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ABSTRACT In this work we combine a multipath ultrasonic gas flow meter (UFM) with an ultrasonic air-
coupled phased-array. This allows complementing the advantages of a multipath UFM, i.e. higher accuracy
and more robustness to irregular flow, with the extended velocity measuring range due to sound drift
compensation via a phased-array. We created a 3D-printed flow meter consisting of an 8 x 8 A /2 phased-
array for transmission and 14 individual receivers for seven upstream and seven downstream sound paths.
Measurements were conducted in a test rig with a maximum gas flow rates of 8.3m3s~! (107ms™").
A differential pressure nozzle was used as reference sensor. Three configurations were compared: Parallel
sound paths with a single transmitter; parallel sound paths with the phased-array as transmitter; and
fan-shaped sound paths with the phased-array as transmitter. The signal-to-noise ratio (SNR) and deviation of
measured flow were used as comparison criteria. In addition, we measured the optimum steering angles of the
phased-array required to compensate the sound drift effect. Using the phased-array with the sound drift effect
compensation enabled and disabled, the SNR increases by 10.6 dB and 4.95 dB, respectively, compared to
the single transmitter setup at 83 ms~!. Furthermore, the phased-array with compensation active, extends the
velocity measuring range by 29%, from 83 ms~! to 107 ms~!, while maintaining a similar standard deviation
of the flow measured. Besides demonstrating that a phased-array in a gas flow meter significantly extends
the measurement range, our setup qualifies as versatile research platform for designing future high-velocity
gas flow meters.

INDEX TERMS  Ultrasonic phased-array, gas flow metering, multipath ultrasonic flow-meter, sound
drift effect.
I. INTRODUCTION desired flow velocity averaged over the pipe area v,ye,, due to

LTRASONIC flow meters (UFMs) are widely used in
U industrial applications [1]. Most commonly, the transit
time method is used because of its high accuracy and absence
of moving parts [2].

Using the transit time method, the average flow velocity
across a sound path v,y is calculated using the upstream #yp
and downstream fqown propagation times, the path length L,
measured from the receiver to the transmitter, and its inclina-
tion angle « [Fig. 1(a)], [3], [4], i.e.

L o 0
Yav = 2sin(@) \fdown tup/

However, there is a significant difference between the calcu-
lated average flow velocity across a sound path v,y and the

the lower flow velocities near the walls. In order to obtain
the desired velocity vyre, in a single path UFM, an in-line
calibration is required to provide the meter factor k [1].

In contrast to a single path UFM, multipath UFMs mea-
sure the flow at different sound path locations and do not
require an in-line calibration. Additionally, the accuracy of
the flow meter and its tolerance against irregular flow profiles
is increased [5]. While different multipath arrangements are
possible, e.g. fan-shaped [6], isosceles triangular [7], orthog-
onal or star shaped arrangement [8], the parallel arrangement
of the paths [Fig. 2(a)] is most commonly used [8].

In a multipath UFM, the resulting flow velocity v, 1S
calculated by integrating the flow velocity profile v(y, z) over
two-dimensional sections. The sound propagation already
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FIGURE 1. The measuring pipe consists of multiple transmitters
(T) forming a phased-array for steering its sound beam to target
the receivers (R), and compensate the sound drift effect. There
are seven receivers for the upstream and downstream path
each, not shown in the figure. The gas flow is indicated by the
arrows on the left side. The origin of the coordinate system in
this work is in the center of the phased-array, which is placed
on the x-y-plane and is orthogonal to the z-axis (b). The gas
flows in positive x direction.

integrates the flow velocity across the z direction [Fig. 1(b)],
reducing the integration problem by one dimension. The flow
velocity profile projection onto that single dimension is called
flow-area function F(y) [9]. The flow-area function F(y)
is only measurable at the discrete positions of the paths y;
[Fig. 2 (a)] using the average flow velocities across each path
Vav, i» the path lengths L;, and the inclination angles «;, i.e.

F©i) = Vav, i L;i cos(a;). ()

Ideally, the desired flow velocity v, can be calculated as
an integral across the flow-area function F(y). However, the
integral must be approximated as a weighted sum, since only
a finite number of paths is available [9], i.e.

N
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Varea — / F@)dy ~ Zwi Vav, i- 3)
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The choice of the ideal weights w; and path positions y; is a
standard quadrature problem.

There are four common quadrature methods: Gauss-
Legendre, Tchebychev, Optimally Weighted Integration for
Circular Sections [10], and Tailored [11], [12]. These meth-
ods are compared in [5], [9], [13]-[15] with different con-
clusions, dependent on the profile used. This work uses the
Tchebychev method, due to its closed-form solution.

There are other methods to calculate the velocity vyrea
from the measured velocities v,y, which require an exact
prior knowledge of the pipe configuration and, therefore,
of the flow profile [16]-[19]. These methods lead to a highly
increased accuracy only if the specific prior knowledge of the
flow profile is applicable.

Multipath UFMs have higher accuracy and more robust-
ness to irregular flow distributions. However, the parasitic
sound drift effect limits the range of measurable flow rates.
The sound drift effect is the shift of the sound intensity, due
to the flow velocity, decreasing the noise ratio (SNR). One
option to increase the range of measurable flow rates is to use
broadband transducers and a sophisticated signal processing
algorithm in order to raise the SNR, e.g. [20]-[22]. Another
option is to shrink the transducer aperture in order to get a
wider beam width, which reduces the sound drift effect. Both
options reduce the sound pressure level of the transducers.
However, a third option is to compensate the sound drift effect
mechanically, which includes shifting the transducers [23] or
rotating the transducers [24]. This comes at the downside
of the UFM becoming asymetric. Using a phased-array to
compensate the sound drift effect has the ability to steer
the compensation angle without mechanically changing the
setup. By compensating the sound drift effect, the range of
measurable flow rates can be extended.

FIGURE 2. In this work, three different possibilities (b1, b2, c) of using a phased-array in a multipath UFM are evaluated
and compared to a reference multipath UFM with single transducers (a). The UFMs are cut on the plane x + z = 0 and
viewed from aside. In (b), the single transducers from the reference UFM are replaced with phased-arrays in order to
increase SNR and to be capable of sound drift compensation. This layout is examined with and without compensation
of the sound drift effect. In (c), the sound paths are arranged in a fan-shaped path arrangement, in order to require only
one phased-array while maintaining the increased SNR and the capability of sound drift compensation. This layout is

examined with compensation enabled.
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A phased-array consists of multiple, specifically arranged
transducers. If all transducers are used for transmission,
the interference of the sound waves will create a direc-
tional radiation pattern, consisting of one high-intensity main
lobe and several side lobes for a half wavelength maximum
inter-element spacing d = A/2. The direction of the main
lobe is steerable using time-delayed transducer driving sig-
nals, also called beamforming.

Ultrasonic phased-arrays have been used in various ways
for flow metering. The basic idea of using phase-shifted
transmitter or receiver signals in a flow meter has been ini-
tially patented by Lowell [25]. Hall [26] transmits a pulse
to a reflector and estimates the direction of arrival of the
reflection. Then, the flow velocity is calculated based on the
angle of arrival. Kang er al. [27] use each single transducer
in an array for transmitting to a common receiver. Using this
spatial averaging technique, they generate as many acoustic
paths as there are transducers in the array, which are then
averaged.

In this work, an air-coupled ultrasonic phased-array [28]
with an inter-element spacing of d = /2 is used to trans-
mit grating-lobe-free beamformed sound burst to different
receivers, while compensating for the parasitic sound drift
effect. The compensation of the sound drift effect using a
phased-array has been proposed for liquids by Dassler [29],
and for gases by Kang et al. [30] and in our previous work
[31]. In [30] and [31] various manufactured phased-arrays
were tested on single path arrangements in gas flow meters
with flow rates up to 0.694m3s~! (41.5ms™!). In [32],
we experimentally prove the resulting extension of the veloc-
ity measuring range up to 7.8 m3s~! (100ms~") using this
technique on single path arrangements in gas UFMs.

In this work, we examine whether and to what extent using
a phased-array in a gas flow measurement setup will extend
the measuring range by increasing the SNR via sound drift
effect compensation with the addition of multipath support,
based on our previous work [32]. This allows us to introduce
a versatile setup, that acts as a research platform, capable to
support the design of future UFMs with optimum inclination
angles for specific velocity ranges up to 107 ms™!.

This paper is structured as follows: At first, the flow rig
to test the constructed UFM (Section II-A) and the mechani-
cal setup of the UFM in the proposed layout (Section II-B)
are described. Next, the transducers used (Section II-C)
are shown, followed by the analysis of optimum steering
angle, transit time, and received amplitudes (Section II-D).
Then the measurement results are presented and discussed
(Section III).

Il. METHODOLOGY

We will examine three different configurations of a multipath
UFM using phased-arrays in a test flow rig, and compare
them to our reference UFM, which is a parallel path single
transmitter multipath UFM [Fig. 2(a)]. The reference UFM
is designed to be as close as possible to the phased-array
UEFM, in order to ensure comparability. First, the parallel path
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setup with multiple phased-arrays as transmitters is exam-
ined [Fig. 2(b1)], without using the ability of the phased-array
to dynamically compensate the sound drift effect. Second,
the same setup is used, but with the compensation of the
sound drift effect enabled, in order to investigate the effect
of the sound drift compensation [Fig. 2(b2)]. Third, the
fan-shaped path setup [Fig. 2(c)] is examined, as this is a
cost-effective option with a single phased-array as transmitter
required. In order to optimize the construction effort, all
these UFM types are integrated in a single 3D-printed pipe.
The parallel path arrangement with multiple phased-arrays is
imitated sequentially using the fan-shaped path arrangement
with only a single phased-array. At first, the measurement
along the red path is conducted. Then, the fan-shaped arrange-
ment [Fig. 2(c)] is rotated counterclockwise (r) around the
x-axis by B1. Now, the measurement is conducted along the
blue path, which is then equal to the blue path in the parallel
path arrangement [Fig. 2(b)]. This procedure is repeated for
the green path (72, B2) and the purple path (3, 83).

A. SETUP OF THE FLOW RIG

We analyze our UFM using a test flow rig capable of pro-
viding a volumetric airflow of 8.3 m3s~! (107ms~!), which
is build according to ISO 5801:2017(E) [33]. The airflow
is kept constant during the measurement, with its variation
being below the accuracy of the reference meter. As reference
meter, the volumetric flow rate is measured with the differen-
tial pressure method across a calibrated ISA-1932 type nozzle
(DIN EN ISO 5167-3 [34]). The flow rig is described in more
detail in [32]. Environmental measurements required for the
flow calculation are conducted with a combined temperature,
pressure and humidity sensor BME280 (Bosch, Stuttgart,
Germany).

B. MECHANICAL DESIGN OF THE UFM SETUP

In this section, the mechanical setup of the multipath UFM
with phased-array as transmitter [Fig. 2(c)] is described at
first. The pipe construction is outlined and the receiver posi-
tions are derived. At last, we specify how we use this con-
structed UFM to measure in a parallel path arrangement either
with phased-arrays as transmitters, or with single transmitters
instead.

The pipe of the UFM has an inner diameter of 315 mm and
is 3D-printed using a Fused Deposition Modelling (FDM)
[35] 3D-printer (CR-10S5, Creality 3D) [Fig. 3(c)]. The pipe
is printed in two halves and bonded with adhesive. On top of
the pipe is space for the ultrasonic phased-array [Fig. 3(a)].

In our fan-shaped setup, the acoustic paths are arranged
according to a transformation from parallel paths to
fan-shaped paths of the Tchebychev method. The Tcheby-
chev method provides closed form solutions for the posi-
tions of the paths % = cos[mi/(N 4+ 1)] and the
weights w; tc = /(N + 1)sin[wi/(N + 1)], and does not
use any assumption on the flow. The volumetric flow Qmeas
can be calculated with a weighted sum of the measured veloc-
ities using the radius of the pipe R, the number of paths N, the
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FIGURE 3. The UFM consists of a 3D-printed pipe with seven
receivers for the upstream and downstream path each (a).

On top, there is the transmitting phased-array with its
3D-printed waveguide (b). The phased-array mounting can be
detached and replaced with various 3D-printed mountings
holding two single transducers, which point to specific
receivers (c). The complete pipe can be mechanically rotated
around the x-axis in steps of 22.5° for sequentially imitating a
parallel path ultrasonic flow meter with either a phased-array or
single transducer as transmitter.

measured velocities v,y i, the lengths of the paths L;, and the
inclination angle «; [9], i.e.

N
Omeas = R Z Wi, TC Vav,i L; cos(a;). 4)
i=1
Since the Tchebychev method only features parallel paths,
a transformation from the positions of the parallel paths y;
to the angles between the fan-shaped paths B; is required.
With this transformation the path lengths remain equal to the
parallel path arrangement, i.e.

Bi = arcsin (%) . &)

This transformation in 3D is known as rebinning in computer
tomography [36], [37]. With the Tchebychev arrangement
method, the angles f; are exact linearly dependent on the path
index i, i.e.

5= (1 2i T
' N+1/) 2

Here, N is the number of paths, for which we chose N = 7.

The receivers in each upstream and downstream direction
are positioned all on the same plane x — |z| = 0 for z € [0, D]
and y € [—%, %], leading to different inclination angles
a; = arctan (cos B;) on each path. Therefore, the angles
of the ultrasonic paths are (om, Bm) = {(20.94°, 67.5°),
(35.26°, 45°), (42.73°, 22.5°), (45°, 0°)} and the correspond-
ing mirrored angles.

forie{1,2,....,N}. (6
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The UFM in the parallel path arrangement [Fig. 2(b)] is
sequentially imitated from the layout in the fan-shaped path
arrangement [Fig. 2(c)]. This is done by mechanically rotat-
ing the UFM by the angle §; around the flow axis. Each time
the fan-shaped arrangement is rotated by f;, one path is verti-
cal, and, along that path, the measurement is conducted. After
all the path velocities v,y are measured, they are combined to
imitate a parallel path UFM. The flow rig pipes can only be
turned discretely in steps of 22.5°, which is the rationale to
choose the aforementioned N = 7 sound paths. Due to the
radially symmetric flow profile in the test rig [38], the flow
measurements will be symmetric. Therefore, the pipe only is
mechanically turned to four directions instead of seven.

In order to provide a reference for these two phased-array
setups, we additionally require a single transmitter multipath
UFM. Therefore, the phased-array inset can be replaced with
one of four 3D-printed mountings pointing in the four direc-
tions of the receivers into which the two single transducers
are inserted [Fig. 3(b)].

The UFM design presented is a nonreciprocal UFM,
since a flow measurement is conducted with two different
receivers each for the upstream path and the downstream
path [Fig. 1(a)]. UFMs which compensate the sound drift
effect mechanically are usually nonreciprocal [24], [39],
which leads to a small offset error at zero flow [40]. However,
as the aim is to measure flow at high velocities, this error is
acceptable, as it is below other sources of error. The reference
method with single transducers is also built as nonreciprocal
UFM for comparison purposes.

C. TRANSDUCER IN THE UFM SETUP

The transducers used for the phased-array and also for the
single transmission are efficient, low-cost, narrow-band, air-
coupled transducers of type MA40S4S (Murata Manufactur-
ing Co., Nagaokakyo, Japan) with a resonance frequency of
40kHz and a diameter of d; = 10 mm. The receivers are of
type MA40S4R (Murata).

The ultrasonic phased-array has an 8 x 8 uniform rectan-
gular arrangement with a 3D-printed waveguide [Fig. 3(a)]
to reduce the effective inter-element spacing from d; to
dy = 43mm ~ X/2 for grating lobe free beamforming
[28]. The different lengths of the waveguide are compensated
by delaying the signal of the corresponding transducer m by
Aty [41]. In order to steer the sound beam to a given angle
(og, Bs), the time delay of the m-th transducer Aty ,, is

Ats,m =[x sin(a) + Y sin(Bs) cos(as)] /¢ + Aty m, @)

where (x;,,,V) are the coordinates of the m-th transducer. The
impact of the waveguide on the sound pressure field of the
array was examined in previous work [41], [42].

We use identical transceiver electronics for all of the
14 receivers, the phased-array, and the single transmitters.
The signals are sampled with a rate of 195kSas~!. The data is
sent to a PC via Ethernet. The electronics and the waveguide
have been utilized for 3D imaging in [42], where they are
described in more detail.
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FIGURE 4. A worst case signal received consists of a small
amplitude direct signal and higher amplitude reflected signal.
The signal is filtered (red) and the envelope is extracted (blue).
The transit-time is extracted using a threshold-tangent
intersection approach (black). The amplitude is defined as the
RMS value of the first three cycles after the tangent intersection.
These algorithms have been selected to cope with the changing
signal shape at varying steering angles and to evaluate only the
first incoming signal.

D. ANALYSIS OF OPTIMUM STEERING ANGLE, TRANSIT
TIME, AND RECEIVED AMPLITUDE

The aim of the data evaluation is to obtain the following three
parameters for each flow rate. First, the ideal compensation
angle, which is the steering angle of the phased-array in
order to receive a maximum amplitude. Second, the overall
received amplitude is evaluated. Third, the overall transit time
is evaluated, that is used to calculate the flow velocity.

Received amplitude at 0 ms™!

Azimuth angle 8 (°)
Azimuth angle § (°)

-50 0 50 =50 0
Elevation angle o (°)

Received amplitude at 70 ms™!

Elevation angle o (°)
(@ (b

In order to determine the ideal angle for sound drift com-
pensation for each flow rate, first, we define a grid of possible

discrete angles in steps of 3°,i.e. « € {—84°, —81°,...,69°}
and B € {—85.5°,—82.5°...,85.5°}. The phased-array
sends a beamformed five-cycle burst of Vp,, = 20V at

f = 40KkHz to each angle on the grid, while all receivers
are recording the signals. This processs takes 20 ms on our
hardware. This is repeated 25 times and the signals are aver-
aged. The averaged received signals are then upsampled and
filtered.

We define the received amplitude as the RMS value of
the first three cycles, as there are additional acoustic reflec-
tions arriving shortly after the direct signal (Fig. 4). They
occur especially when the main lobe is steered to the wall,
so that the sound reflects to the receiver, or when the main
lobe is steered to the opposite direction, due to side lobe
reflections. Since the phased-array searches for an opti-
mum angle, it tries every angle and, therefore, also these
critical angles at, e.g. § = 45° or the depicted angle at
(o, B) = (—66°,0°) which is recorded with the upstream
center receiver (Fig. 4). In this case, the received signal is
the superposition of a low-amplitude direct signal from a side
lobe of the phased-array and a high-amplitude delayed signal,
due to the longer reflection path. The received amplitudes for
each transmission direction are smoothed with a 2D Gaussian
filter with o = 10°, in order to filter out ripples (Fig. 5). The
optimal compensation angle corresponds to the maximum of
this smoothed amplitudes.

Second, we define the overall received amplitude as the
received maximum amplitude at the ideal compensation
angle. If the sound drift compensation is inactive, the overall
received amplitude will be obtained from the received ampli-
tude at the receiver direction (Fig. 5). The overall received

Received amplitude at 70 ms™!

0
= 3
= "
: g
£ =
£ £
.
o Maximum
50 50 0 50

Elevation angle o (°)
(©)

FIGURE 5. The phased-array steers to « and g directions in 3° increments in both dimensions. At each increment a burst is sent
which is received by the single transducers and evaluated for its amplitude. With zero flow, the receiver at 8 = 22.5° (x) receives the
maximum amplitude, when the phased-array is steered to its direction (a). The features next to the main beam are caused by the
directivity pattern of the phased-array in the first few periods of the sound burst. When the air velocity is 70 ms=1, the phased-array
must steer to a different angle to receive the maximum amplitude (b). Due to the flow, the received amplitude is scattered and the
maximum received amplitude (o) includes noise. In order to address this problem, a Gauss-filter is applied for smoothing (c). The
position of the maximum smoothed received amplitude is used as the ideal compensation angle.
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amplitude s and the root mean square (RMS) noise ampli-
tude n, measured in a 1 ms interval before each pulse trans-
mission are used for SNR evaluation, i.e

)
SNR = 10 - log (—2) . ®)
n

Third, the transit time evaluation algorithm is based on
the envelope of the averaged received signal, as proposed by
Mu et al. [43]. The threshold detection on the envelope of
the averaged received signal is performed in a single expec-
tation window calculated in advance, based on the possible
propagation times, in order to reduce the computation time.
The zero-crossing of the tangent at the threshold is used to
estimate the transit time of the signal, resulting in similar
transit times for varying amplitudes of the incoming signal
(Fig. 4). This gives good results for our data. The aim of
this transit time evaluation method is to evaluate only the
first, direct signal, and not the reflections. In order to reduce
inaccuracies, all measured transit times in a small area with a
radius of 5° surrounding the optimal compensation angle are
averaged to obtain the overall transit time. If the sound drift
compensation is inactive, we use the measured transit times
in a circle with the same 5° radius surrounding the receivers
direction.

Dead times #geag to compensate for geometry and beam-
forming delays are subtracted from the overall transit time so
that the resulting compensated transit-time corresponds to the
sound path in the pipe, that is

fdead = td,wg + td,rp + td,ar~ (9)

The time t4,wg is the propagation delay due to the waveguide,
f4,rp 18 the propagation delay due to the receiver pocket, and
t4,ar 1s the beamforming delay calculated from the width of
the array dray, the steering angles o and B and the tempera-
ture dependent speed of sound c, i.e.

da;ay (sin(a) + sin(B) cos()) . (10)
C

The compensated transit time with zero flow is used to cali-
brate for offset errors due to the nonreciprocity of the UFM.
The offset error is different for each path and around +10 us.

The flow velocity of each path [Eq. (1)] and the volumetric
flow [Eq. (4)] is evaluated from the compensated transit
times. Two comparison parameters are calculated from all
measured volumetric flow rates. First, the standard deviation
of the volumetric flow values is estimated using the empiric
standard deviation from all transit-time measurement in the
area surrounding the target angle. Second, the average flow
error is calculated as the difference of the mean measured
flow rates and the reference flow normalized to the end value.

td,ar =

lll. RESULTS AND DISCUSSION

A. MEASURED IDEAL COMPENSATION ANGLE

The compensation angles are measured at each flow rate by
scanning every angle and denoting the maximum received
amplitude. In order to compensate the sound drift effect, the

VOLUME 2, 2022
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FIGURE 6. The compensation angles are measured for each
receiver and each flow rate. The o’s are the receiver positions in
the fan-shaped path arrangement. On the left are the upstream
receivers and on the right are the downstream receivers. The
gray ovals are the 95% confidence intervals of the
compensation angles.
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FIGURE 7. The compensation angle for the center receiver
measured in this work is compared with the compensation
angles measured by Kang et al. [30]. Kang et al. use a different
mechanical inclination angle «g = 30° than compared to this
work «g = 45°. However, when considering the percentage
angle deviation, the data matches well.

phased-array has to steer in —x direction, against the flow,
as expected (Fig. 6). Additionally, the phased-array steers
orthogonal to the flow. For the upstream direction, it steers
outwards and for the downstream direction, it steers inwards.
This is due to sound refracting orthogonal to the flow, in the
direction of the flow profile gradient [44].

In order to validate the compensation angles measured,
they are compared with Kang et al. [30] (Fig. 7), who
measured compensation angles at the centric receiver at
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FIGURE 8. The SNR at the 8 = 0° upstream receiver is the lowest
absolute SNR for all four measurement methods. We consider
the measurements with less SNR than 6 dB (black line)
unreliable.

flow rates up to 41.5ms~!. The compensation angles mea-
sured by Kang er al. have been numerically validated by
Choudhary et al. [45]. Since Kang et al. [30] used differ-
ent mechanical angles compared to this work, only the
percentage angle deviation is available for comparison.
Kang et al. also use a different pipe diameter, but the com-
pensation angles are independent from the pipe diameter [45].
At41.5ms™!, the upstream angle variations deviate by only
3% and downstream by 5 %. Systematic deviations at the
downstream angles are possibly due to a mechanically tilted
installation. Nevertheless, the deviations are small, since the
angle step size used for compensation angle determination
is 3°=6.6 % in this work. Therefore, our results confirm the
findings of Kang et al. [30] and go further, as we measured
the compensation angle in a higher velocity range up to
107 ms™!, and, additionally for six off-centric receivers.

B. COMPARISON OF THE CONFIGURATIONS

The conventional method with single transducers as
transmitters and parallel paths [Fig. 2(a)] is compared to
three phased-array based methods: The parallel path with
compensation disabled [Fig. 2(b1)], the parallel path with
compensation enabled [Fig. 2(b2)], and the fan-shaped path
arrangement with compensation enabled [Fig. 2(c)]. In order
to compare these, the SNRs (Fig. 8) and the measured flow
values (Fig. 9) are used.

Using a phased-array provides 11.1dB more SNR than
using single transducers as transmitters at zero flow. This
SNR difference is expectable, as the energy of all 64 transduc-
ers in the phased-array add up to an increase of 101log(64) =
18 dB, when they all constructively interfere with each other.
There are about 7 dB losses due to the small openings in the
waveguide for each transducer and the impedance mismatch
between the waveguide and the free space.
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FIGURE 9. The measured flow velocity (a) is close to the
reference flow velocity measured with a difference pressure
nozzle. The phased-array methods with compensation feature a
larger range of measurable flow rates, due to their higher SNR
(Fig. 8). The average flow error (b) indicates an offset at all
phased-array methods. However, this can be removed by
calibration. The error bars are the standard deviations, which
increase with decreasing SNR.
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Without compensation, the SNR advantage of the
phased-array compared to the single transducers decreases
from 11.1 dB to 4.95dB at 83 ms~!'. When the compensation
is enabled, the SNR advantage of the phased-array is main-
tained at higher flow rates (10.6dB). At a flow velocity of
107 ms~! it s still possible to reliably measure flow with the
phased-array. This allows a higher range of measurable flow
rates, since we defined a minimum SNR of 6dB as being
required for measurement.

The SNR decrease of the phased-array method without
compensation (Fig. 8) compared to the single transducer
method can be explained by the narrow sound beam not
being aligned to the receiver. This decrease is not observed
at the single transmitter, as it has a much smaller aperture
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size and a wide sound lobe. When the aperture size of the
single transmitter is larger, similar results to the phased-array
setup without compensation are expected. The larger aper-
ture leads to more SNR and a more severe sound-drift
effect.

The RMS difference between the fan-shaped configura-
tions with compensation enabled and the parallel path con-
figuration with compensation enabled, averaged over all
receivers, is only 3 dB. This RMS difference is small com-
pared to an average SNR of 25.8 dB of the fan-shaped con-
figuration. Due to the radial symmetric flow, a significant
difference between the parallel and fan-shaped path arrange-
ment was not expected. The fan-shaped arrangement has been
previously examined theoretically by Tereshchenko [6]. For
radial asymmetric flow the fan-shaped arrangement intro-
duces a systematic error.

In order to calculate the flow velocity, the length of the
direct distance between finite-sized transmitter and receiver
is required. In the case for which the sound drift effect is
not compensated [Fig. 9(a), red], the start and the end of
the wave propagation is unknown, resulting in a too short
length being used, and, thus, a too low velocity with higher
uncertainty being calculated. The array methods with com-
pensation enabled [Fig. 9(a), green and purple] feature a
lower error with the remaining deviation being caused by
the uncertainty at the receiver side regarding the sound path
length.

For industrial applications of a phased-array in a UFM the
scanning technique, used in this work, is not feasible due
to the large amount of sound bursts to transmit and receive.
Instead, it is possible to measure the compensation angles
in advance or use theoretical estimations for compensation
angles. A more elaborate method is a continuous approach,
where each flow measurement adds some information to the
compensation angle estimation.

Using a phased-array in a multipath UFM raises the com-
plexity significantly. A different setup using broadband trans-
ducers and a more sophisticated signal processing algorithm
also has the potential to increase the range of measurable
flow rates with a lower complexity by raising the SNR, e.g.
with [20]-[22]. However, a more sophisticated narrowband
signal processing algorithm is applicable to the phased-array
method if the compensation angles are known in advance, e.g.
by measuring them as shown in this work.

IV. CONCLUSION AND OUTLOOK

In this paper, we compared three different configurations for
using a phased-array in a multipath flow meter with a con-
ventional multipath setup at flow velocities up to 107 ms~".
We found that using a phased-array increases the SNR of the
measurement compared to a single transmitter arrangement.
By compensating the sound-drift effect with the phased-array
more SNR is received at high flow velocities. Therefore,
we showed that using a phased-array for gas flow measure-
ment in a multipath arrangement leads to an extension of
the range of measurable flow rates. Compared to the single
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transmitter arrangement, a relative accuracy improvement
when using a phased-array with compensation enabled was
found.

A single phased-array in the fan-shaped arrangement is
a viable and cost-effective option, compared to a parallel
path setup with multiple arrays. However, the parallel path
arrangement is optimal for radial asymmetric flow profiles.
Besides that, the phased-array always is recommended to be
used with sound drift compensation enabled, since it provides
more SNR at high flow rates. As the sound drift effect also
occurs orthogonal to the flow, a 2D phased-array is necessary
for full compensation.

The phased-array multipath UFM presented is a research
platform to evaluate compensation angles for different flow
velocities, which will be used as transducer mounting angles.
In future, the phased-array method can be used to extend
the range of measureable flow rates, particularly when other
methods to extend the range of measurable flow rates are not
applicable or already applied.

In future work, we will simulate the ideal compensation
angles using ray-tracing and compare them to the measure-
ments. Additionally, we will examine further use of these
compensation angles as mechanical mounting angles for con-
ventional single transducer multipath UFMs. Another future
experiment is adding a second phased-array on the receiver
side for increased accuracy.
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