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In this project a non-Newtonian CMC model fluid was tested in two different complex geometries using 

Ultrasonic Velocity Profiling (UVP). Velocity profiles were measured at three different positions at the 

center (contraction) of a specially manufactured 50% open diaphragm valve. The complex geometry 

coordinates and velocity magnitudes were analysed and compared to the bulk flow rate measured using 

an electromagnetic flow meter. The difference between the calculated and measured flow rates varied 

from 15% to 25%. A complete flow map in the axial direction from developed to contracting flow was 

also measured by scanning the transducer along a hyperbolic contraction using a high precision robotic 

arm set-up. Experimental results obtained using UVP showed good agreement (10%) with theoretical 

predictions. Results showed that it was possible, for the first time, to measure quantitative velocity 

data for non-Newtonian flow in a complex geometry, such as a diaphragm valve. It was found 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 field. This problem can be eliminated by the 

introduction of a next generation transducer, which is currently under development. 

 
 

  

 
 

1. Introduction 

 
Flow through complex geometries such as abrupt contractions 

and enlargements, as well as valves are important problems in fluid 

dynamics, because they are integral components and frequently 

occur in pipeline systems. In order to design pipeline systems 

efficiently, understanding the energy loss mechanisms in complex 

geometries is a prerequisite [1]. 

According to literature, there are many different techniques for 

studying flows of multiphase and complex fluids. For example, a 

very well established technique, Laser Doppler Anemometry (LDA) 

cannot be used in opaque fluids as well as highly concentrated sus- 

pensions without considerable effort to match refractive indices 

of the suspended phase and the liquid [2]. Other methods such 

as Electrical Impedance Tomography (EIT) [3], X-ray radiography 

and neutron radiography [4] are also available, but experimental 

and cost limitations forces one to consider an alternative approach. 

Magnetic Resonance Imaging (MRI) is a highly accurate and versa- 

tile technique but the experimental apparatus are expensive and 
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requires that the apparatus used be designed around the particu- 

lar application, thus making it difficult to implement [2]. 

Energy losses caused by pipe fittings such as contractions, ex- 

pansions, bends and valves have thus far been analysed using em- 

pirical models [5–11] as well as using velocity field measurement 

techniques, such as Laser Doppler Anometry (LDA) and Particle 

Image Velocimetry (PIV) [12–14]. Contraction–expansion flows for 

various non-Newtonian fluids have also been numerically analysed 

using theoretical equations together with running simulations 

using Computational Fluid Dynamics (CFD) or similar software 

[15–22]. These numerical results are also often compared to ex- 

perimental visualisation techniques such as digital or analog (film- 

based) photography [23–25]. 

In spite of a considerable effort in recent years to resolve diffi- 

culties with the simulation of complex flow problems, some out- 

standing issues remain. The reason for this is that more detailed 

observations of velocity and pressure fields are experimentally not 

possible [26]. Also, equations used for theoretical analysis of com- 

plex flows are sometimes dramatically simplified and the implica- 

tions of these simplifying assumptions need to be quantified [27]. 

UVP is both a method and a device to measure an instantaneous 

unidimensional (1D) velocity profile along a measurement axis 

by detecting the Doppler shift frequency information echoed by 

particles contained in the fluid as a function of time [28–31]. This 

technique is ideal since it is non-invasive, works with opaque 

systems, is inexpensive, portable and easy to implement relative 
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In pipe flow integration of the velocity profile yields the rate of fluid 

flow and is given by: 

R 

Q = 2π 

∫
 
0 

vr dr , (3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
to other velocity profile measurement methods [2,32]. UVP is 

accepted as an important tool for measuring flow profiles in 

opaque liquids in research and engineering [33] and has been 

used for flow mapping in complex geometries such as stirred 

tanks [34,35], open channels [36], contractions [37,38], liquid 

metal targets of neutron spallation source configuration [39] and 

cylindrical hydrocyclones [40]. In-line rheological characterisation 

can however also be achieved by using UVP in combination with 

Pressure Difference (PD) measurements to obtain the complete 

flow curve from a single measurement. A complete methodology 

for UVP-PD in-line measurements have recently been proposed 

and described [31,41–45]. 

In this work velocity profiles were measured using Ultra- 

sonic Velocity Profiling (UVP) at the center (contraction) of a spe- 

cially manufactured 50% open diaphragm valve for an opaque 

non-Newtonian fluid. From the measured velocity profiles a total 

volume flow rate was calculated (based on manually drawn veloc- 

ity distributions) and compared to a conventional electromagnetic 

flow meter for verification. Velocity profiles were also measured 

inside a hyperbolic contraction at multiple positions along the ge- 

ometry, which continues work done by Zatti et al. [37]. The method 

has been improved (as described in Section 3.5) and it was possi- 

ble to do continuous high-resolution flow mapping of the complete 

velocity field along the contraction using a high precision robotic 

arm. Results were compared with the measured flow rate as well 

as theoretical predictions. Velocity profiles were also measured in 

a straight pipe for comparison. 

 
2. Theory 

 
2.1. Pipe flow 

 
The most common type of time-independent non-Newtonian 

fluids are characterised by an apparent viscosity which decreases 

with increasing shear rate. This kind of behaviour is described 

using the power-law model and apply to laminar flow only: 

τ = K (γ̇  )n (1) 

Eq. (1) can be integrated to obtain the radial velocity distribu- 

tion profile: 

1 

where v is the velocity at a radial point, r , along the pipe radius. The 
average volumetric flow rate in a steady state process is given by: 

Q = VA, (4) 

where V is the average velocity and A the total flow area of a par- 

ticular geometry [46]. In order to calculate a flow rate from mea- 

sured velocity profiles inside the valve center geometry, separate 

flow rates were calculated for each area/flow segment and added 

together to yield a total volume flow rate: 
 

N 

QT = 
− 

(Vn · An ) , (5) 

n=1 

where Vn is the measured velocity across a particular flow/area 

segment, An , which is calculated by Solidworks 2009 (Dassault Sys- 

tèmes SolidWorks Corp., Concord, MA, USA, www.solidworks.com) 
and N is the total number of segments. 

When complex flow behaviour is of concern, the identification 

of the transition between laminar and turbulent flow is of great im- 

portance because the fluid flow behaviour changes fundamentally 

at the transition zone. A Reynolds number for non-Newtonian pipe 

flow [47] was used as an indication of the flow regimes during tests 

conducted in this work. 

 
3. Materials and methods 

 
3.1. Material 

 
An aqueous solution, Carboxy Methyl Cellulose (CMC), was 

tested and is generally regarded as an ideal non-Newtonian power- 

law fluid for experimental work, especially when ultrasonic tests 

are concerned as CMC offers excellent wave scattering/reflection 

and minimal attenuation characteristics [48]. The CMC (Protea 

Chemicals, Bryanston, South Africa, http://www.proteachemicals. 

co.za) solution used was 6.15% w/w for the valve tests at the Flow 

Process Research Centre (FPRC). CMC sodium salt (Alfa Aesar GmbH 

& Co KG, Karlsruhe, Germany, www.alfa.com) 2.63% w/w was 

used for the hyperbolic contraction tests at the Swedish Institute 

for Food and Biotechnology (SIK). Controlled stress rheometers 

(Paar Physica MCR300, Anton Paar, Randburg, South Africa, 

www.advancedlab.co.za and Rheologica StressTech, Rheologica 

Instruments, Lund, Sweden) was used to obtain flow curves for the 

CMC 6.15% w/w (K = 0.074 Pa sn, n = 0.854) and 2.63% w/w (K = 
0.68 Pasn, n = 0.82) solutions (cup and roughened bob geometry, 

measuring gap = 1.13 mm). The rheological parameters were 
used to calculate Reynolds numbers for non-Newtonian pipe flow 

as well as velocity distributions along the hyperbolic contraction 

length. In this study, the highest value of Reynolds number was 

1700 i.e. all measurements were conducted in laminar flow. 

 
3.2. Reference measurements using electromagnetic flow meter 

 
Electromagnetic flow meters (Krohne IFC 010D – DN40, Endress 

& Hausser Discomag DMI 6531) were used as a reference for 

comparison with the UVP analysis. The errors and uncertainty 

associated with the flow meters were determined experimentally. 

The load cell on which the weigh tank is mounted was calibrated 

against calibration weights. These weights were measured on 

a high-precision electronic scale. The weights were loaded and 

v = 

 
nR 

(1 + n) 

  
R∆P 

 
 

2LK 
n 

 

1 − 
  
R 

1+ 1  

. (2) 
the load cell voltage was recorded for each known weight. The 

calibration coefficients were then exported to the data processing 
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total area, m2
 

distance along contraction length, m 

consistency index, Pa sn
 

unit length, m 

total number of segments, dimensionless 

flow index, dimensionless 

(subscript) segment number, dimensionless 

pressure drop, Pa 

volume flow rate, l/s 
pipe/contraction radius, m 

contraction radius limits, m 

radial position, m 

time-of-flight, s 

bulk velocity, m/s 
velocity, m/s 

Greek letter 

θ Doppler angle, ° 
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Fig. 1.   Flow meter error comparison between water and a non-Newtonian fluid 

(range 0.12–4.5 l/s). 

Fig. 3.  Velocity of sound vs. estimated flow velocity error. 

 

 

 

 

 
 

 

 

Fig. 2.   Flow meter error for a non-Newtonian fluid between a range of 0.3–4 l/s. 

 
program. Following this, the weighing procedure was evaluated by 

filling the tank with water and recording the reading output from 

the load cell. The water in the weigh tank was then drawn off in 

increments into a smaller tank and weighed on the same high- 

precision electronic scale. A correlation coefficient of R2 = 0.999 
is acceptable. If less the calibration procedures were repeated. 

A correlation coefficient of 0.9997 was obtained. Flow rates for 

water and the non-Newtonian fluid were measured using the 

weigh tank (bucket and stopwatch method) and the reference flow 

meter. Fig. 1 shows that a correlation coefficient of R2   = 0.98 
was obtained between the two measuring methods for the non- 

Newtonian fluid, using the ‘Bucket & Stopwatch’ method (B & S) 

as the reference. The manufacturer specification of 0.4 m/s where 

the errors increase significantly equates to 0.32 l/s. It can be seen 
in Figs. 1 and 2 that the error increases significantly below this 

value for the non-Newtonian fluid. The relative standard error was 

1.2% compared to the manufacturer’s value of 0.5% in the low range 

(Fig. 2). This range with large uncertainty was avoided and the test 

work was conducted at a minimum of 0.5 l/s. The repeatability of 

the flow meter was 0.002 l/s based on a sample of 100 test points 
at the same flow rate. This was true for both Newtonian and non- 

Newtonian fluids in the range of flow rates used for this work. 

 
3.3. Doppler angle and velocity of sound errors 

 
Since the estimated velocities using UVP are directly related to 

the velocity of sound measurement as well as the Doppler angle, 

errors may arise if these parameter inputs are incorrect [49]. Fig. 3 

shows the relationship between velocity of sound error and the 

Fig. 4.  Doppler angle vs. estimated velocity error. 
 

consequent error in the estimated velocity. It is important to be 

aware of the temperature dependence of the velocity of sound 

in suspensions. Since the velocity of sound in water varies by 

approximately 3 m/s per °C at 20 °C, an error in temperature of 

0.1 °C will produce an error of 0.3 m/s in the velocity of sound 
measurement. Special equipment has been designed to monitor 

velocity of sound parameters continuously (see Section 3.5). 

Another important limitation of UVP is the crucial role played 

by the Doppler angle (θ ). This angle is defined as the angle between 
the ultrasonic beam direction and the direction of the flow inside 

the pipe or pipe fitting. The Doppler angle is a variable which 

influences the magnitude of velocity estimation. If UVP is to be 

used to map unknown velocity fields, the problem of not knowing 

the Doppler angle a priori must be mitigated [2,31]. Fig. 4 illustrates 

the error in point velocity estimation for a given Doppler angle 

error. Note that 20 degrees +/−2 degrees constitutes a Doppler 

angle error of +/−10%. 

 
3.4. Experimental flow loops and hardware 

 
Two experimental flow loops were used in this work, one for 

the valve and one for the contraction flow measurements. Both 

flow loops share similar methodology of equipment setup and 

transducer installation. The first (valve) flow loop consisted of 

a 100 mm progressive cavity positive displacement pump with 

variable speed drive (maximum volumetric flow of 11 l/s) to 
enable tests at different flow rates. The Polyvinyl chloride (PVC) 

pipe had an inner diameter of 52.8 mm which was fitted with a 

temperature probe. An electromagnetic flow meter (Krohne IFC 

010D – DN40) with an accuracy of ±0.5% of the measured value 
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Fig. 5.   Schematic illustration of the valve flow loop. 
 

for V ≥ 0.4 m/s and ±0.002 m/s for V < 0.4 m/s (for water) 
was used. The mixing tank had a capacity of 1700 l and was fitted 

with an electrically driven mixer that ran continuously during the 

tests. After a fluid passed through the test section it was collected 

via a common pipe and directed to the supply tank. At the outlet 

it was possible to send the fluid through a weigh tank used for 

calibration purposes. A similar setup can be found in [6]. The 

second (contraction) flow loop consisted of a stainless steel pipe 

of internal diameter 48.5 and 22.5 mm which was connected to a 

100 l tank. A pump (Alfa Laval, ALC1-D/150, 2 kW) was installed 

along with a flow meter (Endress & Hausser Discomag DMI 6531, 

accuracy 0.017 l/s between flow rate range of 0.25 l/s and 4.42 l/s 

for aqueous suspensions). The upstream straight pipe sections 

were 50 D in length to ensure fully developed flow before the 

geometry and flow adapter sections. 

 

3.5. UVP instrument, transducers and flow adapter cells 

 
In this work the latest UVP instrument (UVP-DUO-MX, Met- 

Flow SA, Lausanne, Switzerland) was used for velocity profile 

measurements. Doppler, Immersion type 4 MHz, 5 mm active ele- 

ment ultrasonic transducers (TN and TX-line, Imasonic, Bensancon, 

France), which operate in transmitting and receiving mode, were 

used. A more detailed description, as well as technical information 

about the ultrasonic transducers and UVP instrument, can be found 

in [49]. 

A special flow adapter cell made from stainless steel was 

designed at SIK for simultaneous in-line measurements of velocity 

profiles and acoustic properties for straight pipe flow. Ultrasonic 

Transducers (TDX) were installed at 70° with respect to the 

direction of fluid flow and in direct contact with the fluid to avoid 

attenuation and reflection of the pressure wave. In order to avoid 

measurements where the ultrasonic pressure wave is irregular, the 

transducers were also pulled back creating a cavity equal to the 

transducer near field distance (∼17 mm) between the transducer 
surface and actual pipe wall interface. This transducer installation 

has previously been described [31] and the same setup was used 

in [48] and also for the valve tests in this work. Experimental 

velocity profiles in the hyperbolic contraction were measured 

through the wall interface (no cavity), which is explained in 

Section 3.4. An Agilent 100 MHz Digital Oscilloscope (Model 

54622A) was used as an integral part of the set-up for velocity 

of sound measurements and the procedure has been described 

in previous work by [31]. The velocity of sound was monitored 

continuously as it changes with temperature and consequently 

influences the magnitude of measured velocities. Fig. 5 shows 

a schematic diagram of the valve flow loop at the FPRC. The 

experimental flow loop setup used for the contraction tests at SIK 

was almost identical, but the diaphragm valve was in this case 

replaced by a hyperbolic contraction. 

3.6. Diaphragm valve 

 
A commercial diaphragm valve (Dynamic Fluid Control Pty 

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

engineered  and  re-manufactured  using  a  rapid  prototyping 

(3DPTM) technique of multilayer printing [50–52]. A rubber lined 
valve was cut in half with a 0.35 mm precision blade. One half 

was of the valve was prepared by burning off the rubber lining to 

expose the cast iron and prepared for 3D imaging using a special 

camera able to determine spatial co-ordinates from its surface. 

The co-ordinates obtained from the image were relayed to a CAD 

drawing package, Solidworks 2009 (Dassault Systèmes SolidWorks 

Corp., Concord, MA, USA, www.solidworks.com), thus recreating a 

3D image of the valve. With the valve geometry known, it was then 

possible to design and create ports in which to install ultrasonic 

transducers in the valve, especially with regard to, and as close as 

possible to the valve center. The reason for choosing the center 

position is because most of the energy loss occurs at this region. 

Information from the CAD drawing was relayed to a 3D printer (Z- 

Corp., Burlington, MA, USA, www.zcorp.com), which was used to 

grow the 3-dimensional object. Fig. 6 shows both the design and 

the final product installed on the test rig. 

 
3.7. Experimental methods — Calculation/analysis of valve velocity 

distributions and UVP measurements 

 
Fig. 7 shows the internal model of the  diaphragm  valve 

when viewed at the center plane. It can be observed that this 

geometry is symmetrical around the vertical axis and thus velocity 

distributions were assumed to be the same at both sides of 

this axis. The challenge was to assume a realistic pattern of the 

velocity distribution at the center of the valve geometry. Velocity 

distributions were arbitrarily drawn using Solidworks 2009 and all 

geometry coordinates were exported to Matlab (The Math-Works 

Inc., Natick, MA, USA) for flow calculations. This is illustrated 

in Fig. 8. The three measurement lines (TDX Lines 1–3) are the 

directions of the wave propagation of each ultrasonic transducer 

respectively. Three velocity profiles were measured due to the 

complexity of the valve geometry. 

All velocity profile measurements were conducted with the 

following system settings: emission voltage 60 V, number of pulse 

repetitions per profile 256 and number of cycles per pulse 2. The 

flow velocity resolution did not exceed 17 mm/s (depended on 
maximum measurable velocity/Pulse repetition frequency (PRF)) 

and an average of 256 profiles was used. It must be noted 

that the calculated spatial resolution of the velocity profile 

measurements was 0.38 mm, which means that a point velocity 

is measured at every 0.38 mm interval [49]. This parameter may 

change as a result of variations in fluid sound speed around the 

cavity (sedimentation of particles, density fluctuations) as well 

as temperature effects, which lead to a decrease in the channel 
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Fig. 6.  Isometric view of diaphragm valve design and final product installed on the flow loop. 

 

 
 

Fig. 7.  3D representation of the diaphragm valve. 

 

distance, i.e. increase in spatial resolution. The measured velocity 

profiles were interpolated with +/−1000 points to compensate 
for missing points that might occur across an overlapping segment. 

An average of the point velocities measured across a particular 

segment was determined and this value was assumed to be 

the same across the entire segment (see highlighted segment, 

Fig. 8). These assumptions also lead to additional errors, as a 

priori knowledge of the flow field of this complex geometry is not 

available. 

The near wall position for measurements made across TDX Line 

3 (symmetrical axis), were calculated using the maximum velocity 

as the center position and subtracting the physical penetration 

depth. Since all the transducers were physically installed at the 

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

was used for the asymmetrical measurements (TDX Lines 1–2) as 

the near wall position. The opposite walls were determined by 

visual inspection and using the sound velocity, physical geometry 

of the valve as well as angle of inclination. Using the total 

number of observed channels and the physical model distance, it 

was determined that the channel distances decreased by +/−8% 
(from 0.38 mm) on average. This also means that the individual 

profiles are shifted in distance (+/−1 channel, 0.38 mm) and thus 
influence the overall accuracy (average) of estimated velocities 

along a measurement line. 

The total volume flow rate was calculated by adding the indi- 

vidual flow rates determined for each segment using Eq. (5). This 

calculated flow rate was then compared to the flow rate measured 

using an electromagnetic flow meter and an error difference per- 

centage was determined for comparison. 

 
3.8. Hyperbolic contraction 

 
Fig. 9 shows the experimental setup for the contraction tests. 

The hyperbolic contraction used in this work was made of PMMA, 

 

 
 

Fig. 8. Velocity distribution drawing showing transducer positions and measure- 

ment lines. 

 

which has good mechanical properties for minimal ultrasonic en- 

ergy absorption. The contraction was installed in a 20 l tank and 

was filled with CMC so that the fluid medium inside the contraction 

was identical to the medium between the ultrasonic transducer 

and the contraction wall layer. The CMC was thus used as a cou- 

pling fluid to minimise ultrasonic wave refraction and reflection. 

The contraction wall thickness was also optimised to integers of 

half wavelengths for maximum ultrasonic energy transfer between 

the coupling fluid and wall layers of the contraction material. In 

this case velocity profiles were measured through the contraction 

wall interface and not by installing transducers in direct contact 

with the test fluid, as described for the valve tests (Section 3.4). 

The ultrasonic transducer was moved along the contraction (X - 

direction) using a high precision (+/−0.03 mm) robotic arm 
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Fig. 9.   Contraction setup with robotic arm. 
 

(KUKA Roboter GmbH, http://www.kuka-robotics.com). This en- 

abled measurement of a range of velocity profiles from developed 

to contracting flow and from the results a complete flow map of the 

velocity field inside the hyperbolic contraction was determined. 

The valve geometry as well as physical properties (material) was 

too complex for measurements through the wall interface and thus 

two different ultrasonic measurement techniques are presented. 

 
3.9. Calculations/analysis of hyperbolic contraction flow and UVP 

measurements 

 
Velocity profiles inside the hyperbolic contraction were sim- 

ulated using the power-law point velocity distribution formula 

(Eq. (2)) for laminar pipe flow and predetermined rheological pa- 

rameters. Theoretical profiles were calculated using Matlab and 

the corresponding contraction radius at a particular position. The 

hyperbolic contraction radius is described by the following equa- 

tion: 

 
         

 
Fig. 10.  Radial profiles measured in a 52.8 mm pipe using UVP for CMC 6.15% w/w. 

 

 

 
 

 

 
         

 
Fig. 11.  Radial profiles measured in valve across TDX Line 3 for CMC 6.15% w/w. 

R = R1 / d · R2 /R2 − 1
 
+ 1  . (6) 

1     2 

Velocity profile measurements were conducted with the fol- 

lowing system settings: emission voltage 150 V, number of pulses 

1024 and number of cycles per pulse 2. The flow velocity reso- 

lution [49] did not exceed 20 mm/s and an average of 128 pro- 
files was used. Note that based on these parameter settings the 

energy input to the contraction system was substantially higher 

than when compared to the velocity profile measurements inside 

the valve. Even when using a material with good acoustical prop- 

erties as well as optimised wall thickness a significant amount of 

energy still gets absorbed. The position of the first near wall layer 

was calculated using the maximum velocity and relevant contrac- 

tion radius of the first velocity profile measurement. The rest of the 

wall positions were determined by recording the distance travelled 

along the contraction length (d) and using Eq. (6). 
  

 

4. Results and discussion 

 
4.1. Valve geometry 

 
4.1.1. Velocity profiles 

Velocity profiles measured at three different flow rates (0.5 l/s, 

0.99 l/s, 1.7 l/s) in a straight pipe is shown in Fig. 10. Figs. 11–13 
shows velocity profiles measured at the same flow rates inside the 

valve across TDX Lines 1–3. 

The experimental profiles obtained from the straight pipe in 

laminar flow shows a typical power-law point velocity distribu- 

tion. Results obtained from measurements across TDX Line 3 are 

symmetrical around the center position (dotted lines) and was ex- 

pected due to measuring across a symmetrical axis in the valve. It 

Fig. 12.  Lateral profiles measured in valve across TDX Line 1 for CMC 6.15% w/w. 
 
 

can also be observed that the magnitudes of velocity measured in 

the valve are slightly higher than compared to that obtained in pipe 

flow. 

Fig. 12 shows a sharp increase in velocity close to the near wall 

for all of the lateral measurements. This could be due to the fluid 

pushing against and under the diaphragm creating higher speeds 

than compared with velocities measured at a different position in 

the valve. Velocity profiles measured across the diagonal position 

(TDX Line 2) shows an increase of velocity from the near wall 

and steady decrease from the center area of the valve. At higher 

flow rates the linear increase of velocity from the near wall to the 

maximum velocity (as in the 0.5 l/s case) seems to stay constant 

Main Flow 

22 mm 
Fluid 

48 mm 

http://www.kuka-robotics.com/
http://www.kuka-robotics.com/
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Fig. 13.  Diagonal profiles measured in valve across TDX Line 2 for CMC 6.15% w/w. 
 

for some distance, which suggests that most of the fluid flow occurs 

beyond the valve’s upper regions or ‘ears’. 
It can be observed that every experimental velocity profile has 

non-zero velocities (marked with circles) at the wall interfaces 

(marked with solid and broken lines, wall1–wall2). Firstly, the 

increase in velocity at the first wall interface (wall1) is due to 

the cavities situated in front of the transducer surfaces, where 

flow occurs before the actual wall position. Estimation of the 

wall positions is essential for flow or fluid property calculations. 

Wiklund et al. [31] showed a significant variation in rheological 

parameters when wall positions were changed by only one 

channel distance (less than 0.5 mm). A method of determining 

the maximum velocity as the center position could be used, but 

his technique fails for even moderate shear-thinning fluids due to 

the limited velocity resolution at the center [31]. This approach 

also fails for velocity profiles measured across an asymmetrical 

axis (Figs. 11–13). Several techniques were introduced for wall 

detection [31], but the accuracy was concluded to be within one 

channel, unless access to RF-data can be obtained. 

The increase in velocity at the opposite wall interface (wall2), 

is due to multiple ultrasonic reflections from the wall, which is 

inherent in UVP. This reflected energy is scattered back by the 

moving particles inside the fluid to produce detected Doppler shifts 

and consequently the UVP instrument starts to plot an image 

profile [53]. When measuring in simple or symmetrical geometries, 

only half of the measured profile is needed, as in the case of pipe 

flow or across a symmetrical axis (Figs. 10 and 11). Here the effect 

of multiple ultrasonic reflections is not important as the first half 

of the experimental profile is assumed to be similar at both sides 

from the center position or maximum velocity for a power-law 

fluid (dotted lines). However, if velocity profiles in complex or 

asymmetrical geometries are measured, it is essential to acquire 

accurate velocity data at both wall interfaces, where the velocity 

gradients are high. One method to compensate for multiple wall 

reflections is to install another transducer at the opposite wall, thus 

measuring from both sides. This method is also useful for reducing 

the effects of ultrasonic attenuation, but will introduce another 

cavity to the system, unless a different type of transducer is used. 

 
4.1.2. Velocity distribution 

A velocity distribution colourmap is presented in Fig. 14 for 

0.5 l/s. 

The error difference percentage between the measured (0.5 l/s) 
and calculated (using Eq. (5)) flow rate was 14.86%. 

A comparison of different flow rates obtained by integration 

of velocity profiles measured in the pipe as well as determined 

using the manually drawn flow field (Fig. 14) with the measured 

(electromagnetic) volume flow rate is shown in Table 1. For these 
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Fig. 14.   Velocity distribution colourmap. 
 
 

tests it was assumed that the flow meter results were correct 

(see Section 3.2). With increasing flow rate the error difference 

percentage between the valve (using UVP) and flow meter results 

increase. This was due to more significant distortion of velocity 

profiles at the wall interfaces as much higher velocities were 

present with increasing flow rates. 

Some important observations can be made from the colourmap 

in Fig. 14. The majority of the flow seems to be at the center 

area of the valve and not at the upper regions (see Fig. 13). Also, 

the highest measured magnitudes of velocity appear to be just 

below the valve diaphragm (see Fig. 12). The next step would be 

to possibly shift the lateral measurement line (TDX Line 1) towards 

the center of the valve in order to observe the flow behaviour across 

the lowest area (highest contraction) of the diaphragm valve. Also, 

a second transducer could be installed above TDX Line 3 (radial 

position). The new information that would be made available 

using this set-up may lead to a better understanding of the flow 

behaviour inside the valve and also eliminate errors caused by the 

assumption of velocity magnitudes where no experimental data is 

available. It is also very important to have information about the 

physical characteristics of the ultrasonic transducer’s beam when 

measuring in complex geometries such as a valve. If measuring in 

narrow regions (TDX Line 2 for example) the user must make sure 

that the beam does not overlap with wall interfaces, which will 

distort velocity profiles significantly. 

 

4.2.  Hyperbolic contraction 

 
Fig. 15 shows the theoretical and experimental velocity distri- 

bution inside the hyperbolic contraction using Eq. (1) and UVP. In 

order to ensure accurate flow rate readings and constant test con- 

ditions, measurements were conducted in the optimum range of 

the electromagnetic flow meter at 0.6 l/s. Theoretical (calculated 
using Eq. (2)) and experimental velocity profiles along the contrac- 

tion length were integrated in order to obtain the flow rate. The 

average error difference percentage between the theoretical and 

experimental integration was 10.37%. 

This error was mainly due to the temperature dependant 

properties of the CMC sodium salt, which showed a decrease in 

viscosity with increasing temperature from fluid pumping effects. 

Fig. 16 shows a measured and theoretical velocity profile 7 mm 

from the contraction limit position (as shown by the black line in 

Fig. 15). 
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Table 1 

Percentage difference between volume flow rates obtained from flow meter, integration of velocity profile in a pipe and calculation using the velocity distribution of the 

diaphragm valve and Eq. (5). 

 
 
 
 
 
 
 

 
 

Fig.  15.    Experimental and theoretical velocity distribution across contraction 

length for CMC 2.63% w/w. 

 
 

 

 
 

 

 
Fig. 16.  Experimental vs. theoretical velocity profile inside hyperbolic contraction 

geometry. 

 
 
 
 
 
 
 

 
The gradient of the experimental profile shows a slight increase 

between the radius and wall positions. These errors may occur 

due to changes in sound velocity as a result of measuring though 

material layers with different acoustic impedances. However, 

velocity profiles can still be used to derive elongational viscosity 

for fluid characterisation in the food industry. A significant amount 

of energy is required to overcome ultrasonic absorption and 

penetration depths when measuring through material layers. This 

loss of energy can also cause problems when measurements 

inside attenuating fluids are of interest, which is the case with 

most industrial suspensions. A transducer with lower emitting 

frequency can be used, but at a cost of decreased spatial resolution. 

This will complicate estimation of wall positions even further, 

where measurement channels overlap or are present beyond the 

wall layer/interface. 

 
5. Conclusions 

 
Based on the experimental results it was possible to measure 

quantitative velocity data at various flow rates for non-Newtonian 

flow inside a highly complex geometry, such as a diaphragm valve, 

for the first time. 

The difference between calculated and measured flow rates 

varied from 15% to 25%. A range of velocity profiles from developed 

to contracting flow were also measured by scanning the transducer 

along a hyperbolic contraction using a high precision robotic 

arm set-up. Experimental results showed good agreement with 

theoretical predictions and the maximum error was 10%. Based 

on initial findings and future improvements UVP will prove to 

be a useful tool for validating CFD simulations in highly complex 

geometries. 

From our results we conclude that the most important remain- 

ing problem in order to increase measurement accuracy is the es- 

timation of wall interfaces. This problem could be reduced by the 

introduction of new ultrasonic transducers that allows measure- 

ments directly at the transducer front. A transducer of this kind 

where the focal point of the ultrasonic beam is located at the trans- 

ducer front/wall interface is currently under development [54]. 
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Flow meter (l/s) Velocity profile integration (l/s) Integration vs. Flow meter (%) Valve flow rate calculation (l/s) Valve vs. Flow meter (%) 

0.50 0.490 2.00 0.426 14.86 

0.72 0.723 0.42 0.581 19.36 

0.99 0.973 1.77 0.770 22.18 

1.30 1.376 5.82 0.970 25.35 

1.70 1.660 2.34 1.269 25.38 
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