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Abstract— The newly developed Flow-Viz rheometric system is 
capable of performing detailed non-invasive velocimetry measure- 
ments through industrial stainless steel pipes. However, in order 
to improve the current design for non-invasive measurements in 
industrial fl , pulsed ultrasound sensors need to be acoustically 
characterized. In this paper, acoustic characterization tests were 
carried out,  with the aim of measuring the ultrasound beam 
propagation through stainless steel (SS316L) pipes and into 
water. For these tests, a high-precision robotic XYZ-scanner and 
needle hydrophone setup was used. Several ultrasound sensor 
confi urations were mounted onto stainless steel pipes, while 
using different coupling media between the transducer-to-wedge 
and sensor wedge-to-pipe boundaries. The ultrasound beam 
propagation after the wall interface was measured by using a 
planar measuring technique along the beam’s focal axis. By using 
this technique, the output for each test was a 2-D acoustic color 
map detailing the acoustic intensity of the ultrasound beam. 
Measured beam properties depicted critical parameters, such as 
the start distance of the focal zone, focal zone length, Doppler 
angle, and peak energy within the focal zone. Variations in the 
measured beam properties were highly dependent on the acoustic 
couplants used at the different interfaces within the sensor unit. 
Complete non-invasive Doppler ultrasound sensor technology was 
for the fi st time acoustically characterized through industrial 
grade stainless steel. This information will now be used to further 
optimize the non-invasive technology for advanced industrial 
applications. 

Index Terms— Non-invasive ultrasound sensor, pulsed 
ultrasound, velocimetry, ultrasonic transducer, acoustic 
measurements. 

I. INTRODUCTION 

ULSED ultrasound based velocity profile measurement 

in industrial pipe flow has now reached a high level of 

development, since its first application to general fluids [1]. 

When  Pulsed  Doppler Ultrasound Velocimetry (PUV)  was 

combined with Pressure Difference (PUV+PD) measurement, 

the PUV+PD technique for measuring fluid flow properties 
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was developed [2]. PUV+PD is mainly used as an in-line 
rheometric technique for quality control purposes [3]–[6]. 

Over the past decade, the PUV+PD technique has been 
continually  optimised  and  evaluated  for  a  wide  range  of 

complex industrial fluids, however, no commercial in-line 
rheometric system  was developed for industrial implemen- 
tation. Recently, Flow-Viz a novel, non-invasive rheometric 

system based on the PUV+PD methodology was developed 
under collaborative research between SP – Technical Research 

Institute of Sweden (SP), Gothenburg and Flow Process and 

Rheology Centre (FPRC) at Cape Peninsula University of 

Technology (CPUT), Cape Town [7]. The commercially avail- 

able Flow-Viz system consists of three integral parts which 

are the operator’s panel, system software and the non-invasive 

sensor unit [7]. The main problem which still persists, and 

requires more attention is related to the development of more 

advanced non-invasive ultrasound sensor technology [8]. The 

ideal ultrasound  beam required  for accurate measurements 

should be able to penetrate across the entire measurement 

depth, especially in highly attenuating industrial fluids. More- 

over the beam should be as narrow as possible throughout 

the measurement depth, inorder to achieve a higher spatial 

and lateral resolution [9]. With the new non-invasive sensors, 

the beam geometry is influenced by different material bound- 

aries such as the coupling material and pipe walls, before it 

propagates into the fluid medium. Hence, knowing the beam 

properties of current sensors within such setups is of prior 

importance in the development of improved sensor designs. 

This work was aimed at the acoustic characterisation and eval- 

uation of Flow-Viz ultrasound sensors for non-invasive veloc- 

ity profile measurements through stainless steel pipes. None 

of the new sensor configurations were previously acoustically 

characterised. The tests investigated the propagation of the 

pulsed ultrasound beam from sensors using different couplant, 

wedge and transducer technologies. 

The focus was on comparing the effectiveness of different 

couplants and sensor configurations, in order to develop the 

next generation non-invasive ultrasound sensor technology. 

A. Pulsed Ultrasound Velocimetry (PUV) – Theoretical 

Background 

The primary sensing element in a pulsed ultrasound 

velocimetry     system     is     the     ultrasound     transducer. 
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The performance of  a  PUV  system  is  highly  dependent 

on the type of ultrasound sensor used [10]. To carry out a 

one-dimensional velocity profile measurement, the ultrasound 

transducer is excited by the pulser/receiver electronics to 

transmit preprogramed repetitive ultrasound pulses at a fi ed 

interval known as the pulse repetition interval (PRI). The 

transmitted ultrasound beam is divided into a number of 

segments known as gates or channels. Each of these gates 

returns an echo signal from a target particle at a certain depth 

along the ultrasound beam axis. Hence, each gate is in fact 

a measuring volume by which the axial velocity of a target 

particle is calculated [10]. Detailed descriptions of the PUV 

principle of operation can be found in [3] and [11]–[13]. The 

main equation which is used to calculate the velocity v at 

different axial depths, is given by (1): 

 

 
 

Fig. 1.   Non-invasive ultrasound sensor setup showing beam incidence angle 
at boundary layers. 

v = 
cfd 

2 f0 cos θ 

 

(1) 

where f0 is the fundamental transmission frequency, c is the 

velocity of sound, fd the Doppler shift frequency and θ is the 

Doppler angle (angle between the ultrasound beam axis and 

the pipe axis). To efficiently transmit the pulsed ultrasound 

beam into the fluid under test at a predetermined Doppler 

angle, there needs to be an effective mechanical construction 

in place to hold the transducer in position, together with a 

suitable coupling medium to facilitate the transmission of 

acoustic energy [14]. Several mounting fixtures have been 

described by authors and most of these are invasive flow 

adaptor designs [15]. The flow adaptors normally include a 

transducer which is pulled back some distance from the inner 

pipe wall; creating a cavity to cater for the elimination of the 

near-field distance, where variations in the ultrasound field 

are non-uniform [9], [16]. In other configurations, the sensor 

is installed in flush with  the inner  pipe wall  as described 

in [3] and [17]. Another design in which the transducer is 

in flush with the inner pipe wall is that presented by [9]. This 

assembly was used prior to the development of the Flow-Viz 

non-invasive sensors. The main difference with other in flush 

installations was that a special delay line material was fitted 

in front of the transducers [9]. With the delay line sensor, 

improved velocity profi were noted especially in the near 

wall region. To improve the accuracy of measurements as well 

as to advance the PUV+PD technology to applications within 
the food processing industry a non-invasive sensor solution 

was needed. Food processing applications require non-invasive 

and non-intrusive sensor installations which comply with the 

industry’s hygienic standards. Moreover, the  former  delay 

line setup presents a safety hazard when high pressures or 

temperatures are present during measurements and therefore 

a completely non-invasive sensor unit had to be developed. 

With the  new  non-invasive sensor  configuration, the  drive 

is to  obtain  an  ultrasound  beam  with  a  focal  point  right 

at the pipe wall in order to avoid erroneous measurements 

within the near wall region where the velocity gradient is the 

highest. Secondly, sensors need to emit high intensity beams 

which cover the  pipe diameter, even in  highly attenuating 

fl . These advances will greatly increase the measurement 

capabilities of the PUV system. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2.   Percentage errors in axial velocity due to error in Doppler angle. 

 

B. Non-Invasive Sensor Technology 

A completely non-invasive ultrasound sensor solution which 

is capable of measuring through stainless steel (SS316L), was 

developed by Flow-Viz  [8]. The new  non-invasive sensors 

require a coupling material between the sensor surface and 

the outer pipe wall in order to improve the acoustic coupling 

between the sensor surface and the outer pipe wall. The 

improved coupling corresponds to an increase in ultrasound 

transmission [14]. Acoustic couplants can either be liquid or 

solid materials and must be placed accordingly at the different 

sensor boundaries. Fig. 1 shows a typical non-invasive setup 

illustrating critical parameters such as the Doppler angle θ. 

The acoustic couplants used at the different interfaces 

should be chosen correctly, so as to obtain a specific 

Doppler angle and desirable  focal  zone  properties,  which 

are consistent for the different sensor configurations. For 

example, [18] and  [19]  describe  the  necessary  guidelines 

for non-invasive sensor installations. Factors such as proper 

preparation and cleaning of the mounting surface greatly 

improve the measurements if procedures are adhered to. The 

authors of [20] further pointed out that the effective function of 

acoustic couplants in facilitating optimum transmission of the 

ultrasound beam through boundary layers is highly influenced 

by the test conditions. Acoustic properties of couplants are 

greatly dependant on temperature, and thus proper care has 

to be taken in considering a specific couplant for temperature 
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Fig. 3.   (a) XYZ-scanner setup. (b) Schematic of XYZ-scanner experimental setup showing data acquisition system components. 
 

extensive industrial applications, especially if a longer cou- 

plant replacement time is required. The effect of couplants 

on critical beam properties (e.g. Doppler angle, intensity dis- 

tribution) for industrial stainless steel pipe coupling is further 

discussed as a major part of this paper. As shown in (1), correct 

values of the velocity of sound c and the Doppler angle θ 
need to be determined with good accuracy in order to obtain 

correct values of the measured axial velocity distribution. For 

non-invasive sensor configurations, several sources of error 

in the Doppler angle usually result from misalignment or 

misinterpretation of the ultrasound beams axis to that which is 

normally measured on the physical sensor unit. Fig. 1 shows 

that with the non-invasive setup, the initial ultrasound beam 

angle α is not the same as the final propagation angle θ, 

since the ultrasound beam passes through several materials 

of different sound speeds. 

In an effort to show the importance of using the correct 

Doppler angle for velocimetry measurements, [21] described 

the relationship between the errors in Doppler angle and the 

resulting errors in the determined axial velocities. Based on 

the reference Doppler angle used in [21] i.e. 20°, a Doppler 

angle error of ∼30% was seen to introduce corresponding 

velocity errors of ∼5%. A similar analysis was done for this 
work to determine the velocity variation due to an error in the 

Doppler angle. In this case, a Doppler angle of 70° was taken 

as the reference value. This value of the Doppler angle was 

selected as it is optimal for non-invasive sensor installations 

on stainless steel pipes and is also used with the current Flow-

Viz sensors. Fig. 2 shows how the Doppler angle affects the 

axial velocity. 

It should be noted that errors of  the  same  magnitude 

(e.g., 2% angle error and −2% angle error) result in different 

error magnitudes in the velocity error. These nonlinearities 
are due to the division with the cosine function in (1). Similar 
relationships in velocity errors due to Doppler angle errors 
were also noted by [22]. As shown in Fig. 2, the impact of 

the Doppler angle error in the calculated velocity has to be 

considered carefully. 

A ∼10% error in the Doppler angle would mean a ∼50% 
error in the calculated velocities. From the above discussion it 

can be seen that the correct determination of the Doppler angle 

and the acoustic beam properties for non-invasive velocime- 

try are  necessary  to  achieve  more accurate  measurements. 

It should also be noted here that, an incorrect Doppler angle 

(together with velocity of sound) will also result in an incorrect 

conversion from the ultrasound beam axis to the lateral axis. 

This contributes to errors in rheology calculations when using 

the PUV+PD methodology. Furthermore, knowledge of how 
these critical parameters affect measurement data, enables 
informed design improvements to be implemented: for the 
development of more accurate sensors with narrower and high 
intensity beams. Acoustic characterisation tests similar to those 

carried out by [6] were carried out in this work inorder to 

determine critical beam properties of different non-invasive 

sensors. Similar methods to those used by [6] were also 

presented in [23]. The work by [23] describes acoustic char- 

acterisation tests to measure the variation of acoustic pressure 

in the focal region of the beam produced by High Intensity 

Focused Ultrasound (HIFU) type transducers. The focal zone 

geometry was illustrated by using colour and contour plots. 

The measurement techniques used for this research work, 

which incorporate a needle hydrophone setup are described 

accordingly. 

II. METHODOLOGY 

A. Experimental Apparatus 

To determine the sensors’ beam properties, acoustic char- 

acterisation tests were carried out using a high-precision 

needle hydrophone and an advanced XYZ-scanner setup. The 

XYZ-scanner setup with a spatial resolution of 1 micrometer 

is illustrated in Fig. 3 together with the schematic of test 

setup. The setup consisted of a robotic XYZ-scanner mounted 

on top of a transparent water tank. The submersible needle 

hydrophone and the different acoustic sensors where immersed 

in the water tank at  room  temperature. The  XYZ-scanner 

was  used to  navigate the  needle hydrophone probe across 

a predefined scanning grid i.e., to cover the area where the 

beam was located. The 1 mm needle hydrophone probe was 

connected to a submersible preamplifi with a gain of 8 dB. 

Temperature readings within the water tank fl between 
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TABLE I 

TRANSDUCER AND SENSOR COUPLING CONFIGURATIONS 

USED FOR TESTS 

 
 

 

  
 

 

 

  
 

 

 

 
 

 

 

  
 

 
 

  
 

 

 

 

(21-23) °C for the duration of the tests. In this work only two 

dimensions were used to map out a complete acoustic map 

i.e., XY for the transducer tests or YZ for the tests through 

stainless steel. 

An  Ultratek  compact pulser/receiver was  used  to  excite 

the ultrasound transducers. The pulser/receiver was controlled 

from the host computer via RS232 serial (9600 baud-rate, 

8 bit data) communications. The main reason for using this 

unit was that it allowed continuous pulsing throughout the 

characterisation tests. Furthermore, the Ultratek unit was cho- 

sen as it offered a simple interface for lower cost and it is often 

used in industry for Non-destructive Testing (NDT). The nee- 

dle hydrophone system (www.precision-acoustics.com/) used 

was made up of a combined needle probe and preamplifi 

with a voltage gain of 8 dB. The pre-amplifier was linked to 

the 28 V supplied DC-Coupler using a coaxial connection with 

a Sub-Miniature type A (SMA) connector. Fig. 3 shows that 

the output impedance of the system was 50    and the unit was 

connected to a National-Instruments (NI-5133) digitiser with 

an input impedance of 1 M  . A correction factor of 1.953 was 

applied for impedance mismatch. The value of the correction 

factor was determined by comparing several voltages measured 

throughout the measuring grid using an impedance matched 

Agilent  oscilloscope  (DSO-X-3024A) with  those  from  the 

NI-digitiser. The digitiser acquired the hydrophone measure- 

ment signal for each point within the scanning grid at set times, 

which were determined by the Matlab® based application. 

All the measured voltages from the different grid points were 

then combined during post processing in Matlab® to form 

the acoustic colour map of voltages, which shows the beam 

intensity. A sampling frequency of 100 MHz was used with 

the digitiser. 

B. Experimental Procedures 

The test matrix included several transducers which were 

mounted in different configurations with solid and liquid 

couplants. Two transducer housing cases for clamp-on mount- 

ing were used to attach the transducers under test onto the 

stainless steel (SS316L) pipes i.e., a solid prototype wedge 

and the other being the latest Flow-Viz black casing. The 

 
 

 

Fig. 4. Top view schematic of the horizontal scanning grid for prototype 
transducers showing the reference point. 

 

 
Fig. 5.   Transducer (TX) and wedge to pipe couplants in pipe tests. 

 
pipes used had internal diameters of 22.4 mm and 47.8 mm, 

with thicknesses of 1.15 mm  and  1.38  mm  respectively. 

The black casing is an improved design that allows easy 

installation of the sensor onto the pipe. It also features an 

integrated design between the transducer and sensor wedge 

technology. For each test setup two  main couplants i.e., a 

liquid couplant and a solid (solid-X, solid-Y and solid-Z) 

couplant were used. The purpose of the couplants was to 

facilitate the transmission of the acoustic energy from the 

transducer through the pipe wall. Before each test the needle 

hydrophone was soaked in water for at least 30 minutes so 

that the output stabilised before any measurement was taken. 

All test materials and specific transducer designs used for 

this research work are guarded by confidentiality agreement, 

thus schematics instead of original images will be used for 

some sensor setups. Actual manufacturer specifications and 

product names are therefore omitted from the research paper. 

The sensor units that were tested are described in Table I. 

Different configurations were exploited in order to ensure that 

the hydrophone measurements were accurate and that readily 

identifiable reference points could be established. For example, 

the tests to measure the beam propagation through stainless 

steel were conducted as illustrated in Fig. 5 and Fig. 6; 

whereas those to characterise the individual transducers were 

carried out as depicted in  Fig.  4.  For  all  test  setups  in 

this paper, a sensor unit consists of a mounting wedge and 

ultrasound transducer whereas the transducer is not coupled 

to any additional material such as a couplant or wedge. 

The beam properties of transducers were determined from 

measuring a full acoustic map without using any mounting 

http://www.precision-acoustics.com/)used
http://www.precision-acoustics.com/)used
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Fig. 6.   (a) Side-view schematic of the vertical distance covered in the vertical direction (Z0 to Zmax). (b) Top-view schematic of the lateral distance covered 

(Y0-Y40) along beam center line (X0). 

wedge or couplant material. For the subsequent test measure- 

ments, the transducers were mounted onto a stainless steel pipe 

spool piece cut in half. This was done so that the transmitted 

ultrasound beam from the near wall could be captured by the 

needle hydrophone. The needle hydrophone was moved within 

a predefined 2-dimensional (2D) grid in 1 mm increments, to 

cover the transmitted beam accordingly. The methods followed 

for scanning and measurement were similar to those presented 

in [9] and [23]. 

1) Measurement Reference Point Description: For each test 

(single transducer or through stainless steel) a spatial reference 

(origin) point was first established in order to determine the 

position of the beam on the physical sensor unit. 

For the single transducer characterisation—with no wedge 

attached to a pipe, the reference was first set by scanning 

for the point of maximum acoustic energy. This was done 

by viewing the hydrophone output on an Agilent oscilloscope 

which was set to a high sensitivity (5 mV per division). This 

point was then set as the centre of the X-axis (or centre of 

the acoustic beam). By knowing the centre value (maximum 

energy), the origin at X0 mm was set using the XYZ-scanner 

controller, such that a  symmetrical acoustic map could be 

obtained after a complete test run. The complete 2D acoustic 

grid is illustrated by the schematic in Fig. 4 which depicts 

the X0 origin point. 

For the vertical grid measurements—once a physical refer- 

ence point on the physical sensor unit was first established, 

a point of maximum  acoustic  energy  was  located  along 

the physical reference line. This was also carried out by 

viewing the hydrophone output on the Agilent oscilloscope 

(sensitivity of 5 mV per division). The hydrophone was navi- 

gated vertically along the z-axis from the point of maximum 

energy on the reference line (see Fig. 6), in order to find 

where the  beam’s boundaries (lower  energy regions) were 

located. This allowed simpler determination of the entire 

beam orientation in the completed acoustic map, by using the 

physical reference line on the sensor unit as a spatial reference 

(origin). 

The single transducer (Horizontal plane measurement) and 

acoustic tests through stainless steel (Vertical plane pipe 

measurement) are described briefly as follows: 

(i) Horizontal plane measurement (Prototype sensors, 

no wedge): The scanning area started at the reference 

point [X0, Y0] mm illustrated on Fig. 4. From this 

reference point a rectangular grid was mapped to cut 

the face of the transducer at the plane of maximum 

intensity (voltage). The setup is illustrated in Fig. 4. 

(ii) Vertical plane pipe measurements: The reference 

points for the vertical plane measurements were taken as 

the points at which the needle hydrophone is parallel to: 

a. For the 22.4 mm and 47.8 mm prototype sensors, 

the reference was the corner point of the diagonal 

line marking on the prototype wedge. The 

schematic for  the  vertical  pipe  tests  is  shown 

in Fig. 5. 

b. For the industrial commercial  sensor  optimised 

for 47.8 mm pipes, the bottom of the silver/grey 

edge of the sensor clamp-on housing. The tests 

setup is shown in Fig. 6. 

The spatial reference point was used as the origin of height 

measurement or as the zero height level in millimeters [Z0], in 

order to cover a rectangular grid which cuts across points of 

maximum measurable voltage, i.e., a rectangular (2D) centre 

slice with points of maximum measurable peak voltage; the 

length of the rectangle being millimeter increments from [X0 

to X40] with a height defined by vertical millimeter increments 

from [Zmin to Zmax] (see Fig. 6). Zmax and Zmin were the 



5640 IEEE SENSORS JOURNAL, VOL. 16, NO. 14, JULY 15, 2016 

 

 
TABLE II 

PULSER SETTINGS USED FOR DIFFERENT TYPES OF TRANSDUCERS 

 

 
 

 

 

maximum and minimum heights at which Vpk− pk voltages 
could not be detected by the digital  oscilloscope  or  NI- 
5133 digitizer, whereas Z0 was the height at the reference 

line (0 mm). Measurements in the negative Z-direction i.e., 

below the Z0 reference line were also taken, in order to 

sufficiently cover a horizontal focal zone distance equal to at 

least the pipe radius (velocimetry measurements require a min- 

imum focal zone coverage which extends to at least the pipe 

radius). Necessary alignment of the needle hydrophone with 

the transducer was done to ensure that the needle hydrophone 

was kept in parallel with the horizontal reference line. This 

was first done by visual alignment followed by finer adjust- 

ments with appropriate alignment instruments (level and ruler). 

Once the physical alignment of the transducer and needle 

hydrophone was completed, the test run was started from the 

control computer. Fig. 5 further illustrates the arrangement of 

the acoustic couplants used on the ultrasound transducer-to- 

wedge interface as well as the wedge-to-pipe mounting for all 

vertical pipe measurements. 

The  pulser/receiver  was  set  to  pulse  continuously  for 

the   duration   of   the   test,   whilst   a   specially   developed 

Matlab® graphical user interface (GUI) program was used to 

control the digitizer for acquiring and logging purposes. The 

Matlab® program made use of the NI-USB 5133 device driver. 

The GUI application enabled manual and automatic saving 

of the voltages measured for each grid point to a mat-fi 

Matlab®  post-processing  code  was  also  written  to  allow 

visualisation of the complete acoustic maps of Vpk− pk voltages 
using appropriate plots and colour mapping to highlight the 
voltages present in the focal zone and the angle the beam 

makes with the horizontal reference line at the near-pipe wall. 

The pulser/receiver settings shown in Table II were used, with 

a voltage gain of 20 dB for all the tests. 

For the vertical pipe tests, different types of materials were 

used as acoustic couplants at the transducer-to-wedge interface 

and at the wedge-to-pipe interface. The couplants consisted of 

three solid couplants (Solid-X, Solid-Y and Solid-Z) and a 

liquid couplant. The solid couplants were also combined with 

the liquid couplant inorder to improve the overall installation. 

Table III describes properties of the sensors used in the vertical 

pipe acoustic characterisation tests. 

For solid couplants, regular checks on fastening are required 

to eliminate air gaps and maintain accurate measurements. 

Installation surfaces need to be  cleaned thoroughly before 

application as outlined in [19]. These guidelines were followed 

for all pipe tests. Table IV is a matrix of all the single 

transducer and vertical pipe characterisation tests. 

TABLE III 

AN OVERVIEW OF THE MAIN PROPERTIES OF THE ACOUSTIC COUPLANTS 

 
 

 

 
 

 
 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

The acoustic maps presented for both the vertical config- 

uration and the single sensor characterisation tests show the 

peak to peak voltage (Vpk− pk ) measured at each spatial point 
within the two-dimensional scanning area covered by the high- 
precision XYZ-scanner. 

 
A. Ultrasound Transducer Characterisation Tests (No Pipes) 

Fig. 7 shows the acoustic colour maps for the Flow-Viz 

TYPE-A prototype transducers numbered 78, 79, 80 and 81. 

The acoustic maps for transducers  with  the  same  design 

i.e., (78 and 80) and (79 and 81) are similar especially in the 

shape of the focal zone. The single transducer characterisation 

tests for all TYPE-A transducers show that the beam profiles 

are mostly centred and symmetrical across the scanning area. 

From Fig. 7 (a) and (b) the focal zone is seen to start at 

∼16 mm and is narrower from position ∼35 mm onwards as 
compared to sensors 79 and 81 which show a much wider 

focal zone and higher energy throughout the whole acoustic 

map. The characteristic extended focal zone length which was 

seen for transducers 79 and 81 is more desirable as it allows 

greater penetration to provide velocity information even in 

highly attenuating fluids. 

 
B. Vertical Pipe Tests – Sensor Characterisation Through 

Stainless Steel Pipes 

1) TYPE-A (78) – Prototype Wedge Sensor Confi  ation 

for 47.8 mm Pipe: The arrangement shown earlier in Fig. 5 

also serves as a description of how the beams presented in the 

acoustic colour maps are oriented with respect to the sensor; 

i.e., for all pipe tests the sensor unit position is to the left of the 

acoustic map; and the 0 mm marking on the vertical movement 

axis is the reference position  on the physical sensor  unit. 

Fig. 8 shows that for the 47.8 mm prototype sensor, the solid-Z 

couplant (2.5 mm thickness) resulted in the most undesirable 

beam of the three configurations since the focal zone length 

(∼20 mm) is less than the pipe radius (23.9 mm). The most 
preferable beam with regards to the length and location of 

the focal zone is that measured from the combined liquid and 

solid-Y couplant. 

The focal zone is both close the pipe wall and extends over 

half the pipe radius similarly to the liquid only configuration 

in Fig. 8 (a), despite having less energy than the latter. 

2) TYPE-A (79) – Prototype Wedge Sensor Confi  ation 

for 22.4 mm Pipe: A prototype  sensor  for  the  22.4  mm 

pipe was also tested  using  the  same  planar  method  used 

for  the  47.8  mm  sensors.  A  different  transducer-to-wedge 
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TABLE IV 

TEST MATRIX: SINGLE TRANSDUCER AND VERTICAL PIPE TESTS 

 
 

 

 
 

 

 

 
 

    
 

 

 

 
 

 

 

 
 

        
 

        
 

 
 

 
 

 
 

 

 

 

 

 

 
 

 

 
 

Fig. 7.   Single transducer acoustic maps for the TYPE-A transducers (a) and 
(b) with the same wafer design; (c) and (d) have the same design. 

 

 

couplant in the form of solid-X material (thickness (<1 mm), 

see Table III) was used. Solid-X  couplant  has  a  thick- 

ness which is approximately half that of solid-Y (thickness 

∼2 mm). The combined liquid and solid-Y couplants were 

then used for the  wedge-to-pipe  mounting.  Fig.  9  shows 

the beam properties of the two different non-invasive sen- 

sor configurations. The significant increase in energy with 

transducer 79 in Fig. 9 is mainly attributed to the thin solid-

X couplant between the transducer and wedge interface. 

By comparing the maximum voltages (Vpk− pk ) obtained with 
the  solid-X  couplant  with  those  from   the   setups   in 
Fig. 8 and Fig. 10, in which the liquid couplant was used 

for the transducer-to-wedge coupling, it  can  be  observed 

that the voltages are almost doubled. The maximum voltages 

within the focal zone for Fig. 9 (a) and (b) were 127 mV 

and 93 mV, respectively, whereas those from the test with 

liquid  transducer-to-wedge  couplant  were  in  the  range  of 

∼(53-55) mV. Since the high energy output with solid-X was 
an exception when compared to the other solid couplants, 

it must be pointed out that the transducer (79) with the thin 

solid-X couplant had a different design compared to trans- 

ducer 80 (as shown in Fig. 7), which could also be another 

contributing factor for the increased energy output. 

Altogether, the thin solid-X couplant proved to be an 

effective transducer-to-wedge couplant since the resulting 

beams offer significantly higher energies in the focal zone 

across  the  whole  pipe  radius.   This   result   also   shows 

that alternating couplants between the wedge-to-pipe and 

transducer-to-wedge interfaces can signifi improve the 

resulting beam properties due to more effective acoustic 

coupling. 

3) TYPE-A (80) – Prototype Wedge Sensor Confi  ation 

for 22.4 mm Pipe: Another 22.4 mm pipe  sensor, with a 

TYPE-A  (80)  transducer  was  tested  to  determine  whether 

a more optimal beam could be obtained using a liquid 

couplant at the transducer-to-wedge interface. The measured 

acoustic map for the TYPE-A (80) sensor for 22.4 mm pipes 

showed similar  beam  properties with  sensor 79  in  Fig.  9. 
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Fig. 9. Acoustic maps for 22.4 mm pipe (79) sensor with solid-X transducer- 
to-wedge (TX) couplant: (a) liquid couplant and (b) combined liquid and 
solid-Y couplant at the wedge-to-pipe interface. 

 
 

 
 

 

 

 
 

Fig. 8. Acoustic maps for 47.8 mm (78) sensor with liquid transducer-to- 
wedge (TX) couplant: (a) liquid couplant; (b) liquid and solid-Y couplant; 
and (c) liquid and solid-Z couplant at the wedge-to-pipe interface. 

 

The similarity was that the wedge-to-pipe couplant with 

solid-Y moves the focal  zone closer to the pipe  wall and 

results in a smaller  angle (24.75°) compared to the liquid 

couplant alone  (27.16°).  The  acoustic  maps  are  displayed 

in Fig. 10. 

A notable difference in the peak energy measured in the 

focal zone for the two tests was that, with the liquid only 

couplant at the wedge-to-pipe interface the maximum voltage 

was 57.7 mV, whereas with the combined liquid and solid- 

Y couplant less energy (47.2 mV) was recorded. Another 

observation was that the beams from both setups are not 

entirely symmetrical (also Fig. 8). The lower half of both 

beams (bottom left corner of acoustic maps) looks wider than 

the top half in the top left corner. Although the hydrophone 

is considered omnidirectional, the observed asymmetry could 

be influenced by misalignment between the hydrophone and 

the beam’s focal area. This can only be verified by conducting 

 

 

 

 

 
Fig. 10. Acoustic maps for 22.4 mm pipe (80) sensor with liquid transducer- 
to-wedge (TX) couplant: (a) liquid couplant and (b) combined liquid and 
solid-Y couplant at the wedge-to-pipe interface. 

 
three-dimensional hydrophone measurements in order to deter- 

mine the three-dimensional direction of the ultrasound beam 

propagation. The beams in both setups have a focal zone which 

spans the entire pipe radius which is of great importance in 

order to determine the flow properties from the velocity profile 

more accurately in highly attenuating fluids. 

4) TYPE-A Sensors – Comparison of Flow-Viz Commercial 

and Prototype Confi ation: Two non-invasive Flow-Viz 

commercial clamp-on sensors made for  47.8  mm  pipes 

that feature an integrated transducer-to-wedge coupling were 
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Fig. 12. A  comparison  of  the  47.8  mm (a)  Flow-Viz  commercial  and 

(b) prototype sensor confi with liquid wedge-to-pipe couplants. 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 11.    47.8 mm Flow-Viz commercial sensor 1 with: (a) liquid couplant; 

(b) solid-Y couplant at wedge-to-pipe interface; and (c) Flow-Viz commercial 
sensor 2 with liquid couplant at wedge-to-pipe interface. 

 

 

tested. This design requires only coupling material between the 

sensor unit’s wedge and stainless steel pipe. Two couplants 

were used i.e., the liquid  couplant  and  solid-Y  couplant. 

Fig. 11 depicts the measured acoustic maps obtained using 

the two different wedge-to-pipe coupling materials. In order to 

test the quality and consistency of the Flow-Viz manufacturing 

process, two identical non-invasive sensors were tested and 

compared as shown Fig. 11 (a) and (c). 

The beams from the two setups are similar, with focal zone 

lengths which extend to cover a horizontal length of ∼27 mm 
which is  more  than  the  47.8  mm  pipe  with  inner  centre 

at (23.9 mm). The difference in the measured peak energies 

between (a) and (c) can be attributed to slight differences in the 
test conditions, however by noting the similarities in the beam 

angles 24.00° and 24.20° as well as the focal zone lengths the 

overall measurement shows consistent designs. 

By considering the beam energy across the length of the 

focal zone it can be observed that the liquid couplant is a 

more effective couplant than the solid couplant with the new 

Flow-Viz sensor unit. The solid couplant seemed to have more 

attenuating effects on the beam propagation. 

5) Comparison of Flow-Viz Commercial and Prototype 

TYPE-A Sensors: After conducting the tests for 22.4 mm and 

47.8 mm sensor configurations, a comparison of the 47.8 mm 

prototype and the Flow-Viz was then carried out. The 47.8 mm 

sensor units were chosen for the comparison since 47.8 mm 

pipe-lines are more common in industrial setups compared to 

22.4 mm ones. The other reason for this comparison was that, 

the 47.8 mm version of the commercial Flow-Viz is a recent 

design and by comparing it with a 47.8 mm prototype more 

knowledge on the properties of the resultant beam through 

stainless steel is gained and future sensor designs can be 

improved. Fig. 12 shows the results obtained for the two sensor 

technologies. 

It can be seen that the beam properties from the two 

different sensor units have slight differences in the shape of 

the focal zone as well as the beam angle. The focal zone shape 

for the commercial sensor is narrower, but has the same width 

throughout the acoustic field; compared to that of the prototype 

wedge configuration which starts off wide and narrows (from 

∼20 mm onwards) with distance. The narrower focal zone 
seen in the commercial sensor is more preferable as it increases 

lateral and spatial resolution. 

The final comparison presented is important  as it sum- 

marizes  the  outcome  of  the  acoustic  characterisation  of 
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non-invasive sensor technology through stainless steel. The 

acoustic test results give a better understanding of the how 

important couplants are in non-invasive sensor technology. 

By changing between configurations with different solid cou- 

plants i.e., solid-X, solid-Y and solid-Z and combinations with 

liquid couplant it was seen that the shape, starting point and 

length of the focal zone can be significantly altered. From 

most of the tests it was seen that although a solid couplant 

attenuates the beam significantly more than the liquid couplant, 

it conveniently draws the focal zone starting point to the pipe 

wall to increase the near wall accuracy of measured profi . 

However, an exception was observed where higher energy 

was measured with the setup in which a thin filmed solid-X 

couplant was used as the transducer-to-wedge couplant. On the 

other hand the liquid couplant at the pipe interface is less 

attenuating and results in a focal zone which extends over the 

entire pipe radius. Table V summarizes the measured beam 

properties from the acoustic characterisation tests. The results 

are a summary of the effect of the different couplants on the 

resultant beam properties. Each sensor coupling configuration 

is rated based on different properties which are: the measured 

beam focal zone properties (start of focal zone, length of focal 

zone and peak energy [mV]), the couplant’s temperature toler- 

ance and ease of installation (described in Table III). The rating 

of each sensor confi was carried out by assigning the 

ratings of: [1] Excellent, [2] Good, [3] Average and [4] Poor, 

for each property (column) which was evaluated. For example, 

a rating of one ([1]) was assigned to the setups with solid-X 

couplant in the peak energy column, since it resulted in the 

most focal zone energy compared to other sensor setups. The 

ratings for the couplants (installation position) at the different 

interfaces were based on the couplant’s temperature tolerance 

and ease  of  installation  (Table  III). The  final  rating  score 

of each sensor setup was obtained by summing the singular 

scores obtained from the evaluation of each column attribute. 

Thus, the lowest overall score per row determined the most 

suitable sensor configuration. 
 

IV. CONCLUSION 

In this work, detailed  acoustic  characterisation  maps  of 

the Flow-Viz non-invasive ultrasound sensors were obtained. 

Ultrasound transducers and sensor assemblies optimised for 

22.4 mm and 47.8 mm pipes were characterised. The tests 

revealed that correct selection of solid and liquid couplants 

is important in order to improve the overall transmitted beam 

properties. The overall analysis of the acoustic characterisation 

data as  illustrated by the acoustic maps and  described  by 

Table V revealed that the solid couplants (solid-X, solid-Y 

and solid-Z) result in a larger Doppler angle and a focal zone 

which is directly at the pipe wall although the overall beam 

energy is reduced when compared to the liquid couplant. This 

observation implies that future sensor designs can be improved 

by incorporating some of solid-X and solid-Y material into the 

clamp on mounting surfaces in a way which produces a beam 

with a focal zone at the pipe wall. Table V shows that amongst 

the solid couplants, solid-Z results in a beam which fails to 

meet the required focal zone coverage i.e. extending to the 

pipe radius. This is not suitable especially for measurements 

carried out in highly attenuating media. The liquid couplant 

offers less attenuation when used as a wedge-to-pipe couplant, 

resulting in a beam which covers the pipe radius, although the 

focal zone does not start at the pipe wall (∼5 mm away from 
the wall interface). The most energy was generated by having 

a thin solid-X couplant at the transducer-to-wedge interface 

with liquid couplant at the wedge-to-pipe boundary. The beam 

from this setup had a focal zone starting at the pipe wall, 

with almost twice the acoustic intensity compared to the other 

configurations. A different result with solid-Y was observed 



5646 IEEE SENSORS JOURNAL, VOL. 16, NO. 14, JULY 15, 2016 

 

 

when it was used as a wedge-to-pipe couplant with TYPE-A 

commercial 47.8 mm pipe sensor-1 (Fig. 11 (b)). The beam’s 
focal zone from this setup did not extend to cover the pipe 

radius as with other setups which made use of solid-Y. The 

most probable reason being improper bonding of the pipe 

and sensor surfaces in the absence of the additional liquid 

couplant which is normally combined with the solid couplants. 

Despite these differences, the liquid couplant was noted to 

be more versatile as an industrial  couplant  as  it  is  very 

easy to install for industrial usage. Furthermore, the liquid 

couplant can be used in high temperature conditions compared 

to the solid couplants which have poor thermal properties. 

These tests showed how various couplants for non-invasive 

sensor coupling can significantly alter the propagated beam 

properties. 

This acoustic characterisation data is critical for developing 

the next generation non-invasive sensor. The advantages of 

an integrated transducer-to-wedge setup and liquid couplant 

between the pipe and wedge will be considered in the next 

design criteria. The reason for this is that the integrated design 

offers a much easier installation procedure using less coupling 

materials. Furthermore, optimised thermal properties for the 

integrated sensor design to cater for the industrial requirements 

in higher temperature environments can also be introduced. 

The next generation of sensors will also have an optimised 

beam with a high energy focal zone which starts at the pipe 

wall and extends further over the pipe radius to improve 

measurements in attenuating fluids. With such an integrated 

sensor more accurate in-line rheological characterisation in 

a wide range of industrial fluids and applications, such as 

food products, oil drilling, paper-pulp and cosmetics can be 

achieved. 

Future tests will include the effect of other important para- 

meters such as pipe curvature (diameter) and wall thickness. 

It is also recommended to conduct more detailed 3-

dimensional (3-D) tests, which result in complete 3-D 

acoustic maps. With detailed  3-D  measurements  more 

insight into the intensity distribution and shape of the actual 

ultrasound beam will be gained. 
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