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Abstract 

In this project, velocity proiles were measured in a diaphragm valve using an ultrasonic 

velocity proiling (UVP) technique. A non-Newtonian CMC model luid was tested in this 

highly complex geometry and velocity proiles were measured at four different positions at the 

centre (contraction) of a specially manufactured 50% open diaphragm valve. The coordinates 

of the complex geometry and velocity magnitudes were analysed and compared to the bulk 

low rate measured using an electromagnetic low meter. Two different ultrasonic transducers 

(standard and delay line) were used and results were compared in order to assess velocity 

data close to wall interfaces as well as the accuracy and magnitude of measured velocities. 

The difference between calculated and measured low rates was 32% when using the standard 

ultrasonic transducers. The error difference decreased to 18% when delay line transducers 

were introduced to the measurements. The velocity data obtained in the diaphragm valve 

showed a signiicant improvement close to the wall interfaces when using the delay line 

transducers. The main limitation when using delay line transducers is that beam refraction can 

signiicantly complicate measurements in a highly complex geometry such as a diaphragm 

valve. A new delay line transducer with no beam refraction could provide a solution. The 

introduction of delay line transducers showed that UVP can be used as a powerful tool for 

detailed low behaviour measurements in complex geometries. 

Keywords: velocity proiles, complex geometries, ultrasonic velocity proiling, diaphragm 

valve, contraction–expansion, non-Newtonian, delay line, transducer 

(Some igures may appear in colour only in the online journal) 
 
 

 

Notation 
A total area, m2

 

V bulk velocity, m s−1
 

K consistency index, Pa sn
 

n low index, dimensionless 

Q volume low rate, l s−1
 

r radial position, m 

R pipe radius, m 

Re2 Reynolds number, dimensionless 

v velocity, m s−1 

ΔP pressure drop, Pa 

L unit length, m 

Greek letters 

θ Doppler angle, ° 

ρ density, kg m−3 

τy yield stress, Pa 

 
 

1. Introduction 
 

Signiicant environmental beneits primarily related to reduced 

water consumption can be obtained by using high density 

slurry and paste tailing transport systems. By increasing 

the solid concentration of mining slurries substantial water 
 

1  
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Figure 1. Schematic illustration of the valve low loop [9]. 

savings can be achieved [13]. One of the fundamental criteria 

upon which conventional settling slurry transport systems 

are designed is minimum transport velocity. The selection 

of a suitable operating velocity presents the design engineer 

with a considerable challenge. The slurry transport systems 

are in many cases designed to operate in laminar low [13]. 

However, laminar settling of high volume thickened tailings 

that require large diameter pipelines can be a problem, as 

has been reported in several pipelines that operate in laminar 

low [2]. Also, in the absence of reliable energy loss estimates 

the design engineer is forced to make conservative estimates 

that lead to the selection of ineficient, oversized pumps [4]. 

Understanding the low behaviour in complex geometries is a 

prerequisite to good engineering design of pipeline systems. 

This is because complex geometries such as abrupt contractions 

and enlargements, as well as valves are integral components and 

frequently occur in pipeline systems [11]. These are important 

problems in luid dynamics and the ability to measure velocity 

ields in such geometries is therefore of great importance. 

Only a few experimental results are available for viscous 

luids in pipe ittings such as contractions, elbows, oriices 

and valves. Often experimental studies do not agree with one 

another or with analytical and numerical studies. Thus, more 

data is needed which can be used for validation and design pur- 

poses [3]. Signiicant contributions have been made to a sadly 

neglected topic in literature, determining loss coeficient data 

for non-Newtonian luids lowing in complex geometries, by 

Fester et al [3, 4] and Mbiya et al [10]. A large database of loss 

coeficients for different ratios of sudden contractions as well as 

different diaphragm valve openings were provided for a wide 

range of Newtonian and non-Newtonian luids, which is now 

available for those who are investigating energy losses through 

complex geometries. Turian et al [22] investigated low of con- 

centrated non-Newtonian slurries and provided useful friction 

loss data in various geometries such as pipe bends, ittings, 

valves and Venturi meters. Nigen and Walters [12] also pro- 

vided experimental data (at various low rates and contractions 

ratios) for polymer solutions in both axisymmetric and planar 

contractions. Results provided scope for a new computational 

model on contracting low problems for constant viscosity 

and elastic luids. However, empirical results do not provide 

detailed quantitative information of the complex low behav- 

iour that can be used for developing more accurate constitutive 

models. A new generation of experiments that map velocity 

and/or concentration ields in more complex lows would prove 

useful, e.g. low in contraction, expansion, open channel, valve 

(contraction–expansion) and other complex geometries [17, 18]. 

A powerful technique for measuring detailed low in opaque 

luid systems is ultrasonic velocity proiling (UVP). The UVP 

technique was originally developed for studying blood low 

in humans and this method was extended in the mid 1980s to 

include measurements in general luids and has since become 

an important tool within academia and industry [19, 20]. 

UVP is an ideal technique since it is non-invasive, works with 

opaque systems, portable and easy to implement relative to 

other velocity proile measurement methods [21, 14, 15]. 

Kotzé et al [9] conducted detailed non-Newtonian low 

measurements in a hyperbolic contraction as well as a 50% open 

diaphragm valve using an UVP technique. UVP results were 

evaluated by calculating a low rate based on manually drawn 

velocity distributions and comparing results to low rate meas- 

urements obtained from a reference electromagnetic low meter. 

Our main conclusion was that the most important problem in 

order to increase measurement accuracy is the estimation of wall 

interface positions, which is due to the ultrasonic transducer’s 

near ield. In conclusion this problem could be eliminated by the 

introduction of a next generation delay line transducer. 

In this work, velocity proiles were measured using UVP at 

the centre (contraction) of a specially manufactured 50% 

open diaphragm valve for an opaque non-Newtonian luid. 

From the measured velocity proiles a total volume low rate 

was calculated (based on linear interpolation technique) and 

compared to a conventional electromagnetic low meter for 

veriication. The main objective of this work was to evaluate 

the performance of a transducer featuring a delay line material 

[8] for measurements in a highly complex geometry such as 

a diaphragm valve. Standard ultrasonic transducers as used in 

[9] were also used and results were compared to that obtained 

using delay line transducers. 

 
 

2. Theory 

 
2.1. Fluid low 

The average volumetric low rate in a steady state process is 

given by: 

Q = VA, (1) 



Meas. Sci. Technol. 25 (2014) 105302 R Kotzé and J Wiklund 

3 

 

 

n 

D 

 

 
 

 
 
 
 
 

Figure 2. Standard and delay line transducers installation setup for 
measurements inside diaphragm valve. 

where V is the bulk velocity and A the total area of a particular 

geometry [1]. 

When complex low behaviour is of concern, the identii- 

cation of the transition between laminar and turbulent low is 

of great importance because the luid low behaviour changes 

fundamentally at the transition zone. Slatter and Lazarus [16] 

formulated a Reynolds number for non-Newtonian pipe low. 
2 

Figure 3. Isometric view of four port valve installed in the pipe rig. 
 

volumetric low of 11 l s−1) to enable tests at different low 

rates. The polyvinyl chloride (PVC) pipe had an inner diam- 

eter of 52.8 mm which was itted with a temperature probe 

and 50 mm low meter (Krohne IFC 010 D–DN40, Endress 

& Hausser Discomag DMI 6531). The errors and uncertainty 

associated with the low meter were determined experi- 

mentally and it was found that the accuracy is within 0.5% 

between a range of 0.32 and 4.5 l s−1. Test work was there- 

fore conducted at a minimum of 0.5 l s−1. This was important 

since the low meter was used as a reference measurement for 

comparison with UVP. More detailed explanation and results 

regarding calibration of the electromagnetic low meter can 

Re2 =
 8ρV 

.
 

τy + K(8V ) 
 

(2) 
be found in Kotzé et al [9]. The mixing tank had a capacity of 
1700l and was itted with an electrically driven mixer that ran 

continuously during the tests. A similar experimental setup 

This number was used as an indication of the low regimes 

during tests conducted in this work. 

 
3. Materials and methods 

 
3.1. Material 

Carboxymethyl cellulose (CMC) was tested and is gener- 

ally regarded as an ideal non-Newtonian power-law luid 

for experimental work. When ultrasonic tests are concerned 

CMC offers excellent wave scattering/relection and minimal 

attenuation [7]. The CMC (Protea Chemicals, Bryanston, 

South Africa, www.proteachemicals.co.za) solution used was 

6.15% w/w for the valve tests at FPRC. Controlled stress 

rheometers (Paar Physica MCR300, Anton Paar, Randburg, 

South Africa, www.advancedlab.co.za) was used to obtain 

low curves for the CMC 6.15% w/w (K = 3.54, n = 0.6) 

solution (cup and roughened bob geometry, measuring gap 

= 1.13 mm). The rheological parameters were used to calcu- 

late Reynolds numbers for non-Newtonian pipe low. In this 

research all measurements were conducted in laminar low. 

 
3.2. Experimental low loops and hardware 

The low loop consisted of a progressive cavity positive 

displacement pump with variable speed drive (maximum 

can be found in Fester et al [4] and is also described in Kotzé 

et al [9]. Figure 1 shows a schematic diagram of the low loop 

at the FPRC. 

 
3.3. UVP instrument, transducers and installation 

The UVP instrument (UVP-DUO-MX, Met-Flow SA, 

Lausanne, Switzerland) was used for velocity proile mea- 

surements during this research work. Standard, Immersion 

type 4 MHz, 5 mm active element ultrasonic transducers (TN 

and TX-line, Imasonic, Besançon, France), which operate in 

transmitting and receiving mode, were used. A transducer 

(4 MHz, 5 mm active element) incorporating a delay line 

material was also used. This sensor technology was specially 

designed and developed for improved Doppler measurements 

see [8]. The delay line material is used for beam forming and 

the material contains the transducer’s acoustic near-ield dis- 

tance, i.e. the focal point is situated at the liquid/wall inter- 

face. This delay line material is ixed ahead of the transducer 

as an integral part of the design and is in lush with the pipe 

wall (see igure 2). The main advantages of this technology 

are optimised beam forming, focusing, coupling, impedance 

matching as well as beam path and sensor protection. A more 

detailed description, as well as technical information about 

the ultrasonic transducers and UVP instrument, can be found 

in Wiklund [23] and Kotze et al [8]. 
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Figure 4. 3D representation of the diaphragm valve [9]. 

Figure 2 shows a schematic of the diaphragm valve with 

installation ports for ultrasonic transducers (isometric, top 

viewing angle). Ultrasonic transducers (TDX) were installed 

at 70° with respect to the direction of luid low and in direct 

contact with the luid to avoid attenuation and relection of 

the pressure wave. The standard transducers were pulled back 

creating a cavity (8 mm wide) equal to the transducer near 

ield distance (~17 mm for 4 MHz) between the transducer 

surface and actual valve wall interface. This was done in order 

to avoid measurements where the ultrasonic pressure wave is 

irregular. The delay line transducer ensured that no cavities 

were present during measurements and was also installed in 

direct contact with the test luid (see igure 2). 

The same installation techniques were used for the other 

installation ports, i.e. standard transducers were also pulled 

back 17 mm when installed into a valve port. More information 

regarding this installation method can be found in Wiklund 

et al [24], Kotzé et al [7] and Wiklund and Stading [25]. 

 

 
3.4. Diaphragm valve 

In this project, velocity proiles were measured at different 

positions at the centre (contraction) of a 50% open dia- 

phragm valve. A commercial diaphragm valve (DN 50 mm 

KB-type langed Saunders, Dynamic Fluid Control Pty Ltd, 

Johannesburg, South Africa, www.dfc.co.za) was reverse 

engineered and re-manufactured using a rapid prototyping 

technique of multilayer printing see [9, 6] for more informa- 

tion. The centre position was chosen for low analysis because 

most of the energy losses occur in this region. 

After the initial evaluation of the three-port valve [9], two 

more valves were designed by the Adaptronics Advanced 

Manufacturing Technology Laboratory (AMTL) at the Cape 

Peninsula University of Technology (CPUT). One was 

designed for housing the delay line transducers and the other 

for conventional ultrasonic transducers. In this case, the valve 

design was kept the same, except that an extra port for trans- 

ducer housing was manufactured at the bottom centre of the 

valve, thus obtaining a total of four measurement lines. The 

reasons for installing an extra port at the centre line of the 

valve as well as the positions of the measurement lines are dis- 

cussed in section 3.5. Figure 3 shows the valve and ultrasonic 

transducers installed in the low loop at the FPRC. 

Figure 5. New valve with added measurement line (TDX1). 

More information on the design and manufacturing pro- 

cedure of a similar diaphragm valve, but equipped with six 

ports, can be found in Humphreys et al [6]. The methodology 

followed by the authors was the same for the valves used 

during this research. 

 

3.5. Experimental methods—calculation/analysis of valve 

velocity distributions and UVP measurements 

Figure 4 shows the internal model of the 50% open diaphragm 

valve when viewed at the centre plane. It can be observed that 

this model is symmetrical around the vertical axis and thus 

the same velocity distributions were assumed at both sides 

of the axis. In a previous study by Kotzé et al [9], velocity 

distributions were arbitrarily drawn using CAD software and 

the challenge was to assume a realistic pattern. The reason 

for this is that only three measurement lines were used and a 

linear interpolation combined with integration technique was 

not possible. 

It was found that an extra measurement line (velocity proile 

measurement) at the centre (TDX Line 1) of the valve geom- 

etry is suficient for determining a low map and subsequently 

the bulk low. Figure 5 shows the same valve geometry at the 

centre position as well as measurement lines lengths used for 

validation and comparison of proiles measured using two dif- 

ferent ultrasonic transducers. 

A linear interpolation method was used to construct 

complete two-dimensional low maps over the valve centre 

cross-section from the experimental velocity proiles using a 

ine mesh grid. The spatial resolution of the mesh used was 

0.2 mm. This was then integrated to obtain the average low 

rate and was compared to the bulk low rate measured using an 
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Figure 6. Centre proiles measured using delay line transducers. 

 
 

 
 

Figure 7. Centre proiles measured using standard transducers. 

electromagnetic low meter (Krohne IFC 010D). The complex 

geometry co-ordinates, velocity magnitudes and integration 

technique were analysed in Matlab®. 

All velocity proile measurements were conducted with the 

following system settings: emission voltage 150V, number of 
pulses 256 and number of cycles per pulse 2. The low velocity 

4. Results and discussion 

 
4.1. Velocity proiles 

Figures 6 and 7 show velocity proiles measured using two 

different transducers (delay line and standard) at the same −1 

resolution did not exceed 25 mm s−1 for the highest low rate low rates (Q = 0.54–1.6 l s ) inside the valve across TDX 

of 1.6 l s−1. The velocity resolution varies with the maximum 

measurable velocity or pulse repetition frequency (PRF). The 

spatial resolution was 0.38 mm (velocity point every 0.38 mm 

along measurement axis) and this is dependent on the base 

frequency (4 MHz) and cycles per pulse setting. An average 

of 100 proiles was used and this was interpolated with +/ − 

1000 points in order to compensate for missing points that 

might occur in a mesh segment. The near wall position for 

measurements made across TDX Line 4 (symmetrical axis), 

Line 1 (centre line), which is shown by the striped line on the 
valve schematic (only half of valve is shown due to symmetry 

around the centreline, see igure 5). 

Both results show an abrupt increase in velocity, where the 

highest velocities seem to be at the region close to the dia- 

phragm, which was expected. An important observation that 

can be made from igures 6–7 is the velocities measured at the 

wall interfaces, shown by the circle, for both transducers. The 

standard transducer measured velocities as high as 0.8 m s−1
 −1 

were calculated using the maximum velocity as the centre at the wall interface (wall1, igure 7) for the 1.66 l s test due 

position and subtracting the physical penetration depth. Since 

all the standard transducers were physically installed at the 

same distance (near-ield length, 16.9 mm), the same channel 

was used for the asymmetrical measurements (TDX Lines 

1–3) as the near wall position. The near wall channel position 

for the delay line transducers was ixed to 20 and was the same 

for all measurements. The opposite walls were determined by 

using the sound velocity, physical geometry of the valve as 

well as the angle of inclination. 

to the cavities between the transducer surface and wall. The 
delay line transducer measured realistic velocity data close to 

the wall region for all the measured low rates by eliminating 

the cavity, as shown in igure 6 (wall1). 

Figure 7 also shows an extra wall position (dotted line, wall 

DL), which is the wall position when measuring velocity pro- 

iles with a delay line transducers. The difference in penetration 

depths are due to the combination of the complex valve geometry 

and difference in ultrasonic beam angles of the two transducers. 
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Figure 8. Measurement lines of delay line and standard transducers across TDX Line 1. 

 
 

 
 

Figure 9. Lateral proiles measured using delay line transducers. 

When using the delay line transducer the ultrasound wave is 

refracted due to the delay line material and curvature, see e.g. 

acoustic measurements in Kotzé et al [8]. Unfortunately, it was 

not possible to move the delay line transducers physically as 

the installation ports were ixed at 20° between the transducer 

direction (measurement axis) and direction of low. However, 

this setup gave more insight into new procedures and guidelines 

for future measurements in complex geometries. Figure 8 illus- 

trates the two different beam angles and measurement lines of 

the delay line and standard transducers across the centre area of 

the diaphragm valve. 

It can be observed that due to the beam refraction of the 

delay line transducer [8], the penetration depth (valve surface 

to opposite wall interface) of the standard transducer is 2 mm 

longer. The implication of this is very signiicant, especially 

when transforming the velocity data across the centre (shown 

by grey line, igure 8) by using the Doppler angle. Since 

the distance across the centre line is shorter than the actual 

measured distance using the UVP method, velocity data will 

overlap with the wall and consequently result in erroneous 

low rate calculation or validation of CFD models. Ideally the 

beam propagation should be as close to the perpendicular as 

possible, but for UVP to work an angle is needed in order to 

measure the relative movement of suspended particles after 

successive pulses. When measuring inside simple geometries 

such as straight pipes, the penetration depths will stay constant 
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Figure 10. Lateral proiles measured using standard transducers. 

 
 

 
 

Figure 11. Diagonal proiles measured using delay line transducers. 

for all variations of ultrasonic beam propagation. It is there- 

fore necessary that the user needs to accurately know the posi- 

tion of measurement lines inside highly complex geometries, 

such as a diaphragm valve. Unfortunately, the difference in 

beam angles between the two transducers made it not pos- 

sible to compare results for example on the same axis. Also, 

two separate diaphragm valves were constructed, which was 

optimised for delay line and standard transducer installation 

and were not installed at the same time during tests due to 

constraints in the low loop. This meant that although the same 

low rates were achieved for all tests, not exactly the same 

low could be obtained inside both valves. The most impor- 

tant objectives in this particular study were to investigate and 

compare the velocity data close to wall interfaces as well as 

the accuracy and magnitude of measured velocities obtained 

using two different transducers. 

Figures 9–10 show a sharp increase in velocity close to the 

near wall for all of the lateral measurements (TDX Line 2) 

using both standard and delay line transducers. In this case, sig- 

niicantly higher velocities were measured at the wall interface 

using standard transducers (shown by circle, igure 9). This 

was due to the cavity situated at a region of the valve where 

high velocities relative to the rest of the valve were present (i.e. 

under the diaphragm) and thus this measurement setup caused 

even more distortion of experimental velocity proiles. The 

proiles measured using the delay line transducers show a very 

high gradient from the transducer surface, but no unrealistic 

velocities were measured beyond the wall interface. 

Velocity proiles measured (shown in igures 11–12) across 

the diagonal position (TDX Line 3) show an increase of velocity 

from the near wall and steady decrease from the centre area 

of the valve for both transducers. The shape and magnitude 

of velocity proiles measured using the delay line transducer 

(igure 11) was signiicantly different than that obtained using 

the standard transducer (igure 12). For this particular meas- 

urement line (TDX Line 3), the delay line transducer meas- 

ured a higher magnitude of velocities than when compared 

to that measured using the standard transducer. This could be 

due to the difference in Doppler angles (angle between luid 

low and ultrasonic beam), which can result in large variations 

of velocity magnitudes (see igure 10). 

As previously discussed, the ultrasonic beam generated by 

the delay line transducer is refracted due to the delay line mate- 

rial and curvature. Also, in this case the stream lines across the 

valve centre geometry is unknown and thus even after correcting 

the Doppler angle parameter the same velocities are not obtained 

(than that obtained using standard transducers), as the physical 

stream lines inside the valve could be at different angles with 

respect to the ultrasonic beam generated by the two transducers. 

In this particular case and based on the results, the two measure- 

ment lines of the delay line and standard transducers were across 

positions inside the diaphragm valve where physical streamlines 
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Figure 12. Diagonal proiles measured using standard transducers. 

 
 

 
 

Figure 13. Radial proiles measured using delay line transducers in valve for CMC 6% w/w. 

or luid low were not the same. Furthermore, although the delay 

line transducer yields good results close to wall interfaces, the 

beam refraction makes it extremely complicated to accurately 

determine measurement lines for validation of theoretical pre- 

dictions, obtained, e.g. from CFD models. In a straight pipe this 

makes no difference or even for the open channel geometry, see 

e.g.[5]; however, when measuring in highly complex geom- 

etries, it is necessary to have an ultrasonic beam parallel to the 

transducer in order to simplify planning of measurement lines as 

well as transducer installation. 

Results obtained from measurements across TDX Line 4 

(igures 13–14) are symmetrical around the centre position 

and this was expected due to measuring across a symmetrical 

axis in the valve. However, the velocity gradients measured by 

the two transducers differed due to the standard transducers 

measuring actual low before the wall interface position, 

shown by the circle in igure 14. 

Good quantitative results were measured using the delay 

line transducer and velocity magnitudes were more or less the 

same after correcting the Doppler angle when comparing results 

obtained across TDX Line 4. At the opposite wall, the velocity 

proile seems to lose its symmetry due to multiple relections 

from the opposite valve material (igure 13). This can be cor- 

rected for by installing an extra transducer at the opposite side 

of the measurement line in order to obtain accurate velocity data 

in both directions. This is discussed in more detail in section 5. 

The total measurement time for each velocity proile measure- 

ment was ±10s (average of 100 proiles). The standard devia- 

tion varied between ±0.0055ms−1 (lowest low rate, 0.5ls−1) 

and ±0.065ms−1 (highest low rate, 1.6ls−1). This indicated that 

the low was not unstable. Longer measurement times as well 

as higher low rates (e.g. turbulent lows) need to be recorded in 

order to investigate the low stability inside the valve geometry. 

However, this was not part of the objectives of this study. 

The most important observation that can be made from the pre- 

sented results is the improvement of velocity data close to wall 

interfaces when analysing detailed low behaviour in complex 

geometries. When actual low occurs beyond the wall (such as 

with the cavity setups), the velocity gradients close to the walls 

are also distorted, which decreases the accuracy of the measured 

velocity proiles. Based on the results, the combination of using a 

delay line transducer and signal processing techniques has signii- 

cant potential for verifying CFD models in highly complex geom- 

etries, such as valves or other pipe ittings. This could be achieved 

by obtaining useful input parameters and boundary conditions by 

using velocity data from accurate Doppler measurements. 

 
4.2. Velocity distributions 

Velocity distributions obtained from the combined velocity 

proile measurements and triangulation algorithm for both 

delay line and standard transducers are shown in igures 15–16. 
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Figure 14. Radial proiles measured using standard transducers in valve for CMC 6% w/w. 

 
 

  
 

Figure 15. Velocity distribution of diaphragm valve centre (delay 
line transducers, Q = 0.52 l s−1). 

Both distributions shown here were obtained from velocity 

proiles measured between 0.52 and 0.53ls−1. A 17.3% differ- 

ence between the calculated (0.43ls−1) and measured (0.52ls−1) 

volume low rate was determined from the results obtained using 

delay line transducers. This error percentage is relatively high 

when comparing UVP measurement errors in straight pipe low, 

which typically varies between 2% and 5%, see e.g. [9]). Even 

when the extra transducer was added at the centre (section 3.5), it 

still seems that more information is needed to completely deter- 

mine the total low throughout the valve centre area. Since the 

calculated low rate was lower than the measured low rate, it can 

be assumed that more low information is required. This can also 

be seen by visual inspection in igure 15, marked by the circles. 

The low map obtained using proiles measured with the 

standard transducers also show a similar qualitative result 

(same ‘missing’ low information, see igure 16 circles). 

However, quantitatively the error difference between the cal- 

culated (0.38) and measured (0.53 l s−1) low rate was 28.4%. 

This larger error difference could be mainly due to the lower 

magnitudes of velocity measured in the valve’s upper ‘ears’, 
as shown in igure 12, as well as the shape of velocity proiles 

measured using standard transducers. Since the result obtained 

using delay line transducers has less error difference between 

the calculated and measured value, it is assumed that it is more 

accurate than that obtained from standard transducers. 

Figure 16. Velocity distribution of diaphragm valve centre 
(standard transducers, Q = 0.53 l s−1). 

 

The majority of the low seems to be at the centre area of 

the valve and not at the upper regions. Also, the highest meas- 

ured magnitudes of velocity appear to be just below the valve 

diaphragm. Similar results were obtained at different low 

rates for both standard and delay line transducers. A compar- 

ison of different low rates obtained by integration of velocity 

distributions with that measured using the electromagnetic 

low meter are shown in table 1 (delay line transducers) and 

table 2 (standard transducers). For these tests, it was assumed 

that the low meter results were correct (section 3.2). 

From table 2, it can be observed that by increasing low 

rates, the error difference percentage between the valve (using 

UVP) and low meter results increased slightly. This was 

due to more signiicant distortion of velocity proiles at the 

wall interfaces as much higher velocities were present with 

increasing low rates. Table 1 shows more or less a constant 

error difference percentage, which can be expected due to no 

signiicant change in low conditions with increasing low rate 

(when using delay line transducers). 

 
 

5. Recommendations 
 

Figure 17 shows the previous low map (igure 16), but with 

added suggestions for transducer positioning and measurement 
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Table 1. Percentage difference between volume low rates obtained 
from low meter and calculation using the velocity distribution of 
the diaphragm valve for delay line transducers. 

Table 2. Percentage difference between volume low rates obtained 
from low meter and calculation using the velocity distribution of 
the diaphragm valve for standard transducers. 

 

Reference low 
meter (l s−1) 

Integration of velocity 
distribution (l s−1) 

Integration versus 
low meter (%) 

 Reference low 
meter (l s−1) 

Integration of velocity 
distribution (l s−1) 

Integration versus 
low meter (%) 

0.52 0.43 17.3  0.53 0.38 28.4 
0.73 0.6 17.9  0.73 0.5 31.1 
1.0 0.82 17.6  1.01 0.68 32.3 
1.35 1.12 17.04  1.33 0.89 32.8 
1.66 1.35 18.7  1.65 1.12 32.4 

 

6. Conclusions 
 

 

 
 

Figure 17. New measurement line suggestions for UVP inside 
diaphragm valve. 

 

lines in order to increase the accuracy of the bulk low rate 

calculation. 

When measuring across a symmetrical axis inside a partic- 

ular geometry, only half of the measured proile is needed, as 

in the case of the radial measurement lines (shown by trans- 

ducers 1–2 in igure 17). Here the effect of multiple ultrasonic 

relections is not important as the irst half of the experimental 

proile is assumed to be similar at both sides from the centre 

position or maximum velocity for a power-law luid (dotted 

lines). However, if velocity proiles in complex or asymmet- 

rical geometries are measured, it is essential to acquire accu- 

rate velocity data at both wall interfaces, where the velocity 

gradients are high. One method to compensate for multiple 

wall relections is to install another transducer at the opposite 

wall, thus measuring from both sides (shown by transducers 

3–4). The extra transducer across the radial measurement line 

(transducer 2, igure 17) could add the necessary information 

in order to completely obtain the low map across the valve 

centre geometry. 

Lastly, it must be stressed again that when measuring 

non-Newtonian, unknown lows inside complex geom- 

etries, the estimation of the wall interface positions are 

crucial for accurately characterising the low behaviour. 

When measuring in luids exhibiting plug low behaviour, 

this becomes even more complicated. The delay line trans- 

ducers eliminate this problem by having a ixed and known 

wall position. 

For the irst time, it was possible to measure quantitative 

velocity data using delay line transducers at various low rates 

for non-Newtonian low inside a highly complex geometry, 

such as a diaphragm valve 

The difference between calculated and measured low rates 

was 32% when using the standard ultrasonic transducers. The 

error difference decreased to 18% when delay line transducers 

were introduced to the measurements. 

The velocity data obtained in the diaphragm valve showed a 

signiicant improvement close to the wall interfaces when 

using the delay line transducers. However, the change in beam 

angles between the two transducers produced different results 

across the diagonal measurement line (TDX Line 3) due to 

physical direction of low inside the valve geometry. It was 

found that when measuring detailed low behaviour in highly 

complex geometries, it is crucial to use a transducer with 

no beam refraction in order to simplify transducer installa- 

tion and measurement line positioning. A new third genera- 

tion transducer with a delay line material at 90° (and not 20° 

offset, see igure 8) and no beam refraction could provide this 

solution. Based on the results found using the delay line trans- 

ducers, UVP will prove to be a useful tool for validating CFD 

simulations in highly complex geometries. However, there are 

still a few limitations remaining. The UVP instrument is cur- 

rently outdated and has limited spatial resolution (minimum 

0.37 mm between velocity points). In order to precisely capture 

low proiles in highly complex geometries, the spatial resolu- 

tion needs to be at least 10 times higher, i.e. 37 μm between 

velocity points. Currently, there is no commercial instrument 

available capable of such a high sampling rate and spatial 

resolution. Although the delay line transducers provide a sig- 

niicant improvement in velocity measurements, especially 

close to the wall interfaces, it is still a pencil-type transducer 

that requires direct contact with the test luid. A non-invasive 

sensor setup that enables measurements through a commer- 

cial steel valve would make it possible to measure at multiple 

positions and completely analyse the low. Furthermore, this 

technology could also be applied to other steel ittings such as 

bends, contractions and other pipe ittings. This technology is 

currently under development. 
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