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Fig 1E shows a typical ultrasonic measurement arrangement 1 in
which two transducers 2,3 face each other through a duct 4 having a
cylindrical shape and circular cross-section with gas flowing in the
direction indicated by the arrow 6. '

Figs. 1A-1D show a signal typically received from a pulse of
ultrasound launched into the circular duct 4. The received signal is
initially shown in Fig. 1A and extends for some time shown in Figs. 1B,
1C and 1D where markers indicate times, 2 times, 3 times and 4 times
respectively past the initial arrival of the start of the signal.

A particular negative going zero-crossing has been chosen as the
event on which to do the timing. International Patent Application No.
PCT/AU92/00314 (WO 93/00569) discloses an electronic fluid flow meter
which incorporates circuitry developed which ;elect this particular
crossing in a two-stage process. Using the signal amplitude, a time is
chosen before the arrival of the required crossing at which a
negative—goiﬁg zero-crossing detector is enabled. There is a reasonable
latitude allowable inh the timing for this preliminary event but it is
apparen{ that it must occur before the chosen zero-crossing but after
the preceding one. Otherwise, it would be used instead for the precise

timing marker. -



-2 - Such an arrangenent has been found to operate satlsfactorlly As it is
based- on the anplitude of the signal and howit varies with time, anything
whi ch changes the anplitude of the signal has the potential to interfere
with the choice of the initial tine and thus in the selection of the
correct zero-crossing. One cause of analltude changes in el ectronic systens
are gain changes. These-can be due to aglng t enperature, or other
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received signal, typically the amplitude thereof, can be further
reduced.

Throughout the specification reference to "non-fundamental
acoustic modes" is'to be taken as including a reference to higher order
acoustic modes, and vice versa. '

In accordance with one aspect of the present invention there is
disclosed a fluid flow measurement system comprising a duct for carrying
a fluid, the duct having two transducers spaced apart therein to define
a fluid flow measurement portion therebetween, wherein the measurement
porfion is adapted to control effects of non-fundamental acoustic modes
on a signal received by at least one of the transducers.

Generally, the measurement portion is configured to control the
propagation between the transducers of the non-fundamental acoustic
modes, in order to reduce their effect as received by the transducer(s),
in which the propagation is suppressed by decreasing the speed with

which the non-fundamental acoustic modes travel.
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-3- Advant ageogsly, the speed of the fundanmental acoustic node is not
decreased, and the effects of the non-fundanental acoustic nodes is reduced
by decreasing their net contribution upon a signal anplitude received by
the one transducer. In one form the portion has at | east one obstruction
located in the duct whereby fluid in ¥khe duct can flow thereabout, the
obstruction having a shape and being so located within the duct to suppress
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t he neasur ement portlon conprilsin a cyll rcal, ‘UCt and at _east one
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~ Al ternati veteduct e uvB asiels ST dr&P Wi kBTh €Rd dubel ude at | east a portion of
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cross-section in _ t¢ 8RN Pd 4§ ARS8 tshaped
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at | east one 0 e T(ransducers. - _ h
two wall portions interconnecting wherein one of the wall portions is
curved and the other is substantially non-curved. Thg curved wall
portion may be a partial ellipse, circle, parabola, hyperbola, cycloid,
hypocycloid, or an epicycloid. The interconnection between the portions
may be integrally formed, or formed from separate substrates. The
obstruction, as indicated above, is located within the augmented
measurement portion. . '

In one typical fluid flow measurement system there is a duct for
carrying a fluid and having therein two transducers spaced apart to
define a measurement portion therebetween, the measurement portion
comprising a cylindrical duct and at least one fluid dynamically shaped
obstruction Tocated centrally therein. 2 :

Alternatively, the measurement portion can include at least a
portion of the measurement portion having a shape which is non-circular
in cross-section in combination with at least one fluid dynamically

- shaped obstruction disposed in the measurement portion, the combination
being adapted to suppress effects of non-fundamental acoustic modes
received by at least one of the transducers.



4 NMR hasg nore recently been used in exam nations of the human body. O her
fret hods such as conputeri zed axi al tonography (CAT scanni ng) have been used
in the past for this purpose, and still are. However, because NVR does not

use ionizing radiation, it is believed to have sone safety advantages over

CAT. Thus, NMWR i s an advant ageous netfod of pro'duci ng cross-sectional
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anot her par ajgpetdagesEt Advantageously, the system can be configured as part of a
domestic or industrial gas meter specificaily adapted for measuring the
flow of so-called “natural gas". Applications for Tiquid flow
measurement include liquid hydrocarbon and water metering, as well as a
ships' log. :

Brief Description of the Drawings

A number of embodiments of the present invention will now be
described with reference to the remaining drawings in which:

Fig. 2 depicts the fundamental and various high order acoustic
modes present in a circular duct;

Fig. 3 illustrates a converging flow and the (0,2) modes;

Fig. 4 shows the received waveform of Fig 3;

Fig. 5 is a view SImllar to Fig. 4 but after application of one
embodiment of the invention;

Fig. 6 depicts a single obstruction embodiment used in Fig. 5;

Fig. 7 shows an alternative embodiment which includes two
obstructions; - .

Fig. 8 shows waveforms resulting from the embodiment of Fig. 7;

Figs. 9A~9D are views similar to Figs. 1A to 1D but of a tube
incorporating an obstruction such as that of Fig. 6 or Fig. 7;

Fig. 10 shows the effects of temperature variations of the gas
tube;

Figs. 11A and 11B show signals transmitted in the tube of Fig. 10;

Fig. 12 illustrates the improvement over Fig. 11 using another
embodiment of the invention;
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-5- Figs.,13A and 13B conpare wavefornms for tenperature variation with and
Vi t hout an obstruction. Fi g. 14 depicts the transm ssion of ultrasound
using the - ring-around technique; Figs. 15A and 15B illustrate two tube
shapes representing further enbodi nents which reduce the effects of high
order. nodes resulting fromthe use of §he ri ng- around t.echni que; Fi gs.
16A-16D are views simlar to Fi gs. 1A to 1D but resulting fromthe

conbi nati on of Fi ij'sgs -6 1aAant513B saupadesvavafiormst fier tRbprRyatper ventationgwitit
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which is no\t/\ﬁ{er 1“%- e‘f# gﬁéﬁ%gmﬁgh\?\%&\?ﬂﬁr@g propogates along the tube with
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their refl ectipnire cfohgmgﬁgntdibpwsgal b.and’ P5PR08RE al ong the tube at a wide
range of velocities from al m)st C vvn to zero t hough s rlctl speaking, a

nmode with zero vel ociB8stgand Other Modes, £q e : 1%8wer nodes
are | ess excited, Wiggrdat iilﬂrs@fOfEsobﬁd'a ssmintl&rd dom iat uw@crtdwm tite ek abliear

d F th t l5i t ud
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propagat e | ”c&n@%ergﬁlr h§ Cw‘:ﬂeahqulé‘%"ionfgﬁ tthlaesifrrefaﬁ’é?f‘?hlﬁ'a@' dWetim Yute

I nvol ved, there are ver nodes above cut - of t he nodes are
separ at e entﬁﬁoipésatqdh§9"°§{9be$9q¥ﬁose‘3°ttb ofi P’ées&na%ﬂ]ﬁ’ﬂg%s ('5’6\’1‘% |tﬁ98'ué’5§f Jrid .
Some nodes ae“ae:hrrpgqmﬁfmgly recei ved than others and so the total signal
has a | unpy appeagance from it will be seen

h
that there are no hh%&a?'é aé‘&h%?”d@?%‘ﬁﬁ/%&rg%’?e“ﬁ‘h \Mf}h hﬁ%des of simlar

vel ocity on thet hetocditfeof propagation along the tube of the modes which are
reflected more times, will be slower. The fastest mode is the plane
wave or fundamental mode, which is hot reflected. Thc'e plane wave mode
propogates along the tube with the speed of sound in free space, denoted
by c. The other modes, because of their reflection(s) from the tube
wall, propagate along the tube at a wide range of velocities from almost

¢ down to zero, though strictly speaking, a mode with zero velocity does:
not propagate . In general the slower modes are less excited, and
therefore have smaller amplitudes, than the faster modes. For modes
‘having propagation velocities less than c/5, the amplitude generally
becomes only one or two percent of the main amplitude. Each mode except
for the plane wave has a cut-off frequency below which it will not
propagate in that particular duct. For the frequency and. duct size
involved, there are very many modes above cut-off.

Whilst the modes are separate entities, they superimpose to give
an almost continuous signal. Some modes are more strongly received than
others and so the total signal has a lumpy appearance, as shown in Figs.
1A-1D, from which it will be seen that there are modes that are
considerably larger than the modes of similar velocity on either side.

Fig. 2 shows a number of representations, using the drum head
analogy, of some of the faster modes present in the circular duct 4.

The €0,2) mode is a vibration of the central portion out of phase with



Fig. 2 shpws a;nunber of representations, using the drum head anal ogy, of
some of the faster nodes present in the circular duct 4. The (0,2) node is
a vibration of the central portion out of phase with -6- the perineter.
This is expected because the transducers 2,3 act in the central part of the
duct 4 where they cause strong excitatigon. The velocity of the (0,2) node

is only slightly slower 'than that of the plane wave (0,1) node so that the
signal receiv ' di t of tho t d erY. J;0 ube
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gi \d/eF by] Po mﬂﬁfsedfw _mbdéﬁf nhﬁesrsaaiwergpmageﬁjbfei eT- heed whibhisl 1oke theemsdese
and [err] is ensity t he.gas. vel oci on. t.he
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e of alters the n

(2) 273 A change 1n the valu ase relationship and c
alter the nadi thedust thesweenibsitransducess ?oégsi@ér%[bl'q}? PIRAE WaYApI i t ude
can al so be iyfibbdeficed by a converging flow Simlarly, transmssion into a
converging flow is_sho i,n Fi,g. 3., The veformrecei,yed jn such a
situation is shom;Thenvéﬂtf.i ty ?/ﬁé?‘é"q't lg'i'/ﬁ -Waft?ewg\é%ﬁe ?Faﬁ%yt he §i\%‘n5—y nmaxi num
in the envelope is larger than t Hqst. One possible explanation for this
is that the converging velocity zrﬁﬂd bends the sound fromthe transducer 3

whi ch woul d ot herwi se be | o€t=i Nte~a region on the perineter of lthe smaller
di aneter section. A simlar effectpgan.be seen with hot gas in a cold tube
(to be discussed Iater%. This makes the detection of a particular

zer o- cr ossi ng'hetip st Antthe rytieppe wiecificuheatsTR disnEhanpReIwrei 3pd g, i a
central obstrypet d&zit) dfs tRe afa€d iThus the velocity will depend on the nature of

the gas and, for a particular gas at a fixed pressure and an absolute
temperature T, the ve]ocfty will be given in terms of the velocity at
some standard temperature, jn this, case 273 K, by

1 -
C = C273 — (2)

273

A change in the value of C alters the phase relationship and can
alter the magnitude of the composite signal considerably. This
amplitude can also be influenced by a converging flow.

Similarly, transmission into a converging flow is shown in Fig.

3. The waveform received in such a situation is shown in Fig. 4 where
it will be seen that the second maximum in the envelope is larger than
the first. One possible explanation for this is that the converging
velocity field bends the souhd from the transducer 3 which would
otherwise be lost into a region on the perimeter of the smaller diameter
section. A similar effect can be seen with hot gas in a cold tube (to
be discussed later). This makes the detection of a particular
zero-crossing substantially more difficult.

Turning now to Fig. 6, if a central obstruction 10 is placed in
the duct 4, then the central part of the (0,2) mode, represented by
reference numeral 5, and other more complicated modes which have a
central component, are prevented from propagating. In such a case, the



t he duct 4, then the central part of the (0,2) node, represented by _
fef erencé nurreral 5, and other nore conplicated nodes which have a central
conponent, are prevented from propagating. |In such a case, the -7- duct
4 about the obstruction 10 has an annul ar cross-section, which in view of

t he aerodynam c shape of the obstructions 10, varies along its length. The
effect of this can be seen in Figs. “47and 5 that show the si gnal received
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meter body 1%, dr PEL R 0} £3% A08R EFseft APEIRR: {enpor atur o and ¢ he
gas is very hot, MoterthamengOoiBtruotieoncih can be used to some additional
benefit. Fig. 7 shows a duct 13 with two tear drop shaped obstructions
11 and 12. The duct 13 is insensitive to the direction of the flow and
to the nature of the gas as regards the initial waveform. An example of
the received signal in the cases of a downstream flow of air (as for
Fig.4) and a zero flow of natural gas is shown in Fig. 8. The wave
shape for other combinations of gas type and flow also produce little
change in the received waveform.

Figs. 9A-9D show the higher modes for a cylindrical tube fitted
with a central obstruction 10 as in Fig. 6. The amplitude of the higher
modes has been diminished and of course the behaviour of the (0,2) mode
has been controlled.

When the temperature of the meter body is very much less than that
of the gas either because the meter body is very cold, or the meter body
is at room: temperature and the gas is very hot, then the (0,2) mode can
be excited more than normal. A reason for this is illustrated in
Fig. 10. Here, a hot gas flow 6 contacts the cold wall of the duct 4 to
produce a cold layer of gas 7. Energy which would normally be reflected
out of the duct 4 and hence, in a sense wasted, as is depicted by the
arrow 9, is able to enter the duct 4 because it is refracted by the
layer of cold gas 7 as depicted by the arrow 8. From equation 2 above,



be excited nore than normal. A reason for this is illustrated in Fig. 10.
Here, ra hot gas flow 6 contacts the cold wall of the duct 4 to produce a
cold layer of gas 7. Energy which would normally be reflected out of the
duct 4 and hence, in a sense wasted, as is depicted by the arrow 9, is able
to enter the duct 4 because it is refrag[gd by the layer of cold gas 7 as
depi cted by the arrow 8. Fronlequatlon above, -8- the velocity of
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A central obstruction is very effective in supression of the (0,2)

" mode from this source. This is illustrated in Fig. 13A and 13B where
Fig. 13A is for a-tube without a central obstruction. The duct has room
temperature gas flowing through it and the walls have been cooled with a .
refrigerant. The accentuation of the (0,2) mode is again apparent.

Fig. 13B is for the same conditions except that a central obstruction
has been fitted. The waveform is now normal in the sense that it very
closely resembles the waveform for the same duct at room temperature
(Fig. 5).

Though the discussion has so far been concerned with the (0,2)
mode there are very many‘other modes. These are generally of smaller
amplitude than the (0,2) mode but in certain circumstances they can
cause difficulties by corrupting the propagation of the main acoustic
wave packet. This is particularly so in the use of the ring-around
technique, described in detail in the aforementioned International
Patent Application No. PCT/AU92/00314. )

In this technique, when a signal is detected, a new pulse is
immediately transmitted. Because of the very long tail of higher order
modes on the signal, this retransmission arrives at the receiver while
the previous signal sti]l has a significant amplitude. In effect, there



anpl i tude, than.the (0,2) node but in certain circunstances t hey can cause
difficulties by corrupting the propagation of the main acoustic wave
packet. This is particularly so in the use of the ring-around techni que,
described in detail in the aforenentioned International Patent Application
No. PCT/ AU92/00314. In this technique, when a signal is detected, a new
pulse is immediately transmtted. Because of the very long tail of higher
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hole along the time axis so that its shape is, in the main,

preserved. The arrival time of the particular zero-crossing-that has
beenlchosen as the timing marker will vary with the flow. The arrival
time will be Tonger or shorter depending on whether the transmission of
‘the signal is upstream or downstream. The particular parts of thé long
tail of the received signal that add in the layering process described
above will be those parts of the tail that are integral multiples of
this time after the selected zero-crossing. The exact combination will
thus vary with the flow.

This addition of other (high order). modes, whose phases vary with
flow, to the plane wave, in the ring-around technique alters the time of
the zero-crossing from that for the plane wave alone, that is, from that
that would apply for a single transmission. When flows are calculated
from transit times derived from the ring-around process the high order
modes cause a periodic deviation from a straight line response as the
flow varies over the range from no flow to maximum. This problem has
been addressed by the transmission of an inverted pulse once in four
transmissions as described in International Patent Application No.
PCT/AU92/00315 (WO 93/00570) entitled "Mode Suppression in Fluid Flow

- Measurements” by the same Applicants. |
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25 having a part elliptical curved portion 26 and a single flat face
27. The ducts 20 and 25 operate on the principle that high-order modes
tend to be reflected from the wall of the duct and in each case, modes
reflected off the flat faces 22 and 23, or 27 are reflected onto, and
dissipated on the curved faces 21 and 26 respectively which, in view of
the greater circumferential length (and their surface area), reduce the
sound pressure level and hence amplitude of the high order modes.

Figs. 16A-16D show the deformed cross-section duct 20 mentioned
above, which has been fitted with a single central obstruction in the
form of a tear drop. The downstream behaviour is now greatly improved.
The use of central obstructions reduces the amplitudes of some of the
-higher modes as well as that of the (0,2) mode. The use of the two
techniques together, non-cylindrical forms and central obstructions,
gives an improved performance as regards the higher modes.

In a further configuration, the walls of the measuring tube 4 are
roughened using grooves and/or bumps which are comparable in size to
half the wavelength of the acoustic signal, generally between 0.01 and 8
millimeters for the broader ultrasonic frequencies and preferably
between about 0.25 and 2 mi]limeters for the frequencies able to be



di ssipated on fhe curved faces 21 and 26 respectively which, in view of the
dgreater circunferential length (and their surface area), reduce the sound
pressure | evel and hence anplitude of the high order nodes. Figs. 16A-16D
show the deformed cross-section duct 20 nentioned above, which has been
fitted wth a single central obstructipn-in the formof a tear drop. The
domnstreanlbehaviour Is-now greatly inproved. The use of central
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It will be apparent from the foregoing that the addition of the

obstruction, changes of the duct cross-section from a regular shape,
and/or roughening/grooving of the duct between the transducers, acts to
decrease the speed of propagation of the high-order acoustic modes
without decreasing the speed of propagation path of the fundamental mode.

One significant advantage of the mode suppression techniques
described herein is that they allow an_e]ectronic gas meter
incorporating at least one of the described arrangements , to be
calibrated'usihg air prior to insertion into a gas pipeline. Hith

- traditional, prior art arrangemets, this technique has lead to
mis—-calibration due to the modal response of ultrasound in a combustible
gas, such as "natural gas", being different to that of air. In such
situations, the different modal response results in a different time of
detection of the received burst of ultrasound. HWith the modal reponse
substantially reduced in accordance with the principles described
herein, the detection times are consistant for gases.

The foregoing describes only a number of embodiments of the
present invention and modifications, obvious to those skilled in the art
can be made thereto without departing from the scope of the present
invention. ' )
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acoustic nodes is reduce ecreasing their net contribution upon a |
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claimed in cl ahmhk ddcPrlcan, fwetitirdabout] tRastyieetionPRiTIngNa NaRpe and
being so located within the duct to control effects of the
non-fundamental acoustic modes. '

5. A system as claimed in claim 4, wherein each said obstruction
is positioned centrally within the duct.

6. A system as claimed in claim 4, wherein each said obstruction
is fluid dynamically shaped to reduce a change in fluid pressure
thereabout.

7. A system as claimed in claim 6, wherein each said
obstruction has a substantially smooth surface within the measurement
portion and is configured to substantially reduce fluid pressure drop
‘Wwithin the measurement portion.

.~ 8. A system as claimed in claim 7, wherein said obstruction is
selected from the group consisting of an ellipsoid, and an object formes
from a cone and a hemisphere having its circular face joined to the base
of said cone. )

9. A system as claimed in claim 1, wherein at least a section of
the measurement portion is shaped to have an augmented, non-circular
cross-section configured to control effects of the non-fundamental
acoustic modes. '
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change in fluid pressure thereabout. 713~ A system as clainmed in claim
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interior surface. 15. A system as claimed in claim 9 wherein said duct at said
section has an interior surface that includes -irregularities configured

to suppress effects of said non-fundamental acoustic modes.

16. A system as claimed in claim 15 wherein said irregularities
comprise grooves formed in, or a roughening of, said interior surface.

17. A system as claimed in claim 1, wherein the measurement
portion comprises a cylindrical duct and at least one fluid dynamically
shaped obstruction located centrally therein.

18. A system as claimed in claim 17, wherein said obstruction(s)
is an ellipsoid and disposed between the transducers central]y in the
duct along its principal axis, thereby resulting in the cross-section
being annular about the obstruction and wherein the width of the fiow
passage between the duct walls and the obstruction,varies along the
obstruction.

19. A system as claimed in claim 17, wherein an inner surface of
the duct forming the measurement portion is roughened, said roughened
inner surface acting to control effects of non-fundamental acoustic
modes received by at least one of the transducers.

20. A system as claimed in claim 1, wherein the measurement



16. A systemas clainmed in claim1, wherein the measurenent portlon

conprises a cylindrical duct and at |east one f|UId dynam cal | ped
obstruction |ocated centrally therein. 17. 5 clalned in claim
16, wherein said obstruction(s) is an eII|p50|d and dis en t he
transducers centrally in the duct along its prlnc m

resulting in the cross-section being annul ar abou nucﬁlon and

wherein the width of the fl ow passage betmeen t he dUct malls and the
,Obstruction varies along the obstructiop _ - 14-18. A system as
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adapted to conneaﬁ‘ehéawhsmnkeﬁpn fundanment al acoustic nodes received by at

| east one of the transducers. 20. A fluid flow nmeasurenent system
substantially as described herein with reference to Fig. 6, or Fig. 7, or
Fig. 15A, or Fig. 15B of the draw ngs. 21. A fluid flow neasurenent

system substantially as described herein with reference to any conbi nation
of two or nore of Figs. 6, 7, 15 and 15B of the draw ngs. :
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