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Complex magnox ponds at Sellafield retain hydroxide-based sludge with unknown physicochemical 
properties where the sludge is a corroded form of magnesium-based fuel cladding. Long term storage and 
open-air aqueous conditions have been major contributors to corrosion and now the waste requires 
transportation to interim storage using engineered pipelines. Remote in situ characterization of sludge 
was achieved using a non-invasive ultrasonic velocity profiler (UVP) which monitored suspensions in a 
bespoke pipe-loop designed to mimic flows encountered in the nuclear industry. Spherical glass particles 
with two size distributions of known acoustic behavior were analyzed to extract raw velocity and echo 
amplitude for velocity and acoustic profiling which provided insight into the effect of particle size and 
concentration on attenuation. Four 4 MHz frequency transducers were mounted in-line on engineered 
pipelines, 90° and 135° to flow on horizontal and vertical pipe sections where acoustic profiles were 
compared to select the most efficient pipe arrangement. When comparing, the horizontal pipe section 
was found to enhance attenuation producing higher coefficient values, likely caused by suspension 
segregation. Simultaneous velocity profile measurement was achieved where profiles were as expected for 
highly turbulent flow.  Moving forward, complex non-defined nuclear simulants will be analyzed to 
investigate the UVP's limitations.
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1. INTRODUCTION
The online characterization of suspensions, whether it be the analysis of concentration, size, or flow behavior,

can be a complex process. This is even more so in the nuclear industry as the risk of radiation exposure or 

contamination limits the number of techniques that can be used. Specifically, there are numerous nuclear waste 

suspensions and sludges stored in various ponds, siloes and tanks at reactor sites worldwide that require safe and 

remote characterization as part of waste transfer and processing operations1, such as at Sellafield, one of Europe’s 

largest reprocessing facilities. Online monitoring of suspension concentrations is often achieved in similar industries 

using γ-ray densitometers or Coriolis meters2 although they can be very expensive and challenging to retrofit onto 

existing pipelines. Additionally, they offer no potential to profile suspensions to investigate segregation, and also do 

not allow for the extraction of other critical information, such as suspension particle size. Ultrasonic profilers, 

however, do offer the ability to extract simultaneous concentration and flow data from suspensions, and also indicate 

particle size from the scattering-attenuation relationship3,4,5. They can also be relatively easily installed in many 

systems using non-contacting clamp-on mounting blocks. The purpose of this investigation is to understand the 

behavior of suspensions in engineered pipelines, and their online characterization with ultrasonic meters, where results 

can be applied to aid the transfer and processing of nuclear waste suspensions6. Engineered pipelines are used across 

industries, especially in the wastewater treatment sector and oil and gas, so a new streamlined process for analysis and 

characterization could be adapted for many applications7. Within the nuclear industry, remote techniques are 

particularly valuable as the equipment is not in direct contact with the suspension which limits the risk of 

contamination8.  

When selecting a remote characterization technique, there are several options that could be used, however, 

ultrasonic acoustics are potentially the most practical and applicable technique, as it has been utilized frequently in 

marine surveying, where ultrasonic transducers underwater were used to detect aquatic marine life on the seabed9. 

Here, acoustic backscatter systems (ABS) are used where a single probe or probe array acts both to generate the 

ultrasound and detect the echo signal, allowing for depth profiles. In the current work, a commercial ultrasonic velocity 

profiler (UVP) was used in backscatter mode to enable attenuation measurements from the voltage response. Similar 

UVP systems have been previously used in well mixed tanks to measure the attenuation of various suspensions, where 

probes were mounted onto the outside of tank walls, enabling analysis in non-contact configurations5,10.  

Here, a UVP was used to monitor suspension flows in a bespoke pipe-loop designed to mimic flows encountered 

in the transferring of nuclear wastes. The pipe-loop was manufactured with both vertical and horizontal test sections, 

and integrated transducers were mounted onto the outside of the pipeline in each section, where the pipe orientation 

with the most efficient acoustic profile data was selected for velocity profiling. As the UVP enables simultaneous 

collection of velocity data using the Doppler shift, probes were mounted at two angles (90o and 135o) for optimal 

collection of attenuation and velocity data respectively. For the initial rig validation reported here, two different sizes 

of glass bead dispersions were used, as their scattering-attenuation is well understood theoretically, while calibration 

data exists on their attenuation coefficients3,5. Difference in particle size provided deeper insight into the change of 

acoustic behavior of slurries in pipelines11, while the simultaneous collection of velocity and echo amplitude data from 

the UVP allows for complex real-time characterization of sediment transport, in a safe, industrially deployable unit. 

2. THEORY

A. PIPE FLOW ENTRY CALCULATIONS
The experimental flowrate for the studied conditions was calculated by measuring the volume of water extracted

from the drainage point in the pipe loop over a time period of five seconds. The measured flow rate was used to 

establish the mean flow velocity by using the area of the pipe, where the internal pipe diameter was 0.025 m. The 

Reynolds number, Re, corresponding to the flow rate was calculated from Eq. (1)12 using the kinematic viscosity, v 

(m2.s-1), pipe diameter, D (m), and the flow velocity, Uave (m.s-1). The kinematic viscosity of water at room 

temperature12 20 oC, v = 10-6 m2.s-1 was used, while the contribution from the particles on the viscosity were negated, 

because of the small concentrations used (0.46 to 4.97 vol %)13.  

𝑅𝑒 =  𝑈𝑎𝑣𝑒

𝐷

𝑣
(1) 
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The minimum required ratio of entry length, to pipe diameter (L/D) for the pipe-loop was calculated14 to ensure 

the flow was fully developed before the measuring location. Two methods for calculating the ratio of entry length 

were used for validation, one method used the Reynolds number whilst the other utilized the roughness coefficient of 

PVC pipes (~ 1.5×10-6 m)15. The minimum length to diameter (L/D) ratio was first calculated in Eq. (2), using the 

Reynolds number14,16, which was converted to the minimum entry length using the known diameter, D = 0.025 (m)14. 

The L/D ratio and minimum entry length for various flowrates achievable with the pump system used are shown in 

Table 1, giving a range from 0.47 to 0.60 m, which was significantly smaller than the actual entry lengths for both 

horizontal (1.3 m) and vertical (2.1 m) pipe sections (see Section 3-B). Therefore, flow was fully developed at the 

points of analysis in the vertical and horizontal probe holders.  

 𝐿

𝐷
 (𝑚𝑒𝑡ℎ𝑜𝑑 1) = 4.4𝑅𝑒

1
6 (2) 

     

Table 1. Calculation of minimum entry length requirements using method 1 (Eq. (2)).  

Speed 

(RPM)  

Flow rate 

(L/s)  

Flow Rate 

(m3/s)  

Flow Velocity 

Uave (m/s)  

Reynolds  

Number, Re   

Minimum Length 

to Diameter, L/D 

(method 1)   

Minimum Entry 

Length, L (m) 

150  0.12  0.00012  0.23  5857  18.68  0.47  

300  0.16  0.00016  0.33  8149  19.74  0.49  

900  0.43  0.00043  0.88  22002  23.29  0.58  

1050  0.50  0.00050  1.03  25669  23.90  0.60  

  

Entry length was also calculated utilizing a second method as a validation step by using the Darcy friction factor17, 

f. The friction factor was calculated in Eq. (3) using the Reynolds number, Re from Table 1, as well as the roughness 

coefficient, ɛ (m) and the pipe diameter D (m)14. The entry length was consequently calculated using the friction factor 

values found using Eq. (3)18. All entry lengths shown in Table 2 range from 0.37 to 0.53 m, which is similar to method 

1, all be it slightly lower in length estimations. Nevertheless, by calculating the entry length using two independent 

methods, it was confirmed that flow was fully developed before analysis. 

 
𝑓

−
1
2 =  −1.8 𝑙𝑜𝑔 [

6.9

𝑅𝑒
+ (

𝜀

3.7𝐷
)

1.11

] ,           
𝐿

𝐷
 (𝑚𝑒𝑡ℎ𝑜𝑑 2) =

0.5

𝑓
+

5

𝑓
1
2

 (3) 

 

Table 2. Reynolds number and friction factor calculations for the second methodology (Eq. (3)) to determine the 

minimum entry length requirements. 

Reynolds Number,  

Re   

Friction factor  
f -0.5 

Friction 

factor f  

Minimum Length to  

Diameter L/D (method 2) 

Minimum entry 

Length, L  

5857  5.27  0.036  14.83  0.37  

8149  5.53  0.033  16.17  0.40  

22002  6.29  0.025  20.61  0.52  

25669  6.41  0.024  21.34  0.53  
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B. ACOUSTIC THEORY
The ultrasonic velocity profiler (UVP) analyzes suspensions by emitting pulsed signals through the pipe and

detecting any reflected signals. Echo amplitude data is extracted from the UVP where the amplitude shows the 

attenuation of sound as the sound signal propagates through the suspension. The ratio of attenuation to detection of 

sound allows the UVP to differentiate between suspensions of varying concentrations and particle size distributions. 

Echo amplitude, E(r), is converted to voltage in Eq. (4), using the gain function, g(r), which is selected depending on 

the amplification required for the signal19. 

𝑉(𝑟) =
3.052 𝑥 10−4𝐸(𝑟)

𝑔(𝑟)
(4) 

In Eq. (5), the voltage is a function of concentration, M (kg.m-3), attenuation due to solid and water, αs (m-1), αw 

(m-1), as well as the transducer constant, kt (V.m1.5) and the backscatter coefficient ks (m.kg0.5)20. The nearfield 

correction factor in Eq. (6) is a function of the distance r (m), transducer active radius at (m) and wavelength λ (m), 

where the wavelength is calculated using the speed of sound in water (1480 m/s) and transducer frequency (4 MHz).  

𝑉 =
𝑘𝑠𝑘𝑡

𝜓𝑟
𝑀1/2𝑒−2𝑟(𝛼𝑤+𝛼𝑠) (5) 

𝜓 =

1 + 1.35 (
𝑟

𝜋𝑎𝑡
2

𝜆

) + (2.5 (
𝑟

𝜋𝑎𝑡
2

𝜆

))

3.2

1.35 (
𝑟

𝜋𝑎𝑡
2

𝜆

) + (2.5 (
𝑟

𝜋𝑎𝑡
2

𝜆

))

3.2 (6) 

The speed of sound in suspensions can be calculated using the density ρ (kg.m-3) and compressibility k (m2.N-1) 

of the suspension, as originally devised by Urick21, which are both additive properties. Hence for Eq. (7), the density 

and compressibility are calculated as volume fractions of the suspension’s components. In Eq. (7), ϕ indicates the 

volume fraction of the sediment, whilst the subscripts s and w, indicate values for sediment and water, respectively21. 

𝑐 =
1

√𝜌𝑘
, 𝜌 =  𝜌𝑤𝜙 + 𝜌𝑠(1 − 𝜙), 𝑘 =  𝑘𝑤𝜙 + 𝑘𝑠(1 − 𝜙) (7) 

Table 3. Speed of sound calculations for silica glass bead suspensions 

Concentration, M 

(kg.m-3) 

Volume 

(m3) 

Volume 

(%) 

Density, 

 ρ (kg.m-3) 

Compressibility, 

k (m2.N-1) 

Speed of 

sound, c (m/s) 
Δc/ c0 

11.9 0.0002 0.46 1004 4.56E-10 1478 -0.15

35.7 0.0006 1.35 1019 4.52E-10 1474 -0.44

47.6 0.0008 1.80 1026 4.50E-10 1472 -0.57

59.5 0.0010 2.24 1033 4.48E-10 1470 -0.70

83.3 0.0014 3.11 1047 4.44E-10 1466 -0.95

107.5 0.0017 3.97 1061 4.41E-10 1463 -1.18
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The speed of sound was calculated for glass test materials, as shown above in Table 3. While the testing program 

used two different sizes of glass (see Section 3) their speed of sound is identical, as the Urick equations do not consider 

particle size21. The density of silica dioxide (2500 kg.m-3) was used as the silica glass beads are composed of ~75% 

silica dioxide22. Compressibility was calculated by taking the inverse of bulk modulus, wherein the bulk modulus of 

silica dioxide (36.9 GPa) was used. Table 3 shows that an increase in density led to a decrease in the speed of sound. 

A logarithmic function of the voltage, called the G-function, was used to compare attenuation of profiles, wherein 

it is calculated using the suspension concentration, M (kg.m-3), attenuation due to solid and water, αs (m-1), αw (m-1), 

as well as the transducer constant, kt (V.m1.5) and the backscatter coefficient ks (m.kg0.5)20. The G-function utilizes the 

nearfield coefficient23, ψ, and distance from transducer, r (m) to calculate the logarithmic voltage. The acoustic model 

below was outlined using previous literature19,24.   

𝐺 = 𝑙𝑛(𝜓𝑟𝑉) = 𝑙𝑛(𝑘𝑠𝑘𝑡) +
1

2
𝑙𝑛𝑀 − 2𝑟(𝛼𝑤 + 𝛼𝑠) (8) 

The attenuation constant (ξ, in m2.kg-1) was calculated using the gradient found when plotting the logarithmic G-

function vs r, distance from transducer (m). This attenuation constant changed with concentration, particle size and 

shape25. The sedimentation attenuation coefficient was calculated using Eq. (9).  

𝜉𝑠 = −
1

2

𝜕2𝐺

𝜕𝑀𝜕𝑟
=  −

1

2

𝜕

𝜕𝑀
 [

𝜕

𝜕𝑟
[𝑙𝑛(𝜓𝑟𝑉)]] (9) 

3. EXPERIMENTAL METHODS

A. MATERIALS
For the testing program, spherical silica glass particles in two sizes were used (Honite, Guyson Ltd)11 as their

acoustic scattering profiles have been well researched and calibration attenuation values are available for well mixed 

systems3. A Mastersizer 3000 (Malvern Panalytical) was used to determine the size of the two silica glass beads where 

the cumulative particle size distributions were extracted and are shown for both species in Fig. 1. Median (d50) values 

were measured to be 38 and 78 µm for the two sizes, labelled ‘small glass’ and ‘large glass’ respectively for simplicity 

throughout. 

Figure 1. Cumulative particle size distribution of small (d50 - 38 µm) and large (d50 - 78 µm) silica glass beads. 

A desktop scanning electron microscope (TM3030Plus, Hitachi) was utilized to produce micrographs of both glass 

sizes to confirm particle morphology (Fig. 2). The spherical shape of the particles can be seen for both glass bead 

sizes, where average sizes measured from the images were comparable to the cumulative particle size distribution data 

in Fig. 1. It is also noted that for Fig. 2a, the particle size distribution appeared visibly more varied with a few non-

spherical particles, whilst the larger glass bead distribution was more uniform. 
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Fig. 2. SEM images of (a) small silica glass beads and (b) large silica glass beads. 

B. PIPE LOOP
An engineered pipe loop was constructed using unplasticized polyvinyl chloride piping26, with clear sections for

visual observation and an inner diameter of 25 mm (30 mm outer). Importantly, the rig was constructed to include 

both horizontal and downward facing vertical test sections, as shown schematically in Fig. 3, along with the associated 

pump and mixing tank. Selection of either vertical or horizontal test sections is achieved through a three-way valve 

which allowed investigations into the effect of pipe orientation on the quality of data collection by the ultrasonic 

profiler. The direction of flow is also indicated in Fig. 3 by arrows, which allow the reader to visualize suspension 

movement through the pipe loop. 

Figure 3. Schematic of pipe loop with flow direction. 

The location of the ultrasonic transducers is shown in Fig. 3 by the blue and purple boxes, which indicate custom 

probe holders for the vertical and horizontal pipe orientations respectively, where two transducers were mounted in 

both arrangements: one at 90° and 135°. A schematic of the custom probe holders is shown in Fig. 4. Four 4 MHz 

transducers were used on this pipeline and each transducer was connected to an individual port on the UVP. The probe 

holders were designed so that the probe face was flush to a thin section of the holder that was undrilled, which then 

was fitted flush to the pipe itself. This arrangement helped mitigate the effects of pipe curvature, where audio gel was 

also added to help ultrasonic conduction between the probe, holder, and the pipe. The probes at 90o were used to 

measure sediment attenuation and thus produce concentration calibrations, while those at 135o to the flow were used 

to measure velocity profiles from the Doppler signal.  
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Figure 4. (a) Horizontal mounting ports and (b) Vertical mounting ports for ultrasonic probes.  

For the experimental runs, glass bead powders were suspended in the mixing tank using an overhead impeller at 

a rate of 800 rpm (and a mixing diameter of 80 mm) to create a homogeneous suspension. Once all material was 

homogenized, the pump was used to circulate the suspension around the loop and across the horizontal or vertical 

testing section. The suspension was circulated for five minutes to ensure even distribution through the pipe before 

analysis. The flow rate of the pump was maintained at 0.5 L/s (Re = 25,669) for all reported data, which was high 

enough to ensure all material was well suspended. It is noted that the actual entry lengths for the vertical and horizontal 

sections were 1.3 m and 2.1 m respectively, and so more than twice the calculated minimum entry lengths (see Tables 

1 & 2). 

Acoustic attenuation measurements of the suspensions were made using a UVP-DUO commercial UVP system 

(Met-flow SA, Switzerland) utilizing 4 MHz transducers. The system allows multiple transducers of the same 

frequency to be measured simultaneously, where a small delay was implemented between each transducer to ensure 

no overlap of signal27. Data was gathered separately for the probes in vertical and horizontal arrangements, where for 

each suspension concentration, the total measurement time was 62 seconds, comprising of 1023 individual profiles 

with a time period of 63 ms each. Suspension concentrations of 11.9–107.14 g/L were investigated for both glass 

species, as it has been previously shown that this range was suitable for accurately measuring their attenuation 

coefficients in a mixing tank using the G-function method3,5.  

 

4. RESULTS AND DISCUSSION 

A. ACOUSTIC PROFILES  
The acoustic profiles were analyzed as distance dependent G-function values, which were calculated from the 

return voltage using Eq. (4)19,28. The G-function profiles were utilized as an intermediate function to extract the 

sedimentation attenuation coefficient, which can be directly compared to values found in literature to determine the 

accuracy of the experiment19. 

I. SMALL GLASS BEADS 
Fig. 5(a) show the G-function profiles for the small glass bead suspensions travelling through a horizontal pipe 

arrangement. The estimated inner and outer pipe walls are indicated with the vertical lines in (a). The sound signal 

travels initially through a thin layer of the probe holder before penetrating through the pipe wall, where a layer of audio 

gel is placed between the transducer face and pipe wall to promote sound conduction. The noisy profile in the first 

~0.005–0.009 m is attributed to internal reflections in the probe holder and pipe wall. The speed of sound through solid 

uPVC pipe wall29 is ~2300 m/s however, the input for the UVP uses the speed of sound in water (1480 m/s) which 

leads to some ambiguity in where the pipe interfaces. Inside from the pipe wall, the profile is still noticeably noisy 

within the first 0.012 m, due to the complex near field interference from the ultrasonic transducers, and potentially 

suspension segregation in the pipeline. The increase in signal at 0.034 m is attributed to reflections at the back of the 

pipe wall, by extrapolating, the inner pipe wall is assumed to be at 0.009 m by using the actual inner pipe diameter of 

0.025 m. It is also noted that the estimated speed of sound calculated for silica glass beads using the Urick equation 

(Table 3) indicate that the highest concentration produces a speed of sound of 1463 m/s, which is only 1.2% lower 

than water, and therefore would make a negligible difference on the echo distance estimations within the pipe.  
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Figure 5. (a) G-function versus distance for small glass beads at varying concentrations in a horizontal 

arrangement and (b) Isolation of the linear region in (a). Vertical lines in (a) indicate estimated pipe boundaries 

and dashed lines in (b) are linear fits of the profiles.  

To use the profile data more accurately for calibration purposes, a section between 0.014-0.028 m was selected 

to take the linear gradient (dG/dr) values, as this zone gave consistent profiles outside of the nearfield region, but was 

before scattering interference from the far inner pipe wall. The profiles in this region are expanded in Fig. 5(b), as 

well as giving the decay trendlines. The profiles are approximately linear in this region (as would be expected for a 

largely constant concentration, from Eq (8-9)), although there is some degree of elevated noise in the averaged signal. 

The relatively low signal to noise ratio may indicate that the horizontal pipe orientation enhances suspension 

segregation in the pipe25, the smaller glass beads also have a limited backscatter response due to the decreased particle 

size, therefore, the noise in the profiles can also be attributed to the limitations of the UVP when analyzing a limited 

backscatter response. Nevertheless, sedimentation attenuation gradients extracted by the dashed lines indicated the 

higher particle concentrations lead to increased attenuation, from increased dG/dr values which is the change expected. 

Fig. 6(a) similarly shows the acoustic profiles for small glass bead suspensions travelling through a vertical pipe 

arrangement, while again Fig. 6(b) presents a highlighted region used to extract the linear attenuation profiles for 

calibration. As with the horizontal arrangement, signals from the initial 0.005-0.008 m region are ignored, as they are 

within the pipe wall, where there is additional signal noise within the first 0.012 m from nearfield interference. 

However, it is noted that the profiles are less noisy than from the horizontal section (as evident in Fig. 6(b)). As there 

would not be any gravitational segregation across the pipe in the vertical arrangement, the improved signal to noise 

ratio further indicates that suspension segregation within the horizontal pipe led to a noisier profile. Interestingly, both 

pipe orientation profiles have a similar range of G-function values (approximately -5.5 to -6 in the suspension region) 

which shows that the signal strength of the transducers was consistent for both pipe orientations, as it is dominated by 

the relatively low backscatter from the smaller glass particles. 

Figure 6. (a) G-function versus distance for small glass beads at varying concentrations in a vertical arrangement 

and (b) Isolation of the linear region in (a). Vertical lines in (a) indicate estimated pipe boundaries and dashed 

lines in (b) are linear fits of the profiles. 

II. LARGE GLASS BEADS
The acoustic profiles extracted from large glass bead suspensions travelling through the horizontal and vertical

pipe arrangements are shown in Fig. 7 and 8 respectively. The same general features are present, as with the smaller 

glass, with the profiles from the first 0.012 m being ignored, due to the internal reflections from the pipe wall and 

nearfield interference from the initial suspension zone. Again, the level of signal noise from the averaged profiles was 

higher for the horizontal arrangement. Here, it was especially evident with the lowest 11.9 g/L concentration, where 

the delay within the suspension deviated from a linear trend expected from a homogeneous concentration, inferring 

even higher levels of segregation due to the larger particle size. Indeed, the deviation in the expected linear signal 
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decay meant that a smaller region in the far side of the pipe was taken to obtain average dG/dr values for the horizontal 

arrangement (from 0.018–0.029 m) as shown in Fig. 7(b). For the vertical arrangement, a larger section from 0.01–

0.029 m (Fig. 8(b)) was taken to gain average linear gradient values for the calculation of attenuation coefficients.  

Figure 7. G-function versus distance for large glass beads at varying concentrations in a horizontal arrangement 

and (b) Isolation of the linear region in (a). Vertical lines in (a) indicate estimated pipe boundaries and dashed 

lines in (b) are linear fits of the profiles. 

Figure 8. G-function versus distance for large glass beads at varying concentrations in a vertical arrangement and 

(b) Isolation of the linear region in (a). Vertical lines in (a) indicate estimated pipe boundaries and dashed lines in

(b) are linear fits of the profiles.

III. COMPARISON OF SEDIMENTATION ATTENUATION COEFFICIENTS

The isolated linear regions shown in Fig. 5(b), 6(b), 7(b) and 8(b) were utilized to extract the gradients (dG/dr) at

each concentration. These gradients were then plotted against their corresponding concentration values to produce an 

attenuation profile, where Fig. 9(a) and (b) present the profiles for the small glass and large glass suspensions 

respectively (with horizontal and vertical arrangements being directly compared). The dashed linear trendlines in these 

figures are used to directly calculate the concentration independent attenuation coefficients (using Eq. (9)) where for 

both particle sizes, the vertical pipe arrangement attenuates less (gradient versus concentration is less steep). It is 

assumed that the higher attenuation in the horizontal arrangement may be again from suspension segregation. As the 

isolated linear suspension region was towards the bottom of the horizontal pipe, any segregation may increase the 

relative concentrations as they become depleted from the top of the pipe. Such an increase in relative concentration 

would lead to higher relative attenuation, as the actual concentrations in the measurement zone may be greater than 

assumed from the added particle levels. Interestingly also, for the small glass, actual dG/dr values for both 

arrangements are relatively similar at lower concentrations, implying a similar backscatter profile, where differences 

are extenuated as concentration is increased. For the large glass, however, dG/dr values are very different for both 

arrangements across the entire concentration range. Specifically at low concentrations, it is hypothesized that the level 

of segregation with the large glass is great enough that the backscatter is considerably affected by the depletion of the 

suspension. Given that these correlations require a region of homogenous concentration to accurately estimate 

suspension attenuation, it is likely therefore that measured attenuation values may be inaccurate.  
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Figure 9. Change in G-function with distance (dG/dr) for suspensions with a concentration range between 11 and 

110 g/L for probes mounted at 90° in vertical and horizontal arrangements using (a) small glass beads suspensions 

and (b) large glass bead suspensions. 

To directly compare concentration independent attenuation coefficients, values were calculated from the 

gradients in Fig. 9(a) and (b) using Eq. (9), as shown in Fig. 10. Calibration values extracted from previous literature3 

using the same particle species in a homogenous mixing tank are also shown for direct comparison, where error bars 

for all systems are calculated from the array of echo data across the 1023 profiles. The coefficient values for the 

horizontal arrangement in both particle suspensions are almost double those of the vertical arrangement (which again 

is assumed to be due to segregation in the pipe leading to an increase in attenuation) where values from the vertical 

arrangement are closer to the calibration data. This correlation is particularly true for the large glass beads, where the 

overestimation of the horizontal arrangement is considerable. It is also noted that, in line with theoretical 

expectations3,5,19,24, attenuation values for the larger particles are higher, due to the enhanced scattering from the larger 

particle cross-sections. Hence, it is evident that transducers mounted on a vertical pipe arrangement are able to 

produce accurate acoustic profiles and attenuation coefficients, and thus it is recommended that any future industrial 

monitoring applications should use vertical mounting configurations.   

Figure 10. Attenuation coefficients from both pipe loop arrangements and particle sizes, in comparison to 

calibration data3. Error bars calculated using the standard deviation of voltage data across the total measurement 

period. 

B. VELOCITY PROFILES
As the UVP simultaneously captured velocity data from the Doppler shift, the pipe velocity profiles were

measured to confirm the instrument’s capability to measure the flowrate. It is noted that only velocity components in 

the direction of the transducer are measured, and thus, the probes at 135° were used to ensure the transducers could 

detect the streamwise flow. As the transducer is mounted at a 135° angle, the relative inner pipe distance is 0.035 m. 

Transducers mounted at 90° to the flow were not used as flow velocity across the pipe is negligible, and any velocity 

detected using a probe mounted at 90° would be attributed to turbulence fluctuations in the pipe. Given the segregation 

in the horizontal arrangement, velocity profiles were only analyzed in the vertical configuration. Measurements were 

made with both particle sizes at two intermediate concentrations to investigate whether the suspensions affected the 
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accuracy of the velocity determination. Profiles are shown in dimensionless form in Fig. 11 (a) and (b) for small and 

large particle dispersions respectively until the middle of the pipe (which, for the probe at 135o is approximately 0.03 

m). The velocity values are shown as a ratio of the peak velocity in the middle of the pipe. 

For both particle systems, profiles show a marked increase in velocity at a horizontal distance of ~0.015 m, where 

the probe enters the suspension from the pipe wall, and peaks in the middle of the pipe at ~0.03 m, with the flattened 

profile shape indicative of turbulent pipe flow30. The measured profiles show consistency for both particle 

concentrations in each size, indicating the Doppler signal is accurately measured despite the greater attenuation in the 

more concentrated systems. However, the profiles were generally smoother with lower variation for the larger glass 

species, likely due to their enhanced scattering intensity increasing the signal to noise ratio.  

 

 

Figure 11. Non-dimensional velocity profiles using a vertical pipe arrangement for two concentrations of (a) small 

glass beads and (b) large glass beads. 

 

5. CONCLUSION  
Presented is an investigation into the characterization of slurry pipe flows with acoustic backscatter, using a 

commercial ultrasonic velocity profiler. A bespoke pipe loop system was utilized to understand the attenuation of 

small and large glass bead suspensions in horizontally and vertically mounted transducer holders, where the vertical 

pipe orientation was found to provide the most accurate attenuation and velocity profiles. The larger glass bead 

suspensions were found to attenuate more due to an increased rate of scattering from the larger cross-sectional area 

with both pipe configurations. When comparing pipe orientations, the horizontal arrangement was found to enhance 

attenuation producing higher coefficient values, which was likely caused by suspension segregation. This effect was 

especially evident with the larger glass. In comparison, attenuation coefficients from the vertical pipes correlated very 

closely to previous calibration values for both particle species. Simultaneous velocity profile measurement using the 

Doppler effect was also achieved, where, in general, profiles were as expected for highly turbulent flow. The greater 

scattering intensity of the larger glass produced profiles with higher signal to noise ratios.  
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