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Industrial applications involving pulsed ultrasound instrumentation  require complete non-invasive 

setups due to high temperatures, pressures and possible abrasive fluids. Recently, new pulser-receiver 

electronics and a new sensor unit were developed by Flow-Viz. The complete sensor unit setup enables 

non-invasive Doppler measurements through high grade stainless steel. In this work a non-invasive 

sensor unit developed for one inch pipes (22.5 mm ID) and two inch pipes (48.4 mm ID) were evaluated. 

Performance tests were conducted using a Doppler string phantom setup and the Doppler velocity re- 

sults were compared to the moving string target velocities. Eight different positions along the pipe in- 

ternal diameter (22.5 mm) were investigated and at each position six speeds (0.1–0.6 m/s) were tested. 

Error differences ranged from 0.18 to 7.8% for the tested velocity range. The average accuracy of Doppler 

measurements for the 22.5 mm sensor unit decreased slightly from 1.3 to 2.3% across the ultrasound 

beam axis. Eleven positions were tested along the diameter of the 48.4 mm pipe (eight positions covered 

the pipe radius) and five speeds were tested (0.2–0.6 m/s). The average accuracy of Doppler measure- 

ments for the 48.4 mm sensor unit was between 2.4 and 5.9%, with the lowest accuracy at the point 

furthest away from the sensor unit. Error differences varied between 0.07 and 11.85% for the tested 

velocity range, where mostly overestimated velocities were recorded. This systematic error explains the 

higher average error difference percentage when comparing the 48.4 mm (2.4–5.9%) and 22.5 mm (1.3– 

2.3%) sensor unit performance. The overall performance of the combined Flow-Viz system (electronics, 

software, sensor) was excellent as similar or higher errors were typically reported in the medical field. 

This study has for the first time validated non-invasive Doppler measurements through high grade 

stainless steel pipes by using an advanced string phantom setup. 

 

 
 

 

1. Introduction 

 

Ultrasound instrumentation based on Doppler echography in 

the medical field has been of great interest to the fluid engineering 

industry since detailed information on the fluid flow can be 

measured in real-time [1–3]. This technology has already been 

applied in various complex geometries (valves, contractions) as 

well as complex industrial fluid suspensions such as chocolates, 

fiber flows, liquid metals, mineral suspensions and more [4–6]. 

Although good results were obtained in previous studies, the ex- 

perimental setups were installed under laboratory conditions, for 

example, ultrasonic transducers are typically installed with direct 

contact with the fluid medium, which means that holes are drilled 
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into pipe sections or spool pieces [4–7]. Industrial applications 

require complete non-invasive setups due to high temperatures, 

pressures and possible abrasive fluids. Moreover, non-invasive 

setups are mandatory for food and pharmaceutical industries 

where severe hygienic constraints prevent the possibility to drill 

through the stainless steel. Recently a new sensor unit was de- 

veloped and commercialized by Flow-Viz™. The complete sensor 

unit setup enables, for the first time, non-invasive Doppler mea- 

surements through high grade stainless steel [8,9]. 

This work aims at the evaluation of the accuracy of this sensor 

unit through a complete acoustical characterization. For example, 

the knowledge of the sample volume size and beam geometry as a 

function of depth is important for the characterization of the lat- 

eral resolution and accuracy of velocity measurements that can 

vary across the ultrasound beam. Furthermore, the accuracy of 

pulsed Doppler measurements can be affected by installation an- 

gles  (which  affects  the  Doppler  angle  and  thus  the  spectral 
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broadening [10]), the velocity range being measured, as well as 

varying instrument settings such as the Pulse Repetition Fre- 

quency (PRF), amplification gain and gate widths (pulse lengths) 

[11–14]. 

Since the 1970s many studies have been conducted on in- 

vestigating the performance of Doppler ultrasound systems by 

using different phantom test targets. However, very few studies 

(any) about performance testing of transducers for velocity profile 

measurements in industrial fluids have been published in the lit- 

erature. Numerous methods have been previously described for 

assessing the accuracy of commercial Doppler  systems, more 

particularly, the systems used in clinical applications. For example, 

moving string phantoms have been used for calibrating pulsed 

Doppler systems and evaluating the accuracy of velocity estima- 

tion [11–14]. The authors considered this approach well suited for 

quantitative Doppler velocity validation as well as for the assess- 

ment of the sample volume. Rotating discs made from tissue mi- 

micking material were also recently used by Yang et al. [15] in 

order to assess the degree of over estimation of Doppler velocities 

caused by the Doppler angle. Prototype phantoms were developed 

for preclinical ultrasound scanners and it was found that this ap- 

proach is capable of validating the performance of blood velocity 

measurements. Thin plastic tubes were previously designed by 

Eriksson et al. [16] and were used to carry blood mimicking par- 

ticles (scatterers)  through the  ultrasound  sample volume. The 

tubes were suspended in a surrounding liquid that was acousti- 

cally matched to the tube material in order to prevent stationary 

echoes from the walls. This setup was indeed satisfactory for mi- 

micking blood perfusion, however, the tubes could be better ar- 

ranged to achieve better homogeneity of the flow. Another method 

used in the 1970s by Jorgensen et al. [17] was small jet streams. A 

jet stream containing distilled water and 0.5% by volume silicon 

particles to act as sound scatterers was supplied from a 0.2 mm 

glass nozzle. The whole setup was submerged in distilled water 

and an exhaust tube was used to capture the stream before it 

could break into turbulence and mix with the distilled water in the 

tank. The ultrasound sensor was mounted above the jet stream so 

that the jet intersects the sound beam axis. This calibration effort 

was found to be applicable to blood flow as well as the silicon 

solution used, provided that certain parameters (e.g. focal point 

intensity, sample volume length at the noise floor) are defined for 

the scattering characteristics of blood. 

After considering different methods, it was found that the 

moving string phantom test setup was best suitable for this study 

due to its relatively simple experimental setup [14] and the fact 

that 1-D measurements were tested with the aim of verifying 

Doppler velocity measurements. It must be noted that the pre- 

vious studies discussed were based on assessing the accuracy of 

commercially available Doppler ultrasound systems for medical/ 

clinical applications and not fluid engineering applications. In this 

work a non-invasive ultrasound transducer and pulsed ultrasound 

electronics were evaluated for pipe flow measurements for the 

first time. The results of the Doppler velocity measurements were 

compared to the moving string target velocities. 

 

 

2. Methods and apparatus 

 
2.1. Overview of the Flow-Viz electronics 

 
The Flow-Viz™ system is a newly designed and fully integrated 

hardware platform comprising a total of four analog and digital 

electronics boards. The new Flow-Viz™ electronics has been de- 

veloped by SP – Technical Research Institute of Sweden in colla- 

boration with the University of Florence, Schmid Elektronik AG 

Mü c w le , Switzerland), Sika Technology AG and Sika Services 

AG (Zurich, Switzerland) [9,19–20]. The electronics are controlled 

by an industrial PC unit (Beckhoff) comprising a 42.5 GHz Intels 

Core™ i7 quad-core CPU with CFast and SSD memory cards, 8 GB 

RAM, 6 USB 3.0 ports and 2 independent Gbit Ethernet interfaces 

for remote control. The system also features a powerful Pro- 

grammable Logic Controller (PLC) system for improved signal- 

processing capabilities. 

 
2.1.1. Motherboard 

The Motherboard (Schmid Elektronik AG) provides filtering and 

stabilization of the power, 8 analog and digital input and output 

channels; 4–20 mA, 0–10 V, 75 V; 16 bit, 4 PT100 circuits and 

serial ports. The Communications board is a National Instruments 

(NI) sbRIO-9606 module. The sbRIO board has a 400 MHz pro- 

cessor, a Field-Programmable Gate Array (FPGA), 96 DIO lines and 

provides Ethernet, RS232, CAN and USB connectivity. The IOs on 

the base board are controlled from the FPGA on the sbRIO. The 

electronics enable simultaneous UVP, pressure and temperature 

acquisition and signal-processing from multiple sensors. It also 

provides real-time communication capabilities to an industrial PC, 

see Fig. 1. 

 
2.1.2. Pulser-receiver electronics 

The upgraded pulser-receiver electronics is based on a previous 

research board developed by the University of Florence [18]. It 

includes all the electronics needed for the acquisition and pro- 

cessing of ultrasound signals. It features 2 transmit/receive (TX/ 

RX) channels that can work in stand-alone or pitch-catch config- 

uration. The transmitters, based on an Arbitrary Waveform Gen- 

erator (AWG), is capable of producing bursts (e.g. chirps, sinusoidal 

burst), typically at up to 80 Vp-p with a frequency between 0.7 and 

7 MHz. The FPGA (Cyclone family from Altera, San Jose, CA) in- 

cludes coherent demodulators, filters and a Fast Fourier Transform 

(FFT) processor for spectral analysis. The boards are equipped with 

64 MB of SDRAM where acquired raw samples or demodulated 

data can be buffered. The AWG can synthesize coded bursts for 

pulse compression. A high-performance Low Noise Amplifier 

(LNA) with a 0.74 nV/√Hz noise level is used, the switching power 

Notation 

 
c 

fd 

fe 

v 

I 

ID 

IQ 

RPM 

velocity of sound (m/s) 
Doppler frequency (Hz) 

emitted frequency (Hz) 

velocity (m/s) 

intensity 

inside diameter (m) 

in-phase/quadrature 

revolutions per minute 

tb 

T 

y 

electrical driving burst duration (s) 

temperature (°C) 

radial position across pipe diameter (m) 

Greek letters 

θ 
ω 

Doppler angle, (deg) 
angular frequency 
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Fig. 1. The embedded Flow-Viz™ pulser-receiver, sbRIO and motherboard electronics. 

 

noise is canceled in Doppler by the synchronization of the power 

section to the Pulse Repetition Interval (PRI), programmable filters 

allow a fine tuning of the RX bandwidth, the filters and FFT pro- 

cessor work at 24 and 32 bit, respectively. 

The signal conditioning and data processing is performed on 

board by the embedded electronics, which is based on the low cost 

FPGA. The transmitted pulse/burst (from AWG) is processed 

through a linear amplifier and applied to the transducer. The weak 

received echoes are then processed by the LNA and a Program- 

mable Gain Amplifier (PGA) that applies a gain between 7 and 

55 dB with a 0.7–7 MHz bandwidth. The echoes are converted at 

100 Msample/s with 16bit resolution, and transferred to the FPGA, 

where they are demodulated and buffered in the SDRAM. Samples 

received from the same depth are read back in the FPGA where a 

block floating point FFT performs spectral analysis. Module ex- 

traction and programmable averaging is applied to FFT output 

before data are finally downloaded to the host. All of the acqui- 

sition/processing parameters (e.g. analog gain, PRF, depth and 

length of the acquisition window, TX frequency and amplitude, 

demodulation frequency and filter, etc.) can be programmed in the 

FPGA by the host. 

 
2.2. Non-invasive ultrasound transducers 

 

A non-invasive sensor unit was developed [8,9] that consists of 

several components such as a high power ultrasound transducer, 

wedge, attenuator as well as different couplant materials. The 

configuration provides optimum acoustic beam properties, such 

as, beam forming, focusing and coupling, and impedance match- 

ing. It further provides optimum beam path through  material 

layers and into the fluid medium as well as sensor protection. The 

configuration is designed to generate or eliminate different types 

of waves in any solid or semi-solid materials that could be used for 

non-invasive measurements. The sensor “block” can either be an 

integral part of the material wall layer (e.g. pipe wall) or used as a 

clamp-on device. A non-invasive sensor unit (Flow-Viz AB, Go- 

thenburg, Sweden, www.flow-viz.com) made for one and two inch 

stainless steel pipes were evaluated and compared. The sensor has 

an emission frequency of around 2 MHz. Fig. 2 shows the sensor 

unit installed onto a high grade stainless steel pipe. 

 
2.3. Doppler string phantom setup 

 

A moving Doppler string test target was specially designed and 

developed at SP – Technical Research Institute of Sweden. It con- 

tains a high precision DC motor (Maxon Motor AG, Switzerland), 

pulleys, and a string loop (0.45 mm thickness) all mounted on a 

stable PVC frame. The setup can be adjusted so that the string 

target (or Doppler angle) can be varied from 0 to 90°. Movement of 

the string was controlled by adjusting the motor RPM using a high 

 

 
 

Fig. 2. The developed sensor unit allowing non-invasive Doppler measurements through high grade stainless steel. 

http://www.flow-viz.com/
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Fig. 3. Doppler string phantom setup (left) and photo of one inch non-invasive sensor unit submerged in the tank (right). 

 

precision positioning controller and software (EPOS Studio 2, 

Maxon Motor AG, Switzerland). This enabled the user to control 

the speed of the string using a personal computer (PC) connected 

to the DC motor via an USB interface. The target was placed in a 

water tank lined with absorbing rubber to minimize undesirable 

acoustic reflections from the walls. Fig. 3 shows a schematic (left) 

and photo (right) of the Doppler string setup at SP. The sensor unit 

was mounted using a steel plate onto a caliper (accuracy 0.05 mm) 

in order to provide precision movement in the vertical direction 

(y-axis). The unit was lowered into the water so that the pipe 

section was submerged in the water, while the string target moved 

through the pipe. 

A string setup was chosen because it is relatively easy to im- 

plement and can be used to evaluate several different properties of 

an ultrasound system. Similar string phantom designs have been 

used by many investigators, e.g. see [11–14]. The temperature was 

continuously monitored using a thermometer (Testo AG, model 

735, 0.5 °C accuracy). 

 
2.4. Experimental  methodology 

 

In order to fully and accurately characterize the acoustic 

properties and the pressure field emitted by the transducer and 

how it affects the velocity estimation, it is of outmost importance 

to use high-end pulser-receiver electronics. In this work, the new 

state of the art Flow-Viz system (Flow-Viz AB, Gothenburg, Swe- 

den, www.flow-viz.com) consisting of both ultrasound electronics 

and software was used. The AWG can synthesize coded bursts for 

pulse compression but sinusoidal pulse excitation was used here 

to evaluate the performance of the non-invasive sensor. Table 1 

shows the pulse excitation parameter settings used in the ex- 

periments. The combination of the parameters listed in Table 1 

was chosen as they represent typical measurement settings for 

velocity profile measurements in an aqueous industrial fluid. It is 

important to find a good compromise between, spatial resolution, 

penetration depth and measurement accuracy. 

The Pulse Repetition Frequency (PRF) was varied and optimized 

for each string velocity setting so that the maximum measureable 

velocity was close to the actual string velocity in the pipe. The 

number of cycles was set to five, which seems large for this study. 

However,   the   effective   emission   length   was   reduced   by 

 
Table 1 

Flow-Viz parameter settings used for Doppler string study. 

implementing a windowing function. A linear gain setting was 

chosen. However, for attenuating fluids one must often use a 

logarithmic or time-gain compensation table (TDC). The Flow-Viz 

electronics is capable of using all these kinds of gain compensation 

on the receiving side. In this condition both the sample volume 

width and the accuracy of velocity measurements were tested. 

 
2.5. Sample volume shape 

 

The width of the sample volume was tested by using the 

magnitude of IQ data acquired with the string phantom at 11 mm 

depth (close to pipe center) and 0.4 m/s string speed in the 

22.5 mm pipe. Echoes (IQ data) obtained from successive emitted 

pulses (reflecting from the knot as it moves within the sample 

volume space) are recorded. The width is then obtained by the 

envelope of the overlapped measurements. It will be noted that 

the actual shape or geometry of the sample volume can be char- 

acterized in more detail by using the IQ data. For example, de- 

pending on the sample volume geometry, the magnitudes of the 

echo signals are highest at the centre region (of the sample vo- 

lume) and lower at the edges due to decay of ultrasound energy. 

This however is part of a separate study and currently under 

investigation. 

 
2.6. Accuracy of velocity measurements 

 

The string phantom was tested at eight different positions for 

the 22.5 mm pipe tests and eleven positions for the 48.4 mm pipe 

tests. Fig. 4 shows two schematics of the different test positions 

used for pipe ID 22.5 mm and 48.4 mm. 

More depth positions along the pipe radius were chosen near 

the proximal wall as this is the important region for velocity 

profile measurements, two points close to the opposite wall were 

selected in order to evaluate any accuracy decrease in this region. 

Six velocities were tested in the 22.5 mm pipe and five in the 

48.4 mm pipe at each depth position, ranging from 0.1 to 0.6 m/s 

and 0.2 to 0.6 m/s, respectively. The velocity estimator used for the 

measurements was based on the Fast Fourier Transform (FFT) 

method (frequency domain, see Section 3) and an average of three 

velocity measurements was used. The string speed was set as the 

reference value and an error difference percentage was calculated 

for each velocity measurement (128 pulses per measurement). 

Lastly, an average percentage difference value of each velocity 

range was calculated and presented as a function of depth position 

along the y-axis (radial position). The velocity range chosen re- 

presents an industrial application where highly viscous materials 

are pumped at low flow rates. 

Caliper 

Non-invasive 
Y-axis Sensor Unit 

Motor 

String 

Water 

Voltage (Vp-p) Gain (dB) Cycles (#) Pulse (#) Frequency (Mz) 

80 12 5 128 2 

 

http://www.flow-viz.com/
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1mm 
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ID 
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Velocities tested: 

0.1, 0.2, 0.3, 0.4, 0.5 & 0.6 (m/s) 

String positions: 

1, 3, 5, 7, 9, 11, 15 & 19 (mm) 

 
Fig. 4. String positions and velocity range tested for the 22.5 mm (bottom) and 48.4 mm (top) sensor units. 

 

3. Theory 

 
3.1. Doppler velocity estimation 

 

Velocities can either be estimated in the time or frequency 

domain. The complex Doppler signal is given by: 

where fe and θ is the emitted frequency and Doppler angle, re- 

spectively. FFT techniques for velocity estimation  are  typically 

used in the medical industry as well as fluid engineering appli- 

cations due to the computational speed and inherent visualization 

of the Doppler spectra. 

The velocity of sound c is an important parameter as it is di- 
rectly proportional to the Doppler velocity (Eq. (4)). The following 

f (t) = I(t) + iQ (t), (1)   equation was used to calculate the velocity of sound in water as a 

where I(t) and Q(t) are the in-phase and co-phase signal compo- 

nents, respectively. The IQ data are the echo signals, received at 

function of temperature [21]: 

c = 1.40238742*103 + 5.03821344T 

 

− 5.80539349*10−2
 

the same depth, after the demodulation process. The Fourier + T2
 + 3.3200087*10−4T3

 − 1.445379*10−6T 4 

transform of the Doppler signal is calculated as follows: 
+ 2.99402365*10−9T 5 (5)   

f (ω) = ∫ f (t)e−iωt dt, 
 

(2)   where T is the temperature. More complex formulas for calculating 
−∞ 

 

and the power spectrum S(ω) is given by: 

the velocity of sound in water as a function of temperature are 

available in the literature but for this work the added complexity 

of such model would not significantly improve the experimental 

S(ω) = 
^*

 (ω)
^
(ω). (3)   results. 

The Doppler frequency (fd) corresponding to the maximum 

power point or peak is selected (usually the power weighted mean 

is used) for velocity (v) estimation using: 

cf 

 

 
4. Results and discussion 

 
4.1. Sample volume shape and spectral analysis 

v =  d

 , 2 f
e 

cosθ 
(4)   

 
Fig. 6 shows the magnitude of IQ data for the measurement at 

∞ 
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11 mm depth (pipe radius/center) and 0.4 m/s string speed. Be- 

tween gates 700 and 1000 the received echo from the moving 

string can be observed. The shape of the sample volume can be 

described by an exponential rise followed by an exponential decay 

when the envelope is considered. This is also observed elsewhere, 

see e.g. Fig. 5 [6,11,15]. The large echoes (amplitudes) before gate 

500 are due to the wave passing through the coupling material 

and pipe wall, and the echo at gate 1400 is due to the reflection 

from the opposite pipe wall. 

Fig. 6 also shows individual echo signals (bottom panel, gates 

650–1100) as the sample volume moves through the string knot 

with time (or pulse repetitions). It can be seen that the energy is 

highest at the centre of the sample volume. A more in depth 

analysis of the IQ data is needed in order to fully characterize the 

change of sample volume shape (e.g. in two dimensions) along the 

ultrasound beam axis. This is currently under investigation. 

Fig. 7 shows the corresponding Doppler spectra and velocity 

estimation. A constant velocity is present (0.4 m/s) between gates 

780 and 950. This corresponds to the two points where the 

maximum energy drops to 750%. Using the sampling frequency 

(100 MHz) and velocity of sound (Eqs. 5, 1485.4 m/s), a sample 

volume width of approximately 5 mm (170 gates) was calculated. 

This seems realistic when taking the number of cycles, Doppler 

angle, string size and wavelength into account. It must be noted 

that the dimensions of the sample volume shape for a specific 

sensor unit changes with depth position as well as ultrasound 

parameter settings (Table 1), pulser-receiver electronics (e.g. sys- 

tem bandwidth, low-pass filter settings) and test media (in this 

work water was used). 

In this work the velocity at the highest energy point was cho- 

sen as the measured result. In this particular case channel 860 

corresponded to 0.402 m/s. Three more measurements were taken 

and the average was used. 

 
4.2. Velocity error vs. depth position for 22.5 mm sensor unit 

 

The deviation between measured velocities and string velo- 

cities (22.5 mm sensor unit) vs. depth positions is shown in Fig. 8. 

The maximum and minimum deviation was 7.80% and 0.18%, re- 

spectively. Higher deviation was observed for the lower velocities 

(0.1 and 0.2 m/s). This may be because the string jumped very 

slightly at lower velocities due to the string tension. 

Fig. 9 shows the final summary of the average error between 

the measured and string velocities as a function of sample volume 

depth positions. A power-law fit (equation showed in Fig. 9) was 

used and shows that the error slightly increases from 1.3% (1 mm) 

to 2.3% (19 mm). This was expected as the ultrasound energy de- 

creases with increasing distance. The semi-stripe and  striped 

(Fig. 9) lines show that the experimental data were within plus/ 

minus 0.5% of the power-law fit used. 

 
4.3. Velocity error vs. depth position for 48.4 mm sensor unit 

 

Fig. 10 shows the deviation between measured and string ve- 

locities for the velocity range tested (48.4 mm sensor unit). The 

error difference percentage varied between 0.07% and 11.85%. Note 

that from Fig. 10 the majority of measured velocities were over- 

estimated (gray circle) when compared to the Doppler string ve- 

locity. This means that there was a systematic error present which 

was probably due to the string not being completely level with the 

pipe position, i.e. the ultrasound beam. 

The average error difference percentage (absolute values) for 

the 48.4 mm (two inch) sensor unit as a function of depth posi- 

tions is shown in Fig. 11. The average error difference percentage 

increases from 2.4% (1 mm) to 5.9% (37 mm) when observing the 

power-law fit. A similar trend to the 22.5 mm sensor unit was 

therefore observed and this was expected. The striped and semi- 

striped lines represent a plus/minus 1% error curve from the 

power-law fit. It can be observed that all the experimental data 

points are within the power-law  trend.  The higher deviation of 

error differences due to the systematic error (see Fig. 10) explains 

the higher average error  difference  percentage  when  comparing 

the 48.4 mm (2.4–5.9%) and 22.5 mm (1.3–2.3%) sensor unit 

performance. 

 

 

5. Conclusions and future work 

 

The purpose of the presented test methods and investigations 

has been to evaluate the performance and accuracy of the newly 

 
 

 
 

Fig. 5. Ultrasound transducer response and sample volume geometry [17]. 
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Fig. 6. Magnitude of complex signal showing sampling volume axial extension. The bottom panel is a zoom between gates 650 and 1100. Each line is a received echo from an 

emitted pulse. 

 

  
 

Fig. 7. Doppler spectra and corresponding velocity measurement for 11 mm depth 

and 0.4 m/s string speed. 

Fig. 8. Devation of measured velocity from string velocity vs. depth positions for 

22.5 mm sensor unit. 

 

developed non-invasive sensor technology and the Flow-Viz sys- 

tem electronics as well as the adopted signal processing method. 

This is the first study, to the author’s knowledge, about perfor- 

mance testing of Doppler sensors aimed at industrial applications. 

A moving Doppler string test target was specially designed and 

developed and used for the tests. The setup could be adjusted in 

several different ways so that the speed and position of the string 

in the pipe and the pipe diameter could be varied. The results 

showed that measurements errors using the 22.5 mm sensor unit 

ranged  from  0.18  to 7.80%  for  the  tested  velocity  range.  As 

expected the average accuracy of Doppler measurements de- 

creased slightly from 1.3% close to the pipe wall on the sensor side 

to 2.3% towards the opposite pipe wall. The average accuracy of 

Doppler measurements for the 48.4 mm sensor unit ranged be- 

tween 2.4 and 5.9%, with the lowest accuracy at the point furthest 

away from the sensor unit. Error differences varied between 0.07 

and 11.85% for the tested velocity range, where mostly over- 

estimated velocities were recorded. Similar or higher errors were 

typically reported in the medical field, see e.g. [11–12,14]. The total 

uncertainty of the test system consists of uncertainties in the 
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measure the ultrasound beam by using an advanced XY-scanner 

and hydrophone setup. The experiments should also be carried out 

using relevant industrial fluids. This would enable more detailed 

characterization of the sensor unit beam properties as well as 

sample volume dimensions. Such experiments are currently under 

investigation. 
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Fig. 9. Average velocity error vs. depth positions for 22.5 mm sensor unit. 

 

 
 

 

 

 

 

 

 

 
 

 

     

Fig. 10. Devation of measured velocity from string velocity vs. depth positions for 

48.4 mm sensor unit. 
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Fig. 11. Average velocity error vs. depth positions for 48.4 mm sensor unit. 

 

diameter of the drive pulley, speed of rotation, Doppler angle, and 

speed of sound (ultrasound velocity) in water. The new transducer 

technology was demonstrated to have high accuracy for complete 

non-invasive measurements through high grade stainless steel. 

This study has for the first time validated non-invasive Doppler 

measurements through high grade stainless steel pipes by using 

an advanced string phantom setup. 

However, more work is needed in order to fully characterize 

the non-invasive sensor unit performance for industrial applica- 

tions. The velocity range tested was between 0.1 and 0.6 m/s. 

Higher velocities need to be tested in order to determine the 

sensor accuracy for applications with higher flow rates. Sample 

volume dimensions should also be characterized by using the IQ 

baseband echo data and depth positions. Unless the data can be 

accurately extrapolated, this would require measurements at more 

depth positions along the internal pipe diameter, which can be 

time  consuming.  A  good  approach  would  be  to  completely 
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