate. 

[0014] FIG. 2 is a partly schematic, partly sectional vieW 
taken perpendicular to the axis of the pipe of a preferred 
embodiment of an insertion probe using a single pair of 
transducers at tWo depths to measure both pipe siZe and ?oW 
rate. 

[0015] FIG. 3 is a partial sectional vieW depicting an 
alternate acoustic measurement path de?ned by one or more 
angled transducers. 

[0016] FIG. 4 is a detailed partly cut-aWay vieW of the 
probe of FIG. 2 taken along the axis of the pipe. 

[0017] FIG. 5 is an axial sectional vieW of a probe head 
having tWo pairs of transducers for generating associated 
quasi-helical beams in both of tWo possible directions of 
rotation. 

[0018] FIG. 6 is a partly schematic, partly cut-aWay vieW 
of tWo ?oW probes oriented at different angular settings With 
respect to the ?oW axis. 

[0019] FIG. 7 is a partly schematic, partly sectional vieW 
taken perpendicular to the axis of the pipe of the embodi 
ment of FIG. 6. 

[0020] FIG. 8 is a simpli?ed block diagram of a signal 
processing circuit of the invention. 

[0021] FIG. 9 is a ?oW chart of a process using an output 
from a separate siZe sensing circuit to calibrate a ?oW 
measurement. 

[0022] FIG. 10 is a simpli?ed block diagram of a circuit 
for aiding installation, measuring pipe diameter, and mea 
suring ?oW. 
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DETAILED DESCRIPTION 

[0023] In studying the detailed description, the reader may 
be aided by noting de?nitions of certain Words and phrases 
throughout this patent document. Whenever those de?ni 
tions are provided, those of ordinary skill in the art should 
understand that in many, if not most instances, such de?ni 
tions apply to both preceding and folloWing uses of such 
de?ned Words and phrases. At the outset of this Description, 
one may note that the terms “include” and “comprise,” as 
Well as derivatives thereof, mean inclusion Without limita 
tion; and the term “or,” is inclusive, meaning and/or. 

[0024] The term “insertion probe” as used herein, denotes 
an item elongated along a probe axis and designed to be 
inserted into a pipe or other vessel so that a sensing element 
on, or closely adjacent, the inserted end of the probe is at a 
selected probe axial insertion depth and orientation With 
respect to that pipe or vessel. Although much of the ensuing 
discussion is directed toWard in-?eld insertion of probes into 
a pre-existing pipe, it Will be understood that an insertion 
probe could equally Well be factory-installed in a pipe 
section that Was then built into a run of piping. A “?oW 
probe”, as used herein, provides the conventional denotation 
of a portion of a ?oW sensor con?gured to be inserted into 
a pipe. A “?oW velocity detector”, as used herein, is any sort 
of device (including, but not limited to a device in Which a 
single transducer pair senses both ?oW velocity and pipe 
siZe) mounted on a ?oW probe to provide an electrical signal 
output (hereinafter “raW ?oW signal”) that is a measure of 
the rate at Which ?uid ?oWs along a predetermined “?oW 
measurement direction” de?ned With respect to the ?oW 
probe. When the ?oW probe is inserted into a pipe so that the 
?oW measurement direction is parallel to or co-linear With 
an axis of the pipe, the raW ?oW signal is then a measure of 
the rate at Which ?uid is ?oWing past the probe at Whatever 
insertion depth has been selected. In many cases What is 
desired is the volumetric ?oW rate (e.g., gallons per minute 
?oWing through the pipe), Which is calculated by multiply 
ing a representative ?uid ?oW rate by the cross-sectional 
area of the inside of the pipe. Thus a “volumetric ?oW 
sensor” is an instrument providing an output signal value 
representative of the volumetric ?oW rate, Which may be 
described as a respective volumetric ?oW rate When derived 
from phase changes in upstream and doWnstream acoustic 
transmissions betWeen a pair of transducers, or Which may 
be referred to as a composite volumetric ?oW rate When 
generated by combining (e.g., by averaging) measurements 
made using multiple pairs of transducers. 

[0025] A portion of the ensuing disclosure Will describe 
apparatus operated to de?ne acoustic beams traveling along 
paths comprised of straight line segments skeWed With 
respect to the pipe axis. Those versed in geometry Will 
appreciate that in a limiting situation in Which the individual 
straight line segments have in?nitesimal length the path 
becomes a helix. Hence, acoustic paths described herein Will 
be referred to as having a quasi-helical shape. These quasi 
helical acoustic beams are sometimes described as being 
propagated transverse to the pipe axis from a transducer. The 
reader Will appreciate that in this context ‘transverse’ 
describes both beams having a center line perpendicular to 
the pipe axis and beams that are angled aWay from the 
perpendicular so that the center line of the beam extends 
betWeen tWo transducers that are spaced apart along the pipe 
ax1s. 
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[0026] Several embodiments of the invention are depicted 
in the various ?gures of the drawing. A common setting for 
the drawing shoWs a transducer probe inserted through a 
probe insertion ?tting extending upWards from the top of the 
pipe as a matter of convenience. Those skilled in the art Will 
recogniZe that other insertion orientations may equally Well 
be used. Moreover, directional terms such as “up” and 
“doWn” in the subsequent disclosure are used With reference 
to the depicted orientation in the interest of more clearly 
explaining the invention, and are not to be taken as limiting 
the invention to any particular setting. 

[0027] In large pipes having a smooth inside surface one 
commonly ?nds that a ?oW velocity detector inserted to 11% 
of the ID of the pipe Will provide a representative raW ?oW 
signal output value usable for determining volumetric ?oW 
over a Wide range of ?oW rates. In smaller pipes or those 
having a rough internal surface, a someWhat deeper insertion 
depth is typically desired for best volumetric accuracy. Thus, 
regardless of What insertion depth is nominally selected, it 
Will be understood that installation of a ?oW probe com 
prises both inserting the probe to a selected insertion depth 
and assuring that the predetermined ?oW measurement 
direction is parallel to the pipe axis. Furthermore, these 
insertion depths assume a typical ?oW velocity pro?le 
through the pipe as is found When there is a length of straight 
pipe, both upstream and doWnstream of the ?oW sensor 
location, that is much greater than the pipe diameter, or When 
aggressive ?oW conditioning methods are used to achieve 
the same result. This can cause a problem in that many 
applications require the sensor be located close to an elboW, 
valve or branched connection Which, over a range of ?uid 
velocities, can so distort the velocity pro?le at the ?oW 
sensor location as to make the conventional ?oW probe 
measurement useless. 

[0028] Turning noW to FIGS. 1-3, one ?nds various acous 
tic time-of-?ight ?oW insertion probe sensors 10 in accor 
dance With a ?rst embodiment of the invention mounted in 
a pipe 12 containing a ?uid 14 ?oWing along the pipe axis, 
indicated With the arroW 16. As is conventional in the use of 
insertion probes, the depicted sensing head 18 is supported 
by a holloW stem 20 serving as a conduit for Wires (not 
shoWn) coupling the sensing head 18 to associated circuitry 
22 that is conventionally external to the pipe. 

[0029] During installation of a preferred probe sensor 10 
the shaft seal 24 of a conventional insertion ?tting can be 
loosened to alloW an operator to move the stem 20 into and 
out of the pipe, as depicted by the double-headed arroW 28, 
and to rotate the stem about its axis, as depicted by the 
double headed arroW 29, into a selected setting. As Will be 
discussed in greater detail later hereinafter, these adjust 
ments can assure that the sensing head 18 is disposed at a 
desired insertion depth and that the ?oW measurement 
direction is parallel to or coincident With the ?oW axis 16. 
Those skilled in the ?oW measurement arts Will recogniZe 
that many mechanisms and approaches can be used to adjust 
both the depth and the rotational settings. 

[0030] In some embodiments of the invention, as depicted 
in FIGS. 1 and 2, a pipe siZe sensor 46 is used With a separate 
?oW rate detector 34, Which may be of the ultrasonic 
transit-time type. An exemplar ?oW rate detector of this sort 
comprises a pair of ?oW-measuring pieZoelectric transduc 
ers 36 aimed through the ?uid 14 at a re?ector 40 supported 
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at a selected distance by suitable support members 42 so as 
to de?ne a ?oW-measuring acoustic transit time path 44 that, 
When the angular setting of the probe is at the desired value, 
lies in a plane containing the axis 16 of the pipe. The 
separate pipe siZe detector 46 employs transit-time measure 
ments to accurately determine the inside diameter (shoWn as 
“D” in FIG. 3) ofthe pipe 12. It should be clear that any type 
of ?oW detector that is compatible With probe mounting can 
be used With the pipe siZe detector 46 and that these include, 
but are not limited to, turbine sensors, moving target sensors, 
and electromagnetic or Faraday sensors. 

[0031] A pipe siZe detector of the invention, as noted 
above, is operable to yield a transit time output from Which 
the diameter D of the pipe 12 can be calculated. In an 
embodiment depicted in FIGS. 1 and 3 the detector com 
prises a pair of size-measuring transducers 50 disposed on 
the sensing head 18 and oriented so as to generate an 
acoustic size-measuring beam perpendicular to the ?oW 
measurement direction 32. During operation of an exemplar 
pipe siZe detector, one of the transducers 50 projects a short 
burst of ultrasonic energy, Which may comprise sixteen 
cycles of a 4 MHZ signal, along a multi-segment path 54 
toWard the Wall of the pipe. When placed in a pipe full of 
?uid, the acoustic beam can be re?ected multiple times from 
an internal surface 52 of the pipe 12 to de?ne a complete 
acoustic path 54, the total length of Which can be derived 
immediately from a measurement of the transit time. Those 
skilled in the acoustic arts Will recogniZe that the multi 
segment path 54 is depicted, in the interest of clarity of 
presentation, as a single lineiie, the center line of the 
beamiand that dispersion of the beam about the center line 
is ignored. 

[0032] In one experimental embodiment the transducers 
50 Were oriented to transmit and receive initially horiZontal 
acoustic beams re?ected three times from the inner surface 
52 of the pipe. In a pipe 12 having a conventional round 
cross section, these transducers 50 are depicted as having an 
insertion depth of 25% of the pipe diameter, D. This pro 
vides an acoustic path 54, Which essentially formed an 
equilateral triangle in a plane transverse to the axis of the 
pipe. As noted previously, many other path geometries are 
possible, and tests have shoWn that a four-re?ection 
“square” path 54a betWeen transducers 50 oriented perpen 
dicular to the probe axis at an insertion depth of 13.3% of the 
pipe ID also provides good results by using a substantially 
longer path With one more re?ection than is found When the 
triangular path is used. 

[0033] Turning noW to FIG. 2 one ?nds a depiction of a 
preferred sensor in Which a single pair of pieZoelectric 
transducers 50 is used to measure both ?oW velocity and 
pipe siZe. In this embodiment the sensing head 18 comprises 
a pair of pieZoelectric transducers 50 mounted in a suitable 
support 30, spaced apart along the ?oW measurement direc 
tion as indicated in FIGS. 4 and 5, and aimed transverse to 
the pipe axis through the ?uid 14 at an inner surface of the 
pipe 12. The acoustic path 54, in these cases, forms a 
quasi-helix that, When vieWed along the axis of the pipe, has 
the same appearance as the chordal paths described in the 
?rst embodimentiie, looks like an equilateral triangle or 
a square, depending on the selected insertion depth. 

[0034] Although one of the motivations for combining the 
siZe and velocity measurement functions is to reduce the 
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component count and complexity When compared With an 
embodiment using separate ?oW and siZe measurement 
devices, a single sensor head 18 of the invention may 
optionally be provided With tWo pairs of transducers 50, 50a 
spaced apart along the probe axis, each pair having its oWn 
associated acoustic path 54, 5411 that can be used for 
measuring both the pipe ID and a respective volumetric ?oW 
rate. This approach, depicted in FIG. 2, alloWs for measure 
ments to be made using additional acoustic paths that sample 
different portions of the overall ?oW pro?le and that can thus 
improve the overall accuracy of measurement When the 
respective diameter and volumetric ?oW rates are averaged, 
or otherWise combined, to yield a single, composite mea 
surement of volumetric ?oW rate. Moreover, this approach 
provides redundancy Which may offer increased system 
reliability. 

[0035] Yet a further embodiment of the invention, as 
depicted in FIG. 6 and FIG. 7, employs multiple probes, 
Where each probe axis has a respective angular setting With 
respect to the ?oW axis and Where the probes are optionally 
spaced out along the pipe axis by selected probe-to-probe 
spacings. In arrangements of this sort each of the probes 
comprises a respective sensing head having at least one pair 
of transducers mounted on it in order to sample respective 
portions of the overall ?oW. In a preferred embodiment 
depicted in FIG. 7, each of the tWo sensing heads 18 
generates a respective three-segment acoustic beam 54, 540. 
These beams are separated by sixty degrees of arc about the 
?oW axis, Where the projected acoustic paths trace out a 
familiar JeWish star. 

[0036] In a particular preferred embodiment tWo probes 
can be arranged to provide acoustic paths that differ prima 
rily in being enantiomorphic. In the example depicted in 
FIG. 7, for example, one could chose one of the three 
segment beams 54 to describe a clockWise path along the 
?oW direction and the other 540 to describe a counterclock 
Wise path. This, as discussed elseWhere in this disclosure, 
alloWs one to compensate for a rotary ?oW component. 
There is, of course, no general requirement for having nearly 
identical acoustic paths generated at each of the probes. One 
could, for example, use different insertion depths for each of 
tWo probes so that the ?rst probe generated at three-segment 
quasi-helix and the second generated a four-segment quasi 
helix. Moreover, the use of multiple probes spaced out along 
the ?oW axis does not preclude the use of additional pairs of 
transducers spaced apart along the probe axis of one or more 
of the probes. In order to prevent interference betWeen pairs 
of transducers in an arrangement of this sort, one may space 
each probe out from the other probes along the pipe axis. 

[0037] A ?oW measurement direction spacing, denoted as 
X in FIGS. 4 and 5, betWeen the tWo transducers 50 in a pair 
thereof lies along the axis of ?oW When the probe is properly 
oriented. This ensures that the acoustic paths of interest are 
quasi-helices, and do not lie in a single plane. This ?oW 
measurement direction spacing is, of course, essential in 
order to enable a differential transit-time measurement of 
?oW rate to be made. The transducers, particularly for small 
pipe siZes, may be angled off the exact perpendicular to the 
pipe axis in order to maximiZe the acoustic transmission 
along the lines 54 betWeen the transducers. In the depiction 
of FIG. 5, one of the transducers is set to transmit and 
receive along a beam making an acute angle A With the ?oW 
measurement direction and the other of the transducers is set 
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to transmit and receive along a beam making an obtuse 
angle, that is ninety degrees of arc greater than A, With that 
direction. Because the acoustic beams have an angular 
dispersioniie, are typically cones rather than straight 
linesiin some situations one may choose to set the trans 
ducers perpendicular to the ?oW measurement direction and 
select the ?oW measurement direction spacing and the 
angular dispersion so that off-axis components of the acous 
tic beams can propagate betWeen the separated pair of 
transducers. 

[0038] The transducers, as illustrated in FIG. 5, are pref 
erably backed or partially surrounded by knoWn acoustic 
isolation materials 52 such as a polymeric foam or a reso 
nating material in order to minimiZe undesired acoustic 
radiation and reception. 

[0039] During exemplary operation of an instrument pro 
viding both siZe and ?oW rate data, the transducers 50 
concurrently transmit and receive short bursts of acoustic 
energy consisting of sixteen cycles of a 4 MHZ signal along 
the multi-segment acoustic path lines 54. When placed in a 
pipe full of ?uid, the acoustic beams are re?ected multiple 
times from the internal surface of pipe 52 to de?ne the 
complete acoustic path betWeen the transducers from Which 
one can immediately derive the transit time, from Which the 
corresponding internal pipe diameter can be determined. 
The cyclic signals are compared, as is knoWn in the art of 
transit-time ?oW meters, in order to derive the time differ 
ence betWeen them from Which ?uid ?oW rate is determined. 

[0040] The arrangements described above operate for 
selected combinations of transducer angles, rotational set 
tings of the probe stem, insertion depths and pipe siZes and 
depend on these parameters being chosen so as to form a 
quasi-helical acoustic path having a quasi-helix axis parallel 
to or along the axis of the pipe. If the probe stem is at an 
incorrect angular setting the acoustic beams Will generally 
folloW an undesired path, so that a beam from one of the 
transducers is not received by the other. Correspondingly, if 
the insertion depth is slightly different than the selected one, 
the multiply re?ected acoustic beams Will largely miss the 
receiving transducer or transducers. The reader should rec 
ogniZe that there may be more than one insertion depth 
Within a pipe at Which a readily detectable signal Will be 
found. 

[0041] The requirement for precise positioning is a posi 
tive aid during installation of a sensing head of the inven 
tion. As the probe approaches the optimum location in both 
depth and rotational angle With respect to the central axis of 
the pipe, the magnitude of the received acoustic signals 
rapidly increases. The rate of change of these signals 
depends on several factors such as the beam angles, trans 
ducer alignment and condition of the pipe’s re?ective sur 
face. In an implementation of the invention Where the probe 
transducers Were 0.200" Wide, 0.125" high and 0.020" thick, 
and the probe Was located in a circular section simulating a 
pipe having an eight inch ID, a probe insertion depth 
differing by about 0.050" from the optimum depth produced 
a received acoustic signal variation of 50%, thus providing 
the installer With a usable insertion depth tolerance value. A 
probe rotation of about 5 degrees from the optimum align 
ment With the central axis of the pipe also produced a 
received acoustic signal variation of 50%, similarly provid 
ing the installer With a rotational tolerance value. This order 
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of sensitivity to mechanical positioning of the probe is, from 
the perspective of personnel installing the probe, a good 
balance for locating the approximate insertion position and 
then making ?ne adjustments for its optimiZation. 

[0042] Although some portions of the foregoing discus 
sion have described the use of a single pair of acoustic 
transducers for measuring ?oW rate and pipe siZe, a pre 
ferred embodiment, as depicted in FIG. 5 uses at least a 
second pair of transducers to compensate for the effects of 
rotating ?oW components. The quasi-helical path lengths 
discussed above can be much greater than the distance, X, 
along the pipe axis by Which a pair of transducers is spaced 
apart. Hence, any non-axial component of ?oW (e.g., as may 
be introduced by a bend in the piping upstream of the 
measurement location) can introduce errors into a measure 
ment made With a single pair of transducers. These errors 
can be canceled out by using tWo pairs 50a, 50b of trans 
ducers arranged to generate tWo quasi-helical acoustic 
beams 54a, 54b having opposite rotation directions. That is, 
if one Were to look along the direction of ?oW 16 depicted 
in FIG. 5, the quasi-helical beam 54a, extending betWeen the 
?rst pair of transducers 50a Would appear as a left-handed 
screW, While the other beam 54b betWeen the second pair 
50b of transducers Would appear as a right-handed screW. In 
an arrangement of this sort, both pairs of transducers Would 
have essentially the same response to an component of ?oW 
in the axial direction, but Would have equal and opposite 
responses to a rotary component of ?oW. Thus, adding the 
tWo signals Would act to remove the effects of the rotary 
component from the overall ?oW signal. Those skilled in the 
measurement arts Will recogniZe that many approaches may 
be used to handle the signals from the tWo oppositely 
directed rotational paths, and that these may comprise offsets 
and scale adjustments betWeen the tWo pairs of transducers 
50a, 50b. Moreover, there is no general requirement that the 
tWo associated pairs of transducers be on the same probe. In 
embodiments of the inventions using multiple probes, one 
could chose to have a ?rst of tWo associated pairs of 
transducers on a ?rst of the probes and that pair With Which 
it is associated on a second probe, Which may be disposed 
at a different angle to the axis of the pipe, as discussed With 
respect to FIG. 7. 

[0043] Turning noW to FIG. 8, one ?nds a block diagram 
of a simpli?ed exemplary signal processing circuit 60 using 
the principles of both ultrasonic time-of ?ight ?oW rate 
detection and distance detection for the present invention. 
One portion of the circuit is used to provide a ?oW rate signal 
on an ongoing basis. Another portion is used to determine 
the actual pipe siZe. A third portion is used to determine 
optimal rotation of the probe about its axis and to set the 
probe to its desired depth. A similar presentation for embodi 
ments in Which separate pipe siZe and ?oW rate sensors are 
used is depicted in FIGS. 9 and 10. Moreover, it Will be 
recogniZed that more than tWo pairs of transducers (e. g., tWo 
pairs of transducers on each of tWo different probes) may be 
used to generate the signals. 

[0044] Although many different circuits have been used 
for transit-time measurement of ?oW, a preferred circuit 
providing for transit-time ?oW measurement, pipe siZe mea 
surement and probe installation is depicted in FIG. 8 Where 
an oscillator 74 produces bursts of continuous high fre 
quency Waves Which are isolated by buffer 73 and supplied 
to a tWo-pole sWitch 62 connected to transducers 50. Each 
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transducer is also connected to a respective receiver 64, 66, 
to provide tWo input signals to a phase detector 68 Whose 
output passes through a loW pass ?lter 70 to a sample and 
hold circuit 72 and ?nally to an output ampli?er 67, Which 
provides the ?oW rate output signal. 

[0045] The output signal from one of the receivers 66 is 
also provided to an amplitude detector 89; is ?ltered by a 
loW-pass ?lter 75; and passes through the time gate 79 to a 
signal level output ampli?er 77 Which provides the instal 
lation circuit output signal. The output from amplitude 
detector 89 is also routed to an SR-type ?ip ?op 84, as is the 
start pulse from the timing circuits 80. The output from the 
?ip ?op 84 passes through a loW pass ?lter 86 to a siZe signal 
output ampli?er 88 Which provides the pipe siZe signal. 

[0046] The output siZe signal magnitude from the process 
ing circuit can be immediately used by a diameter calculat 
ing circuit or algorithm 63 to provide an accurate measure of 
the inside diameter, D, of the pipe. For example, in the 
depiction of FIG. 2, the transit time of the acoustic beam 54 
yields, except for a correction associated With the ?nite 
Width of the sensing head 18, three times the leg length of 
an equilateral triangle inscribed in a circle, thus indicating 
that the diameter is tWo times the leg length divided by the 
square root of three. 

[0047] Those skilled in the transit-time measurement arts 
Will appreciate that although the preferred circuit operates 
both transducers simultaneously, one could also choose to 
operate the transducers in an alternating mode having a ?rst 
phase in Which a ?rst transducer transmitted While the 
second received and a second phase in Which the second 
transmitted and the ?rst received. Moreover, those skilled in 
the art Will recogniZe that in cases Where measurements 
from more than one pair of transducers are used to yield a 
single composite value of volumetric ?oW, the logical and 
mathematical processes that yield the composite value can 
be carried out in a number of knoWn Ways and may involve 
a Wide variety of combinations of dedicated electronic 
hardWare or general purpose electronic hardWare operating 
under control of suitable softWare. 

[0048] To aid in installation of the probe 10, the output 
from the carrier ?lter 80 is peak detected by an installation 
detector 89 and, after ?ltering by an installation loW pass 
?lter 75, ampli?ed by an installation output ampli?er 77 to 
provide an installation signal, Which is preferably a DC 
signal, With a level responsive to the received electrical siZe 
signal strength. This DC signal is used by a local monitoring 
apparatus, Which may be a visual display 90, to assist 
installation of the probe and can also be used remotely for 
maintenance or any other use. Although the preferred moni 
toring apparatus comprises a visual display that is removable 
from the sensor after installation is complete, one may note 
that many other sorts of monitoring apparatuses, including 
those that supply an audible or tactile output, may also be 
used With the invention. 

[0049] A time gate 79 is provided to enable installation 
signals to be obtained only from a narroW range of acoustic 
transit times corresponding to a selected pipe siZe and 
insertion depth. It is anticipated that the time gate Will have 
an initial, factory-set interval appropriate for a speci?ed ID 
of a speci?ed pipe. In some embodiments of the invention, 
if a gross error or mismatch is found during installation, the 
installer can use a mode control 87 to cause the time gate 
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interval to reset to a different nominal pipe size, after Which 
the installation could be re-attempted. It is expected that 
after several trials the appropriate size Would be found and 
all necessary parts of the ?oW measurement equipment 
could then be re-programmed to match the neWly estab 
lished nominal diameter. Altemately, this process can be 
improved by de?ning a pipe size WindoW and scanning 
through a range of transit time intervals as the probe is 
installed. 

[0050] Preferred embodiments of the invention are used to 
assist in the installation of the probe, to measure both a raW 
?oW signal value and a pipe size signal value, and to then 
employ a suitable ?oW measurement circuit means to cal 
culate a volumetric ?oW output from the raW ?oW and size 
data. Although this approach is generally preferred, the 
reader Will note that in some circumstances in Which the pipe 
ID is knoWn With acceptable accuracy beforehand, one could 
store a value of the pipe size signal (e.g., as a datum in a 
computer memory or as a manual calibration setting of a 
potentiometer) and a ?oW measurement circuit could receive 
that stored value and use that stored value in conjunction 
With one or more raW ?oW signals to calculate a volumetric 

?oW rate. Those skilled in electronics Will recognize that 
there are many possible Ways to provide these calculations 
and that the ?oW measurement circuitry may comprise, 
Without limitation, general purpose digital microcomputers 
and purpose-built analog circuitry. 

[0051] Moreover, because the diameter can be easily re 
measured from time to time, and because a decrease in the 
measured diameter can be indicative of dirt or scaling inside 
the pipe, one can store a value of the diameter in a suitable 
memory 68 at the beginning of a monitoring period and, 
later on, at the end of the monitoring period, compare the 
stored value With a then-current value. If the difference 
exceeds a selected threshold value, the apparatus can pro 
vide a suitable alerting or alarm message to a user of the 
apparatus to inform him or her that maintenance may be 
required. Those skilled in the art Will recognize that one may 
make many choices as to the physical location and the type 
of memory that is used and that one could readily con?gure 
a measurement system in Which the memory could be 
located at a central control room containing a computer 
programmed to track temporal variations in ID for a number 
of pipes in Whatever ?oW system is being used. Moreover, 
it Will be recognized that many means of making the 
comparison betWeen the stored and current values are 
knoWn in the electronic arts. 

[0052] Those skilled in the art can noW appreciate from 
the foregoing description that the teaching of the present 
invention can be implemented in a variety of forms com 
bining a ?oW probe With a pipe size detector and installation 
aid. Therefore, While this invention has been described in 
connection With particular examples thereof, the true scope 
of the invention should not be limited since other modi? 
cations Will become apparent to the skilled practitioner upon 
a study of the draWings, speci?cations and claims. 

What is claimed is: 
1. A sensor for measuring ?uid ?oW in a pipe having a 

pipe axis, the sensor comprising at least tWo pairs of acoustic 
transducers disposed on at least one probe having a respec 
tive probe axis and insertable into the pipe to a respective 
probe insertion depth, each probe having a respective ?oW 
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measurement direction transverse to the respective probe 
axis, each pair of the transducers associated With a second 
pair of the transducers, each pair of the transducers arranged 
to transmit and receive respective oppositely directed acous 
tic signals transverse to the respective ?oW measurement 
direction along a respective quasi-helical path having an 
opposite rotational direction from the quasi-helical path of 
that other pair of transducers With Which said each pair is 
associated; the sensor further comprising signal processing 
circuitry for processing the acoustic signals from the at least 
tWo pairs of transducers to determine respective transit 
times associated With each pair of transducers, for adding the 
transit-times of associated pairs to cancel effects of a rotary 
component of the ?oW and for providing a respective raW 
?oW signal value representative of a component of the ?uid 
?oW along the respective ?oW measurement direction. 

2. The sensor of claim 1 Wherein the signal processing 
circuitry is further operable to generate from the acoustic 
signals at least one intensity output usable by an operator to 
determine that the respective probe insertion depth is Within 
a selected insertion depth tolerance value of a respective 
desired insertion depth and to determine that the respective 
?oW measurement direction is aligned With the pipe axis to 
Within a selected rotational tolerance value. 

3. The sensor of claim 1 comprising tWo probes insertable 
into the pipe to respectively selected insertion depths 
therein; each of the probes having a respective angular 
setting With respect to the pipe axis. 

4. The sensor of claim 3 Wherein one pair of the trans 
ducers is disposed on a ?rst of the tWo probes and the second 
pair With Which it is associated is disposed on the second of 
the tWo probes. 

5. The sensor of claim 3 Wherein tWo associated pairs of 
transducers are disposed on one of the tWo probes. 

6. The sensor of claim 1 Wherein the signal processing 
circuitry is operable to generate, from a transit-time com 
ponent of at least one of the oppositely directed acoustic 
signals, a pipe size signal representative of an internal 
diameter of the pipe, the sensor further comprising a ?oW 
measurement circuit operable to combine at least one 
respective raW ?oW signal With the pipe size signal to 
provide an output representative of volumetric ?oW. 

7. Amethod of measuring a component of ?uid ?oW along 
an axis of a pipe When an overall ?uid ?oW is characterized 
by having both the axial and a rotary component, the method 
comprising the steps of: a) generating, by means of a ?rst 
pair of acoustic transducers spaced apart along the axis of 
the pipe, a ?rst acoustic beam extending therebetWeen, the 
?rst acoustic beam re?ected at least tWice from an internal 
surface of the pipe, the ?rst acoustic beam folloWing a 
clockWise quasi-helical path along the axis of the pipe in the 
direction of the axial ?oW component; b) generating, by 
means of a second pair of acoustic transducers spaced apart 
along the axis of the pipe, a second acoustic beam extending 
therebetWeen, the second acoustic beam re?ected at least 
tWice from the internal surface of the pipe, the second 
acoustic beam folloWing a counter-clockWise quasi-helical 
path along the axis of the pipe in the direction of the axial 
?oW component; c) operating signal processing circuitry to 
determine respective transit-times associated With the tWo 
pairs of transducers; d) adding the tWo transit-times to 
cancel effects of the rotary component of the ?oW and e) 
providing a raW ?oW signal value representative of the 
component of the ?uid ?oW along the axis of the pipe. 
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8. The method of claim 7 comprising additional steps of: 9. The method of claim 7 Wherein each of the tWo pairs 
f) determining, from the tWo transit times, an internal of transducers is disposed on a respective probe. 
diameter of the pipe; and g) combining the internal diameter 10. The method of claim 7 Wherein the tWo pairs of 
With the raW ?oW signal to provide an output representative transducers are disposed on a single probe. 
of a volumetric ?oW rate of the ?uid along the axis of the 
pipe. * * * * * 


