View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
>

A flow meter for ultrasonically measuring the flow velocity of fluids.

Willatzen, Morten; Gravesen, Jens; Ngrtoft, Peter

Publication date:
2015

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Willatzen, M., Gravesen, J., & Ngrtoft, P. (2015). IPC No. GO1F 1/ 66 A I. A flow meter for ultrasonically
measuring the flow velocity of fluids. (Patent No. WO2015063079.)

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://core.ac.uk/display/154333041?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orbit.dtu.dk/en/publications/a-flow-meter-for-ultrasonically-measuring-the-flow-velocity-of-fluids(2220d636-0196-4a00-84f1-4f81996f052b).html

wo 2015/063079 A 1[I I P00 O 0 D0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/063079 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

7 May 2015 (07.05.2015) WIPOIPCT
International Patent Classification:
GO1F 1/66 (2006.01)
International Application Number:
PCT/EP2014/073113

International Filing Date:
28 October 2014 (28.10.2014)

Filing Language: English
Publication Language: English
Priority Data:

13190423.7 28 October 2013 (28.10.2013) EP
Applicant: TECHNICAL UNIVERSITY OF DEN-

MARK [DK/DK]; Anker Engelundsvej 1, Bygning 101A,
DK-2800 Kgs Lyngby (DK).

Inventors: WILLATZEN, Morten; Taarbak Strandvej
87B, DK-2930 Klampenborg (DK). GRAVESEN, Jens;
Hummeltoftevej 82B, DK-2830 Virum (DK). NORTOFT,
Peter; Rentemestervej 7B, 3.tv., DK-2400 Kgbenhavn NV
(DK).

Agent: HOIBERG A/S; St. Kongensgade 59 A, DK-1264
Copenhagen K (DK).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, FE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW,KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: A FLOW METER FOR ULTRASONICALLY MEASURING THE FLOW VELOCITY OF FLUIDS

(57) Abstract: The invention regards a flow
meter for ultrasonically measuring the flow ve-
locity of fluids comprising a duct having a flow

)

channel with an internal cross section compris-
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\ acoustic resonance within the flow channel for

T<  a specific ultrasonic frequency, and at least two
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ic pulses, configured to transmit ultrasonic
pulses at least at said specific ultrasonic fre-
quency into the flow channel such that the ul-

W

trasonic pulses propagate through a fluid flow-
§ ing in the flow channel, wherein the flow meter
is configured to determine the flow velocity of
the fluid flowing in the flow channel based on a
change in transit time, phase and/or pulse such
as amplitude and/or form, of the ultrasonic
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A flow meter for ultrasonically measuring the flow velocity of fluids

Field of invention
The invention relates to a flow meter and a method for ultrasonically measuring the
flow velocity of fluids.

Background of the Invention

Ultrasonic flow meters for measuring a fluid velocity in a duct are known and widely
used. They normally comprise two transducers which are used to generate and sense
ultrasonic pulses. The transducers then measure the transit time or difference in phase
of the ultrasonic pulses propagating in and against the direction of flow. By use of the
transit times or phase change the average fluid velocity and the speed of sound in the
fluid can be calculated. Normally the ultrasonic pulse is emitted from a first transducer
in a direction angled in relation to the direction of the flow and then reflected, either by
use of a specific reflector or the internal surface of the duct, to be received by a second

transducer situated upstream or downstream from the first transducer.

In prior art there has been attempts to increase the accuracy of ultrasonic flow meters.
It is known that the sensitivity is increased when the flow velocity is increased.
Therefore a venturi tube is sometimes used to increase the flow velocity in a short
section of the flow meter such that the velocity can be measured with higher accuracy.
With knowledge of the geometry of the venture tube it is possible to determine the flow
velocity in the system. A disadvantage of using a venture tube is that it creates a
pressure drop, and the pressure drop increases as the sensitivity increases.

In prior art there has also been attempts on increasing the sensitivity by using
ultrasonic signals that consist of standing waves.

DE 43 35 394 discloses an ultrasonic flow meter for measuring small flows accurately
by use of standing waves. A standing wave (at a harmonic resonance frequency) is
generated between two transducers placed opposite to each other with an
unobstructed line-of-sight between them, and the flow is determined from the change in
the standing wave frequency, or the resonance frequency, at different flows. To
maintain the standing wave at different flows, it is required to change the frequency.
Thus, the flow measurement is based on the use of at least two acoustic standing
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waves, or resonance frequencies, and broadband transducers are a requirement in

order to adjust the frequency of the transducers when the flow velocity changes.

EP 0 801 311 discloses an ultrasonic flow meter, where the sensitivity to environmental
changes, such as temperature, is reduced. The flow is measured based on a travelling

wave and a harmonic standing wave between the transducers, which is maintained by

changing the frequency. Thus, the flow is also in this invention determined by use of

multiple frequency measurements.

Summary of the invention

Accurate measurements of fluid flow velocities play a pivotal role in a wide range of
engineering applications. It is therefore a purpose of the present invention to provide a
flow meter for ultrasonically measuring the flow velocity of fluids with a higher
sensitivity than prior art flow meters, preferably without generating a pressure drop.
Furthermore, it is a purpose of the present invention to provide a flow meter that is
simple to construct and operate, and cheap to manufacture.

A first embodiment therefore relates to a flow meter for ultrasonically measuring the
flow velocity of fluids comprising:

- a duct having a flow channel with an internal cross section comprising variation
configured to generate at least one acoustic resonance within the flow channel for a
specific ultrasonic frequency, and

- at least two transducers for generating and sensing ultrasonic pulses, configured to
transmit ultrasonic pulses at least at said specific ultrasonic frequency into the flow
channel such that the ultrasonic pulses propagate through a fluid flowing in the flow
channel,

wherein the flow meter is configured to determine the flow velocity of the fluid flowing in
the flow channel based on a change in transit time, phase and/or pulse such as
amplitude and/or form, of the ultrasonic pulses.

A further aspect relates to a method for determining the flow velocity of fluid flowing in
a flow channel having an internal cross section, the method comprising the steps of:
- generating an acoustic resonance in the flow channel, for a specific ultrasonic

frequency, by use of variations in the internal cross section,
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- transmitting ultrasonic pulses with said specific ultrasonic frequency into the flow
channel by use of at least one transducer, such that the ultrasonic pulses propagate
through the fluid,

- sensing the transmitted ultrasonic pulses by use of at least one transducer, and

- determining the flow velocity of the fluid based on the transit time or phase of the
ultrasonic pulses or change of the ultrasonic pulse.

A further aspect relates to a method for determining the acoustic resonance frequency
of a flow channel comprising variations in the internal cross section, the method
comprising the steps of:

a. generating a fluid flow within the flow channel,

b. transmitting ultrasonic pulses at a selected starting frequency into the flow channel
by use of at least one transducer, such that the ultrasonic pulses propagate through the
fluid,

c. sensing the transmitted ultrasonic pulses by use of at least one transducer,

d. measuring the signal strength of the received ultrasonic pulses, the signal being a
difference in transit time, a difference in phase and/or a change of the pulses,

e. repeating step a-d for a plurality of transmitted frequencies, optionally performed as
a frequency sweep within a predefined interval of frequencies, and

f. selecting the frequency at which the highest signal strength is measured,

thereby determining the acoustic resonance frequency of said duct comprising said

internal cross section variations.

A further aspect relates to a method for determining the positions of transducers within
a flow channel comprising variations in the internal cross section, such that a maximal
perturbation of the ultrasonic pulses is detected, the method comprising the steps of:

a. selecting a flow channel geometry, fluid flow velocity, and measurement frequency,
b. mapping the acoustic field for the selected flow channel geometry, fluid flow and
measurement frequency, preferably by means of flow-acoustic models, and

c. determining positions wherein the acoustic field is maximal asymmetric,

thereby determining the positions of transducers, wherein a maximal perturbation of the
ultrasonic pulses is detected.

A further embodiment relates to a flow meter for ultrasonically measuring the flow
velocity of fluids comprising a duct having a flow channel, with an internal cross



WO 2015/063079 PCT/EP2014/073113

10

15

20

25

30

35

section, where through the fluid flows, and at least two transducers for generating and
sensing ultrasonic pulses, wherein the ultrasonic pulses are transmitted into the flow
channel such that it propagates through the fluid, whereby the flow velocity is
determined based on, the transit time or phase of the ultrasonic pulses or change of
the ultrasonic pulse, wherein the internal cross section comprises variations which
generate an acoustic resonance within the flow channel for a specific ultrasonic

frequency and that the ultrasonic pulse has the specific ultrasonic frequency.

The flow meters and methods listed above can be combined with any of the features as
disclosed herein and below.

The combination of a duct geometry with a cross section variation, and measurements
at the specific ultrasonic frequency at which the duct geometry generates an acoustic
resonance, makes it possible to enhance the sensitivity of flow meters in some duct
geometries by at least an order of magnitude and hereby provide a flow meter with a
significantly improved accuracy.

Furthermore, it is possible to obtain the enhanced sensitivity of the flow meter by a
simple measurement. Instead of measuring at multiple frequencies, the flow meter can
be operated at a single, selected specific ultrasonic frequency, thereby making it more
simple to construct and operate and cheaper to manufacture.

Acoustic resonance is to be interpreted as a spatial localized resonance which at
certain frequencies is particularly sensitive to a background flow in the flow channel.
The known type of acoustic resonance disclosed in the prior art is the resonance
associated with standing waves and the harmonics or overtones of the fundamental
standing wave generated between two transducers. The present invention relates to an
acoustic resonance generated by variations in the internal cross section of a duct
having a flow channel and utilizing this acoustic resonance for ultrasonic

measurements to obtain an increased sensitivity of the presently disclosed flow meter.

The flow meter according to the invention can be in the form of a flow cell to be
inserted in the flow path. A flow cell is an apparatus with an inlet and an outlet that can
form part of the flow path for the fluid and includes the transducers mounted to

generate and sense the ultrasonic pulses in the appropriate configuration. In another
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embodiment the flow meter is an apparatus that is mounted on or situated temporarily
on a part of the flow path such as a pipe.

Change of the ultrasonic pulse is to be understood as change in the shape and/or size
of the ultrasonic pulse, such as change in amplitude and/or form of the pulse.

The internal cross section is defined by the internal borders of the duct in a plane
transverse to the direction of the flow. The variations of the internal cross section can
be changes in the shape of the duct where the area of the internal cross section is kept
constant. It can also be changes in the area of the internal cross section and/or a
combination of any of the above.

The specific ultrasonic frequency can be a predefined frequency for a given flow meter.
The predefined ultrasonic frequency can be selected such that it corresponds to an
acoustic resonance frequency generated by the variations in the internal cross section.
The variations in the internal cross section can generate an acoustic resonance
frequency, i.e. a frequency at which the acoustic response is strongly affected by the
background flow in the flow channel. l.e. this resonance frequency is different from the
resonance frequency associated with the harmonics of a standing wave generated
between two transducers positioned at a distance of an integer multiple of half
wavelengths.

The predefined ultrasonic frequency may be selected based on a chosen flow channel
with variations, wherein the transducers are situated such that an ultrasonic pulse
generated by the first transducer can be sensed by the second transducer. The signal
strength is then determined (either by measurements and/or by modelling) at a
representative flow velocity for a plurality of frequencies, preferably in the form of a
frequency sweep within a selected range. The predefined ultrasonic frequency is then
selected as the frequency where acoustic resonance is observed.

Alternatively, the predefined ultrasonic frequency is chosen, and the signal strength is
determined (either by measurements and/or by modelling) for different variations of the
flow channel. The flow channel geometry disclosing an acoustic resonance at the
predefined ultrasonic frequency is then selected for the measurements.
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In an embodiment, the internal cross section has a constant area. In this embodiment
the internal cross section can change form for example from a circular to an oval cross
section. Further, the duct can have turns and/or be twisted or in any other way altered,
as long as the area of the internal cross section is kept constant. This is one way of
generating an acoustic resonance in the fluid flow for a specific frequency.

In one embodiment the variations in the internal cross section comprise area variations
of the internal cross section. The cross sectional area is then changed in order to
generate an acoustic resonance in the fluid flow for a specific frequency.

The area variations may comprise an enlarged part of the flow channel. l.e. the
enlarged part may comprise an enlargement of the area of the internal cross section.
By using one or more enlarged parts to generate the acoustic resonance no significant
pressure drop is generated, as opposed to the use of a venturi duct. An enlarged part
can also be denoted as a bulge in the duct, and can for example be an inverted venturi.
It has been found that by use of an enlarged part, the acoustic resonance for a specific
frequency can be substantially enhanced. This effect is further enhanced if the
ultrasonic pulses propagate through the fluid in an enlarged part. This can for example
be done by positioning at least one of the transducers such that the ultrasonic pulse
enters and/or is emitted within the enlarged part.

In another embodiment the flow channel comprises at least two enlarged parts. It has
been found that by use of two enlarged parts the acoustic resonance for a specific
frequency can be substantially enhanced. This effect is further enhanced if the
ultrasonic pulses propagate through the fluid in an enlarged part. This can for example
be done by positioning at least one of the transducers such that the ultrasonic pulse
enters or is emitted within the enlarged part.

In a further embodiment the flow velocity is determined based on the transit time or
phase of ultrasonic pulses propagating in and against the direction of the fluid flow. A
difference in the transit time and phase is closely related and is a measure for the
same. The difference in phase can therefore be interpreted as a measure for the

difference in transit time.
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In a further embodiment the flow velocity is determined based on a change in the
amplitude of the ultrasonic pulse. This is a way of determining the flow velocity that can
be used instead or in combination with determination by use of the transit time or
phase of ultrasonic pulses propagating in and against the direction of the fluid flow as

mentioned above.

In yet a further embodiment the specific ultrasonic frequency is determined by
measuring and/or modelling the signal strength of the received ultrasonic pulse for a
plurality of transmitted frequencies. When designing a flow meter according to the
invention a frequency sweep can be performed in order to find a frequency which
generated the highest signal strength. This can be done by choosing a specific duct
wherein the internal cross section comprises variations and subsequently generate a
fluid flow in the duct. A frequency sweep can then be performed in a predefined
interval, and it can be observed at which frequencies increased signal strength is
sensed by the transducers. The interval for the frequency sweep can be within a testing
interval, such as 25 to 35 kHz. Signal strength can be interpreted to be the difference in
transit time, difference in phase or the peak amplitude of the ultrasonic pulses.

At the specific ultrasonic frequency, i.e. the acoustic resonance frequency generated
by the variations in the internal cross section, the acoustic field within the flow meter
generated by emitting identical ultrasonic pulses transducers upstream and
downstream will not be mirror images of each other with respect to their geometric
centre. This asymmetry in the field pattern will depend on the geometry of the
variations in the internal cross section and the flow speed.

The measured transit time or phase change of an ultrasonic pulse will depend on the
position of the transducers.

In a further embodiment the positions of the at least two transducers are selected to be
where the perturbation of the ultrasonic pulse is largest. The positions of the at least
two transducers may be selected to be where the transit time or phase change of the
ultrasonic pulse is largest. An example of such a position is in the embodiment
comprising two enlarged parts, where the pulses propagate through the fluid in the
enlarged parts, and the transducers are positioned such that the ultrasonic pulse enters
and/or is emitted within the enlarged parts, as illustrated in Fig. 4c.
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Further, the positions of the at least two transducers may be selected to be where the
perturbation of the ultrasonic pulse is largest, irrespective of an unobstructed line-of-
sight between them. For example they may be positioned such that they are not placed
facing opposite to each other.

The invention also relates to a method for determining the flow velocity of fluid flowing

in a flow channel having an internal cross section, the method comprising the steps of;

- generating an acoustic resonance in the flow channel, for a specific ultrasonic
frequency, by use of variations in the internal cross section,

- transmitting ultrasonic pulses with said specific ultrasonic frequency into the flow
channel by use of at least one transducer, such that the ultrasonic pulses
propagate through the fluid,

- sensing the transmitted ultrasonic pulses by use of at least one transducer, and

- determining the flow velocity of the fluid based on the transit time or phase of the
ultrasonic pulses or change of the ultrasonic pulse.

A further embodiment relates to a method for determining the flow velocity of fluids in a
flow channel, with an internal cross section, comprising the steps of; generating an
acoustic resonance in the flow channel, for a specific ultrasonic frequency, by use of
variations in the internal cross section, transmitting into the flow channel, such that it
propagates through the fluid, ultrasonic pulses with the specific frequency, by use of a
transducer, sensing the transmitted ultrasonic pulses by use of a transducer,
determining the flow velocity based on the transit time or phase of the ultrasonic pulses
or change of the ultrasonic pulse.

Thus, it is possible to improve the accuracy of the determination of the flow velocity of a
fluid in a flow channel. Furthermore, it is possible to obtain the improved accuracy by a
simple measurement, comprising measuring at a single and selected, specific

ultrasonic frequency.

Advantageously, variations in the internal cross section comprise area variations of the
internal cross section. Area variations can lead to an acoustic resonance for a specific
frequency. The acoustic resonance for a specific frequency can be perturbed by the
flow through the flow channel. Accordingly, this is a method for controlling an acoustic
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field in the fluid flow. In an embodiment, the area variations comprise at least one
enlarged part of the flow channel, the enlarged part comprising an enlargement of the
area of the internal cross section. The perturbation of the acoustic resonance is
especially large, if the ultrasonic pulse propagates through an enlarged part of the flow
channel. Hence, in an embodiment, the method comprises a flow channel comprising
an enlarged part. In a further embodiment, the method comprises ultrasonic pulse
propagation through the enlarged part of the flow channel.

In another embodiment, the use of two enlarged parts is especially suitable for
generating a large perturbation of the acoustic resonance for specific frequencies. The
perturbation of the acoustic resonance is especially large, if the ultrasonic pulse
propagates through an enlarged part of the flow channel. Hence, in an embodiment,
the method comprises a flow channel with at least two enlarged parts. In a further
embodiment, the method comprises ultrasonic pulse propagation through an/the
enlarged part(s) of the flow channel.

In an embodiment, the specific ultrasonic frequency is determined by measuring the
signal strength of the received ultrasonic pulse for a plurality of transmitted frequencies.
This is a method for determining the specific frequency to be used.

In an embodiment, the flow velocity is determined based on change of the ultrasonic
pulse such that the change at least partly includes the change in amplitude of the
ultrasonic pulse. Thus, the velocity can be determined by emitting one ultrasonic pulse
which propagates through the fluid flow and then sensing it, the change in amplitude
can then give the fluid velocity. If the emitted ultrasonic pulse shape is known, only the
signal from the sensor is necessary for determining the flow velocity.

In an embodiment, the flow velocity is determined based on the difference in transit
time or phase between ultrasonic pulses propagating in and against the direction of the

fluid flow.

Description of the drawings
The invention will in the following be described in greater detail with reference to the
accompanying drawings:

Fig. 1 a schematic view of three duct geometries
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Fig. 2 a graph of the acoustic response for three duct geometries
Fig. 3 an example of the acoustic pressure field for three duct geometries
Fig. 4 a cross sectional view of different duct geometries and transducer
positions
Fig. 5 graph of signal strengths for flow meters

Detailed description of the invention

Flow meters are used in a variety of applications such as house hold plumbing (e.g.
measuring the usage of gas and/or water), offshore (e.g. measuring gas and/or oil flow)
and in industrial productions where a large variety of fluids are used. If the flow velocity
is known, for a specific fluid, it is possible to determine the mass flow.

It is desirable to be able to measure the flow velocity as precisely as possible.
However, this can be a challenge, among other things due to the conventional low
signal to noise ratio and it is especially difficult for low flow velocities. The present
invention regards a flow meter that has a higher sensitivity, a higher to signal to noise
ratio than prior art flow meters and can therefore determine the flow velocity more
precisely, also at low flow velocities. Furthermore, the present invention regards a flow
meter where the measurement can be based on a simple measurement at a single and

selected, specific ultrasonic frequency.

The state of a fluid flow in a duct is characterised by the velocity u = (u, v), the
pressure p, and the density p. These variables are governed by the Navier-Stokes and
the mass continuity equation. By introducing an acoustic source g and making the
necessary approximations, the following equation for the acoustic pressure p in a two
dimensional flow channel (duct) can be derived:

du, _dp Jdu, _Jp
dx dx dy dy

where the k = w/c is the wavenumber, c is the speed of sound in the medium, w
denotes the acoustic angular frequency, u, is the background flow field of the fluid, and

i is the imaginary unit.

In fig. 1 a, b and c three different duct geometries are shown. The ducts are shown as
symmetric ducts; such that the boundary; I, is a hard wall boundary and I5 is a



WO 2015/063079 PCT/EP2014/073113

10

15

20

25

30

35

11

symmetric boundary. The boundary conditions on both I, and I are; Vp-n = 0, where

n is the outward unit normal.

The duct in fig. 1ais a straight duct having no variations of the internal cross section.
The ducts shown in fig. 1b and ¢ have area variations of the internal cross section. The
variations for both duct geometries comprise an enlargement of the internal cross
section. In the following the duct geometry of the duct shown in fig. 1b will be denoted a
corrugated duct and the duct of fig. 1c will be denoted a bulged duct.

The arrows indicate the fluid flow, and are taken to be a purely horizontal, parabolic
velocity profile. Further, an acoustic source g is situated at the centre of the duct. In the
following the ducts duct geometries shown in fig. 1 are evaluated further. The ducts are
considered to have a height of 0.02 m and a length of 0.2 m, for duct a) and b) the
height is defined as the height outside the enlarged parts. Further, the fluid flowing in
the ducts is considered to be air.

In fig 2 is shown graphs of how the acoustic response depends on the frequency for
the three duct geometries a, b and c of fig. 1. The mean flow speed has been set to 1
m/s. Fig. 2a shows the relative symmetry deviation of the acoustic pressure (6») and
fig. 2 b shows the mean acoustic pressure (p), both for frequencies in the range 27.5 to
32.5 kHz.

As can be seen on fig. 2a no significant changes for (6p) are observed for a straight
duct (a), while the corrugated duct (b) shows some changes with frequency. For the
bulged duct (c), however, several peaks are observed, and the strongest one occurs
for f = 30 kHz, where the signal experiences an increase by a factor of ~10 compared
to the two other ducts.

In Fig. 2b the dependence of (p) on frequency can be seen, (p) shows little change in
the investigated frequency range for the straight duct (a), whereas several peaks are
observed both for the corrugated duct (b) and the bulged duct (c). For f = 30 kHz, the
bulged duct (c) displays a local maximum.

Accordingly, the duct geometry and sound frequency can be chosen such that the
ultrasonic pulse exhibits a particularly high sensitivity to the background flow. A flow
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meter, measuring an air flow with the velocity in the order of 1 m/s, having the bulged
duct (c) and an ultrasonic pulse with a frequency of 30 kHz enables the determination
of the flow velocity with significantly higher precision than prior art flow meters.

To further illustrate the connection between an acoustic resonance and the frequency
as shown in fig. 2, fig. 3 depicts the real part of the acoustic pressure field for the
frequency f = 30 kHz in each of the three ducts (corresponding to a map of the acoustic
field for the selected flow channel geometries, fluid flow and frequency, which may be
obtained by flow-acoustic models such as described in the present description). Both
the straight duct (a) and the corrugated duct (b) exhibit high degrees of symmetry in the
acoustic pressure field. In the bulged duct (c), however, the acoustic field is clearly

asymmetric.

Fig. 5 is a graph that shows the difference in phase (a measure for the difference in
transit time) between ultrasonic pulses propagating in and against the direction of the
fluid flow for different duct geometries and for different transducer positions. The
ultrasonic pulses have a frequency of 30 kHz. It is desired to have a large phase
difference as it will make the signal less prone to noise and improves the accuracy of
the determined flow velocity.

Two duct geometries are considered: The straight duct of fig. 4a, (identical to the
geometry of fig. 1 a) and a bulged duct of fig. 4c (identical to the geometry of fig. 1 c).
The ducts are shown in fig. 4 in a cross sectional view.

Two different transducer positions for each of the duct geometries are shown. The
transducers are positioned in pairs such that each transducer both generates and
senses ultrasonic pulses from the other transducer. The transducers are angled such
that the ultrasonic pulse propagates from a transducer reflected on the opposite duct
wall and then sensed by the other transducer. The transducers are connected to a
control unit (not shown) which is adapted to process the signals from the transducers
and thereby determine the flow velocity of the fluid flowing in the duct.

For the straight duct fig. 4a two transducer positions, a first position 1 and a second
position 2 are evaluated. The phase difference as a function of flow velocity for the
straight duct is shown in fig. 5 for each of the transducer positions. “¥” (a triangle with
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the tip pointing downwards) denotes the phase difference for the first transducer
position 1, whereas for the second transducer position 2 it is shown as “A” (a triangle
with the tip pointing upwards). From the graph of fig. 5 it can be seen that the second
transducer position 2 has a slightly larger phase difference than the first transducer
position 1, however, the phase difference is almost the same for the two transducer
positions. This difference can be ascribed to the larger axially difference between the
transducers in the second position 2 compared to the first position.

Turning to the bulged duct of fig 4c there are considered two transducer positions; a
third position 3 and a fourth position 4. In both the transducer positions 3, 4 the
transducers are positioned in the enlarged part such that the ultrasonic pulse
propagates through the fluid in the enlarged part. The transducers at the third position
3 in fig. 4c and the transducer at the first position 1 in fig. 4a are situated, in the
respective duct, at the same axially distance from each other. In the same way the two
transducers at the second position 2 and the fourth position 4, in fig. 4a and 4c
respectively, are positioned at the same axially distance from each other. On fig. 5 the
phase difference for ultrasonic pulses propagating in and against the direction of the
fluid flow is for the third transducer position 3 denoted “O” (a circle) and for the fourth

transducer position 4 denoted “o” (a square).

It can be seen on fig. 5 that the phase difference (and accordingly the transit time) of
the ultrasonic pulses are significantly larger for the transducers in the bulged duct
compared to the transducers in the straight duct. Further, it can be seen that for the
bulged duct geometry, the fourth transducer position 4 has a stronger signal (phase
difference) compared to the third transducer position 3 when the flow speed is below
0.68 m/s. However, the third transducer position 3 has the largest signal (phase
difference) when the flow speed is above 0.68 m/s. This large increase in the phase
cannot be ascribed to the slightly larger distance that the ultrasonic pulse needs to
travel in the bulged duct (c) compared to the straight duct (a). The increase in the
phase difference is generated because the bulged duct (c) has variations in the cross
section and because the specific frequency is chosen to be 30 kHz.

When an embodiment of the invention is to be constructed it can be done in the
following way: A flow channel with variations is chosen. Subsequently, transducers are
situated such that ultrasonic pulses can be generated by a transducer and after
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propagating through the fluid sensed by the other transducer. Then the signal strength
is measured for a plurality of frequencies, preferably in the form of a sweep of an
interval of frequencies, for a representative flow velocity in the velocity interval. If no
acoustic resonance is observed then the duct geometry has to be changed and a new
frequency sweep performed. If a perturbation of the acoustic resonance is identified the
frequency that generates the perturbation is chosen for the flow meter.

It is also possible to construct an embodiment of the invention by choosing a specific
ultrasonic frequency and then measure the signal strength for different variations of the
geometry of the flow channel in order to identify an acoustic resonance.
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Claims

A flow meter for ultrasonically measuring the flow velocity of fluids comprising:
- a duct having a flow channel with an internal cross section comprising
variation configured to generate at least one acoustic resonance within the flow
channel for a specific ultrasonic frequency, and

- at least two transducers for generating and sensing ultrasonic pulses,
configured to transmit ultrasonic pulses at least at said specific ultrasonic
frequency into the flow channel such that the ultrasonic pulses propagate
through a fluid flowing in the flow channel,

wherein the flow meter is configured to determine the flow velocity of the fluid
flowing in the flow channel based on a change in transit time, phase and/or
pulse, such as amplitude and/or form of the ultrasonic pulses.

The flow meter according to claim 1, wherein the internal cross section has a

constant area.

The flow meter according to claim 1, wherein the variations in the internal cross

section comprise area variations of the internal cross section.

The flow meter according to claim 3 wherein the area variations comprise an
enlarged part of the flow channel, the enlarged part comprises an enlargement
of the area of the internal cross section.

The flow meter according to claim 4 wherein the flow channel comprises at
least two enlarged parts.

The flow meter according to any of the claims 4 to 5, wherein the ultrasonic
pulses propagate through the fluid in an enlarged part.

The flow meter according to any of the preceding claims, wherein the flow
velocity is determined based on the transit time or phase of ultrasonic pulses
propagating in and against the direction of the fluid flow.

The flow meter according to any of the preceding claims, wherein the flow
velocity is determined based on a change in the amplitude of the ultrasonic
pulse.
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9. The flow meter according to any of the preceding claims, wherein the specific
ultrasonic frequency is determined by measuring and/or modelling the signal
strength of the received ultrasonic pulse for a plurality of transmitted

5 frequencies.

10. The flow meter according to any of the preceding claims, wherein the positions
of the at least two transducers are selected to be where the perturbation of the
ultrasonic pulses are largest.

10
11. The flow meter according to any of the preceding claims, wherein the positions

of the at least two transducers are selected to be where the transit time or
phase change of the ultrasonic pulses are largest.

15 12. The flow meter according to any of the preceding claims, wherein the positions
of the at least two transducers are selected to be where the perturbation of the
ultrasonic pulses are largest, irrespective of an unobstructed line-of-sight
between them; for example they may be positioned such that they are not
placed facing opposite to each other.

20
13. Method for determining the flow velocity of fluid flowing in a flow channel having

an internal cross section, the method comprising the steps of;
- generating an acoustic resonance in the flow channel, for a specific
ultrasonic frequency, by use of variations in the internal cross section,

25 - transmitting ultrasonic pulses with said specific ultrasonic frequency into the
flow channel by use of at least one transducer, such that the ultrasonic
pulses propagate through the fluid,

- sensing the transmitted ultrasonic pulses by use of at least one transducer,
and

30 - determining the flow velocity of the fluid based on the transit time or phase
of the ultrasonic pulses or change of the ultrasonic pulse.

14. Method according to claim 13, wherein variations in the internal cross section
comprise area variations of the internal cross section.

35
15. Method according to claim 14, wherein the area variations comprise at least

one enlarged part of the flow channel, the enlarged part comprising an

enlargement of the area of the internal cross section.
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18.

19.

20.

21.

17

Method according to claim 15, wherein the ultrasonic pulse propagates through
an enlarged part of the flow channel.

Method according to any of the claims 13 to 16, wherein the specific ultrasonic
frequency is determined by measuring the signal strength of the received
ultrasonic pulse for a plurality of transmitted frequencies.

Method according to any of the claims 13 to 17, wherein the flow velocity is
determined based on a change of the ultrasonic pulse such that the change at
least partly includes the change in amplitude of the ultrasonic pulse.

Method according to any of the claims 13 to 18, wherein the flow velocity is
determined based on the difference in transit time or phase between ultrasonic
pulses propagating in and against the direction of the fluid flow.

A method for determining the acoustic resonance frequency of a flow channel
comprising variations in the internal cross section, the method comprising the
steps of:

a. generating a fluid flow within the flow channel,

b. transmitting ultrasonic pulses at a selected starting frequency into the flow
channel by use of at least one transducer, such that the ultrasonic pulses
propagate through the fluid,

c. sensing the transmitted ultrasonic pulses by use of at least one transducer,
d. measuring and/or modelling the signal strength of the received ultrasonic
pulses, the signal being a difference in transit time, a difference in phase
and/or a change of the pulses,

e. repeating step a-d for a plurality of transmitted frequencies, optionally
performed as a frequency sweep within a predefined interval of frequencies,
and

f. selecting the frequency at which the highest signal strength is measured,
thereby determining the acoustic resonance frequency of said duct comprising

said internal cross section variations.

A method for determining the positions of transducers within a flow channel
comprising variations in the internal cross section, such that a maximal

perturbation of the ultrasonic pulses is detected, the method comprising the
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steps of:

a. selecting a flow channel geometry, fluid flow velocity, and measurement
frequency,

b. mapping the acoustic field for the selected flow channel geometry, fluid flow
and measurement frequency, preferably by means of flow-acoustic models, and
c. determining positions wherein the acoustic field is maximal asymmetric,
thereby determining the positions of transducers, wherein a maximal
perturbation of the ultrasonic pulses is detected.
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