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ABSTRACT 

Two nuclear waste simulants were used in this paper; aqueous suspensions of magnesium hydroxide and 
calcium carbonate which were suspended in an engineered pipeline. The physical and flow properties of 
the suspensions were analyzed online using a commercial ultrasonic velocity profiler (UVP) in backscatter 
mode. Bespoke probe holders were situated both on horizontal and vertical sections of pipe, where 
transducers were mounted remotely and held flush to ensure a secure connection to the outside of the pipe. 
A transducer of 4 MHz frequency (with a 2.5 mm active radii) was mounted onto each probe holder at 90° 
to the flow, two transducers were used throughout this paper. The two transducers mounted in each probe 
holder were used to produce concentration data from the slurries using the raw echo amplitude output from 
the acoustic backscatter system. Various flow regimes were initially tested to understand particle deposition 
within the pipe. The flow rate within the pipe was maximized to ensure the bulk flow was suspended and 
to confirm the accuracy of the expected velocity profiles within turbulent flow. Acoustic profiles were then 
produced by taking the logarithmic translation of the voltage. The voltage values were calculated using the 
raw echo amplitude measurements from the acoustic backscatter system across a 63 second time period. 
The concentration of sediment in the pipe loop was varied, and measurements were taken across a 
concentration array for both nuclear waste simulants. The resulting acoustic profiles were used to extract 
acoustic attenuation coefficient values. The attenuation coefficients were extracted as a linear function of 
the gradient between the plot of logarithmic function with distance. Attenuation coefficients are used as a 
calibration technique as they can be directly compared to coefficients derived from previous literature. This 
simple calibration procedure allows the UVP (ultrasonic velocity profiler) to directly measure concentration 
changes of the slurries during pumping. The resulting attenuation coefficient values can be used to extract 
particle size information using analytical acoustic models. Data collected from vertical pipe arrangements 
were found to provide sedimentation attenuation coefficients more accurate to calibration data from 
previous literature. The slurry suspensions running through the horizontal pipe arrangements were more 
prone to segregation in the pipe. 
 
Overall, this project provided critical information into concentration variation of the nuclear slurries with 
flow, while also allowing examination of the role of shear on fluctuations in mean particle-aggregate sizes. 
This understanding is vital for ongoing nuclear waste processing, to ensure accurate accounting of the 
radioactive sludges during transfer. Knowledge of concentration variation in pipe flow will help establish 
physical changes that may impact downstream processing in post-interim storage. As data were collected 
in real-time and remotely, the safety of workers was not compromised. The whole system can be mounted 
remotely without contact with the nuclear waste suspension. This online characterization technique can be 
applied to complex suspensions in many industries which would help in cutting down costs and improving 
analysis time. Remote techniques are becoming more popular, especially in this global climate, as a way to 
protect workers and decrease the possibility of contamination and are ideal because no ex-situ 
measurements are taken, samples are not required and there is no preparation needed for the suspension. 
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INTRODUCTION 

Complex suspensions exist across all industries, whether it be nuclear waste slurries and sludges, 
wastewater streams, emulsions in food and personal care products, and so forth. Complex systems are 
difficult to characterize, especially in sectors like nuclear, where extracting samples for analysis is too 
hazardous to conduct routinely [1]. A particular focus in the nuclear waste sector within the U.K, is the 
characterization of Magnox storage ponds at Sellafield, which contain corroded magnesium hydroxide 
sludge. The current plan for these complex wastes is transportation in engineered pipelines to a safe 
containment facility for long-term storage. This storage is an interim step before ultimate encapsulation and 
disposal [2]. These Magnox suspensions have been left in their current open storage ponds for many decades 
where foreign materials have been introduced from the open-air environment. Therefore, it is imperative 
that the wastes are characterized before or during transportation [3]. To this end, this paper focuses on the 
remote, physical characterization of nuclear waste simulant slurries during transportation via the application 
of an acoustic backscatter system (ABS), using a commercial ultrasonic velocity profiler (UVP). The UVP 
is predominantly used to extract velocity profiles, however, for this paper the system has been utilized to 
extract echo amplitude values for acoustic profiling, which can be used to understand the scattering-
attenuating properties of suspensions [4][5]. Attenuation is dependent on particle size, density, and 
concentration. Therefore, differing nuclear waste simulants should provide more insight into the effect of 
particle size and concentration on attenuation through an engineered pipeline [6]. The UVP is compatible 
with transducers with frequencies of 0.5, 1, 2, 4 and 8 MHz, where it allows the connection of multiple 
probes to produce simultaneous data from different locations along the pipeline, for example. Ultrasonic 
transducers utilized with the UVP also have a range of active radii from 2.5 and 5 mm. However, for 
transducers to be mounted flush against a standard 1-inch pipe, a small active radius is required, therefore 
probes with 2.5 mm active radii were utilized [7]. In this paper, two nuclear waste simulants were used: 
calcium carbonate (calcite) and commercial magnesium hydroxide powder. Calcite (CaCO3) is a crystal 
form of calcium carbonate that has been used in previous literature as a nuclear waste simulant, while the 
magnesium hydroxide is more chemically similar to the Magnox sludge in the Sellafield storage ponds 
[8][9][10]. Simulant waste suspensions were analyzed in an engineered pipeline in both horizontal and 
vertical arrangements to produce acoustic profiles, where sedimentation attenuation coefficients were 
extracted from the acoustic profiles and compared to coefficients calculated from calibration data. From 
direct comparison of coefficients, the pipeline arrangement which was determined to give a more accurate 
attenuation coefficient value was selected as the pipeline arrangement for ongoing monitoring and analysis 
[9]. As magnesium hydroxide has not been used in previous literature to produce calibration data, results 
were compared to estimations of the viscous attenuation calculated using established theory for fine 
suspensions in the Rayleigh regime. 

THEORY 

The raw data directly produced from the UVP is in the form of raw echo values. This raw echo data can be 
directly converted to the root mean square voltage. For conversion of the raw echo data, the amplification 
of the sound signal needs to be known. A compromise value for gain is selected throughout the experiments 
to allow the sound signal to be amplified consistently. High gain values may produce an artificial sound 
signal and increase system noise, whereas, if the gain value is too low then the amplification of the sound 
signal is not strong enough for signal detection [5]. A compromise gain value was chosen and used to 
convert the raw echo values to root mean square voltages, as shown in Eq. (1) [11]. 𝑉(𝑟) =  3.052 𝑥 10−4𝐸(𝑟)𝑔(𝑟)       (1) 

Once the voltage values have been calculated, the factors which effect the voltage can be investigated. 
Voltage is a function of the sediment backscatter constant (ks in m.kg0.5), the transducer constant (kt in 
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V.m1.5), the near field correction factor (ψ), distance from the transducer (r in m), particle concentration (M 
in kg.m-3), attenuation due to solid (αs in m-1) and attenuation due to water (αw in m-1), this is shown in Eq. 
(2) [5].  𝑉 =  𝑘𝑠𝑘𝑡𝜓𝑟 𝑀1/2𝑒−2𝑟(𝛼𝑤+𝛼𝑠)                 (2) 

The near field correction factor is calculated using the distance from the transducer (r in m), active radius 
(at in m) and wavelength of transducer (λ in m); where wavelength is the speed of sound over frequency (4 
MHz) (Eq. (3)) [11][12]. It is used in this paper to counteract the complex near field acoustic behavior and 
encourage a linear profile in the near field region. The speed of sound can be assumed to be that in water 
(1480 m/s) due to the low concentrations of simulants used in this paper, however, it has been found that 
aqueous suspensions of sufficient density will start to alter the speed of sound [13][14]. Therefore, the Urick 
equation was used to calculate the expected speed of sound in sediment suspensions of magnesium 
hydroxide and calcite. 

𝜓 =  1+1.35( 𝑟𝜋𝑎𝑡2/𝜆)+(2.5( 𝑟𝜋𝑎𝑡2𝜆 ))3.2

1.35( 𝑟𝜋𝑎𝑡2/𝜆)+(2.5( 𝑟𝜋𝑎𝑡2𝜆 ))3.2      (3) 

The speed of sound in the sediment suspensions is calculated using Eq. (4), where the speed of sound is a 
function of the density (ρ in kg.m-3) and compressibility (k in m2.N-1) of the suspension.  𝑐 = 1√𝜌𝑘       (4) 

The density and compressibility are expressed as additive properties of their corresponding quantities in 
previous literature. Hence, Eq. (5) and (6) are used to calculate the additive properties for both density and 
compressibility; in Eq. (5) and (6), ϕ indicates the concentration by volume of the sediment whilst the 
subscript w and s indicate values for water and solid, respectively.  𝜌 = 𝜌𝑤𝜙 +  𝜌𝑠(1 − 𝜙)      (5) 

𝑘 = 𝑘𝑤𝜙 +  𝑘𝑠(1 − 𝜙)      (6) 

A value for the compressibility of water from previous literature was used in Eq. (6) (kw = 4.578.10-10 m2.N-

1 [15]). The bulk moduli of calcite (77.109 Pa) and magnesium hydroxide (43.3.109 Pa) were extracted from 
previous literature [16][17]. The compressibility (k in m2.N-1) of both particle species were calculated by 
taking the inverse of the bulk moduli (ks-Mg(OH)2 = 2.31-11 m2.N-1, ks-calcite = 1.30.10-11 m2.N-1). The overall 
density and compressibility values for the suspension are calculated by inputting all compressibility and 
density values into Eq. (5) and Eq. (6). These density and compressibility values are used in Eq. (4) to 
determine the overall speed of sound. The speed of sound for the highest concentration (35.71 g/L) of calcite 
suspension was estimated from these correlations to be 1473 m/s, which is slower than the speed of sound 
through water. The speed of sound for magnesium hydroxide at the highest solid suspension concentration 
(35.71 g/L) was calculated to be 1476 m/s, also slower than the speed of sound through water, although for 
both species the difference is less than 1%. Therefore, as the speed of sound is only used to calculate the 
near-field region in Eq. (3), to simplify calculations, the speed of sound through water was used in Eq. (3). 
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All calculated variables and constants through Eq. (1) to (3) can be used to calculate the G-function which 
is a logarithmic form of the voltage function. The G-function is derived using the voltage (V in volts), near 
field correction factor (ψ, dimensionless) and distance from the transducer (r in m) [11]. 𝐺 = ln(𝜓𝑟𝑉) = ln(𝑘𝑠𝑘𝑡) + 0.5 ln(𝑀) − 2𝑟(𝛼𝑤 + 𝛼𝑠)   (7) 

The sedimentation attenuation coefficient (ξs in m2.kg-1) can be calculated by using the double 
differentiation of G. The attenuation coefficient is calculated for calibration of the experiment [11].  𝜉𝑠 =  −0.5 ( 𝜕2𝐺𝜕𝑀𝜕𝑟) =  −0.5 𝜕𝜕𝑀 [ 𝜕𝜕𝑟 𝑙𝑛(𝜓𝑟𝑉)]        (8) 

The normalized scattering cross section (χ) can be calculated from the heuristic expression from Betteridge 
et al. [18]. The normalized scattering value (χ) is a function of the angular wavenumber (k in m-1) and 
particle radius (a in m) [18].  

𝜒 =  [0.24 ( 1−0.4𝑒5.5−𝑘𝑎2.52 )(𝑘𝑎)4][0.7+0.3(𝑘𝑎)+2.1(𝑘𝑎)2−0.7(𝑘𝑎)3+0.3(𝑘𝑎)4]     (9) 

𝜒 = 𝜉𝑠  4𝑎𝜌𝑠3       (10) 

The estimated attenuation coefficients derived using Eq. (4) only account for scattering losses. For systems 
within the Rayleigh regime, where ka<1, viscous losses occur and have to be taken account of. The ka 
values calculated for calcite and magnesium hydroxide are 0.0604 and 0.0419, so both particulate systems 
are within the Rayleigh regime [19][20]. Viscous losses must be considered for accurate calculation of 
normalized scattering cross section values. To do this, theoretical models developed by Urick [14] have 
been used to calculate the viscous attenuation loss for mono-sized spheres. Non-dimensional intermediate 
variables, β, t and θ in Eq. (11) are all used to calculate ξsv, where sv denotes viscous losses. The angular 
frequency is denoted by ω (2πf) where f is the frequency of the transducer in Hertz (4,000,000) and υ is the 
kinematic viscosity of water (10-6 m2.s-1). The intermediate variables, β, t and θ are used to calculate ξsv in 
Eq. (12) where β, t and θ depend on the density of the particulate (ρs kg.m-3) used and the density of water 
(ρw kg.m-3). The overall attenuation coefficient (ξ = ξs + ξsv) is a summation of both the attenuation due to 
scattering (𝜉𝑠) and attenuation due to viscous losses (𝜉𝑠𝑣). 

𝛽 =  √ 𝜔2𝑣 , 𝑡 = 94𝑎𝛽 . (1 + 1𝑎𝛽),  𝜃 = 0.5 + 94𝑎𝛽   (11) 

𝜉𝑠𝑣 = 𝑘2𝜌𝑠 ( 𝜌𝑠𝜌𝑤 − 1)2 𝑡𝑡+( 𝜌𝑠𝜌𝑤+𝜃)2     (12) 

EXPERIMENTAL METHODS 

Materials 

Calcite (Omyacarb 2, Omya AG) is a crystal form of calcium carbonate which is manufactured as a fine 
white powder and is easily dispersed into aqueous suspensions [20]. Similar material has been used in 
previous literature as a nuclear simulant [9]. Secondarily, a commercial magnesium hydroxide powder 
(Versamag Martin Marietta Magnesia Specialties) was also used, which was predicted to have similar fine 
particle sizes [10][19]. Both nuclear waste simulants are a fine white powder which fully disperse within 
aqueous suspensions.  
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The particle size distributions of both calcite and magnesium hydroxide were investigated using a 
Mastersizer 3000 (Malvern Panalytical) which uses laser diffraction to measure the intensity of light scatter 
as the laser passes through a dispersed particulate sample. The scattering pattern is analyzed to calculate 
the size of the particles [21][11]. The cumulative particle size distributions for both species are shown in 
Fig. 1. The particle size distributions for both calcite and magnesium hydroxide exhibit approximately 
bimodal distributions, which shows that there are a couple of particle size groups. The smaller peak shown 
at approximately 0.8 µm for the calcite system can be attributed to fines within the suspension likely 
generated from production milling. However, all calcite particles possess a fairly small particle size range 
of less than 13 µm and more than 0.1 µm, with 80% being between 1-13 µm. The magnesium hydroxide 
also shows a broader bimodal distribution, which in this case is attributed to aggregate build-up within the 
suspension. The d50 for both calcite and the magnesium hydroxide were calculated using Fig. 1. 
Corresponding particle size for 50% volume shows the particle size where 50% of the suspension exists. 
This is correlated to the d50 of the suspension. The specific d50 extracted for calcite and magnesium 
hydroxide are 4.5 and 13 µm, respectively. The difference in particle size is due to the increased existence 
of larger aggregates in the magnesium hydroxide and the existence of fines in calcite. 

  

Fig. 1. Cumulative particle size distributions of calcite and magnesium hydroxide. 

Fig. 1 shows that both materials are complex fine particulates which require complex analysis. Therefore, 
a desktop scanning electron microscope (TM3030Plus SEM, Hitachi) was used to produce micrographs of 
calcite and the magnesium hydroxide powders. Fig. 2a and b show the micrographs for calcite. The calcite 
shows a varied particle size distribution with a complicated structure in Fig. 2, where fines of less than 2 
µm can be seen across the micrograph. It is difficult to distinguish individual particles as the calcite crystals 
are packed together, and the size range is at the limit of resolution of the desktop SEM. Fig. 3a and b show 
the SEM images taken when analyzing the magnesium hydroxide.  

    

Fig. 2. SEM images of calcite powder. 
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From Fig. 3a and b, the magnesium hydroxide shows a varied particle size distribution, much like the 
calcite. Larger aggregates can be seen in Fig. 3a and b which show the increased d50 of magnesium 
hydroxide shown in Fig. 1. Finer particles are shown as well but the desktop SEM is unable to clearly 
distinguish between the individual particles. The range of aggregate sizes is what leads to an increased d50 
in Fig. 1. [22] 

    

Fig. 3. SEM images of magnesium hydroxide powder. 

Pipeline 

A pipeline was built and erected onto stainless steel struts to ensure stability of the loop. A schematic of the 
engineered pipeline is shown in Fig. 4. The pipes are annotated with dimensions to provide a sense of the 
scale. The pipe loop was constructed using uPVC (unplasticized polyvinyl chloride) sections of pipe, where 
the outer and inner diameters of the pipe were 30 and 25 mm, respectively [23]. The green arrows show the 
direction of flow so readers can easily track the movement of suspension. The yellow triangles indicate the 
location of a valve. Two-way valves are shown by two triangles facing each other whilst three-way valves 
are shown by three triangles. The black boxes show the location of probe holders. One probe holder was 
mounted onto a vertical section of pipe and another on a horizontal pipe section. An ultrasonic transducer 
was mounted at each probe location which allowed analysis of the suspension in a horizontal and vertical 
pipe section. The bespoke probe holders were manufactured to allow transducers to be slotted in and held 
flush against the surface of the pipe. The pipe loop was set at a flow rate of 0.53 L/s to ensure that the 
suspension was fully dispersed within the pipe. 

 
Fig. 4. Engineered pipeline with dimensions and flow direction. 

300µm 50µm 
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The bulk suspension ran through each pipe section to allow accurate analysis of the suspension in the two 
pipe sections. The top half of the pipe loop was isolated for analysis of the suspension through the horizontal 
section of pipe. This ensured that the bulk suspension flowed through the probe holder on the horizontal 
pipe. The isolation of the top half of the pipe was achieved by using the three-way valve on the left of the 
horizontal pipe. The same three-way valve was used to shut off the horizontal pipe section and run the bulk 
suspension through the vertical pipe section. This allowed analysis of the suspension through the vertical 
probe holder. In this way, by isolating each section, the bulk suspension flowed through each arrangement. 
The pipe length underneath the mixing tank was used for draining the suspension. The sediment suspensions 
were drained for waste disposal once all experiments had concluded. Water was circulated in the pipe loop 
to clean the pipe loop and remove any material which had settled in the pipe [10]. The transducers were 
mounted at 90° to the flow and were used to gather sound attenuation data across the pipe. The probes were 
connected to the UVP in frequency dependent slots [7]. As the pipe arrangements were isolated one at a 
time, the transducers cannot be used simultaneously; instead, they were used consecutively. 

The transducers must be mounted onto the pipe and held flush against the pipe. Due to the curvature of the 
pipe this can be difficult to do. The pipe can be shaved down to produce a flat edge, but the pipe walls are 
too thin. Any shaving of the pipe would risk causing cracks and leaks in the pipe loop [24]. An audio jelly 
layer is placed between the transducer and pipe wall to assist with the sound penetration through the pipe 
wall. The transducers send out a sound signal over a time period of 62 ms for 1023 profiles. This resulted 
in a total measurement time of 63 seconds for each suspension concentration analyzed [7]. Varying 
concentrations of calcite were suspended in the mixing tank, with the mixer-impeller system at a steady 
rate of 800 rpm. This high rotation rate ensured the calcite dispersed homogeneously through the tank. The 
mixer-impeller system ran for approximately a minute before the pump was turned on and the suspension 
travelled through the pipe loop. The pump moved the suspension around the pipe loop at a flowrate of 0.53 
L/s. The pump ran for approximately 5 minutes before the suspension was analyzed using the ultrasonic 
transducers. The time delay between turning the pumps on and analyzing the suspension ensured the 
suspension was homogeneous throughout the pipe loop. The calcite suspension was analyzed at both probe 
holder positions on the horizontal and vertical pipe sections. Once all concentrations of calcite had been 
analyzed in both pipe sections, the next step was draining the suspension. The pipe loop was emptied 
through the drainage point and the experiment was repeated with varying concentrations of magnesium 
hydroxide.  

RESULTS AND DISCUSSION 

The acoustic profiles for calcite and magnesium hydroxide were generally displayed as distance dependent 
G-function values, where the G-function was calculated with Eq. (7) and was used to understand the effect 
of sediment type and concentration on attenuation [5][9][11]. For the current study, the G-function was 
plotted against the distance across the pipe diameter and used to extract the sediment attenuation coefficient 
values for the two different sediment types, which were compared to attenuation coefficient values from 
calibration data [9].  

Calcite 

Fig. 5a and b show the acoustic profiles for the calcite suspension travelling through the horizontal pipe 
arrangement. The start of the suspension environment and the back of the pipe wall spans from 0.006 m to 
0.031, which produced an inner diameter of 0.025 m. In the non-contacting arrangement, the sound signal 
travelled through a thin layer of the probe holder before penetrating the pipe wall, with a thin layer of audio 
gel between them. The acoustic profile in the first 8 mm is from internal reflections in the probe holder and 
pipe wall. The UVP expects the signal to travel at the speed of sound in water (1480 m/s), however, the 
speed of sound through the uPVC solid pipe wall was much faster (2300 m/s). The increased speed of sound 
through solid was due to the increase in vibrations [25][26]. The faster speed of sound resulted in the signal 
travelling through the pipe wall quicker than the UVP expected.  
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The profile was noisy from 0.006 to 0.017 m which was due to near field interference and suspension 
segregation in the first half of the pipe. Calcite is very dense which explains the noisy profile in the first 
half of the pipe [20]. The horizontal pipe sections were more likely to encourage segregation which was 
shown in the non-linear profile from 0.006 to 0.0017 m [27][28]. The end of the pipe was indicated by a 
dramatic increase in sound signal at 0.031 m. The increase in signal was due to reflections from the back 
end of the pipe. The inner pipe wall was assumed to be at 0.006 m using the actual inner pipe diameter of 
0.025 m and the back end of the pipe [29]. The averaging of the signals across the 63 second measurement 
time period produces noisy signals, which was shown in all acoustic profiles. However, the likely main 
reason was that the expected backscatter strength from both sediments is minimal, as they were comprised 
of fine particulate material that does not scatter significantly. The small proportion of backscatter available 
for analysis makes it difficult for the UVP to produce a smooth profile. The speed of sound in calcite 
suspensions was calculated using Urick’s equation. The calculated speed of sound was 1473 m/s, which is 
slightly slower than the speed of sound in water. This should have translated to an increased measured inner 
diameter; however, the difference in speed of sound was smaller than 1%. Due to the potential complexities 
from nearfield interference and particle segregation, in-pipe calibration was performed on the horizontal 
pipe in the lower pipe section from 0.016-0.03 m (with expanded data shown in Fig. 5 (b)). Within this 
section, the change in G with distance (dG/dr) was approximately linear for each specific concentration, as 
would be expected for well-mixed suspensions [5] although there was still a large degree of noise 
associated, as can be evident in Fig. 5 (b). However, the overall averaged attenuation gradients (shown by 
the dashed lines) do indicate the expected change between concentrations, where higher particle levels lead 
to greater attenuation and associated dG/dr values [11].  

 

Fig. 5. (a) Acoustic G-function profiles from calcite suspensions using the horizontal pipe 

arrangement and (b) linear region of the acoustic profiles shown in (a) where dashed lines represent 

linear gradients for each concentration.  

 

Fig. 6. (a) Acoustic G-function profiles from calcite suspensions using the vertical pipe arrangement 

and (b) linear region of the acoustic profiles shown in (a) where dashed lines represent linear 

gradients for each concentration. 

Fig. 6a shows the acoustic profiles for calcite travelling through the vertical pipe section. The distance 
required to travel through the pipe wall was the same in the horizontal and vertical acoustic profiles.  
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Again, the sound signal enters the suspension environment at approximately 0.006 m, where a significant 
and non-linear reduction in G values was observed for the nearfield region from 0.0061 m to 0.012 m, 
which was the distance closest to the inner pipe wall. The profiles are notably less noisy than the horizontal 
pipe in this region, inferring that the suspension segregation in the horizontal flow was having additional 
influence, but the non-linear reduction in G was still attributed to acoustic complexities from nearfield 
interference. Again, the far section of the pipe outside of the immediate nearfield area showed an expected 
linear reduction in G with distance and was used for internal calibration (from 0.014-0.026 m), shown in 
Fig. 6 (b) where again, the strong sound reflection at 0.0295 m was from the far pipe wall. This showed 
that the signal entered the suspension at approximately 0.0045 m, this was an approximate value as the 
speed of sound in the suspension was slower than that in water. The isolation of the linear region further 
showed that vertical profiles were less noisy than horizontal pipe data. The smoother profile was attributed 
to limited segregation in the vertical pipe. Acoustic profiles in Fig. 5a and 6a both intercept the y-axis at 
around -5 which showed that signal strength is similar for both pipe orientations. Similar signal strength 
indicated that the transducer analyzed calcite suspensions in both pipe sections with similar levels of 
accuracy [7]. Acoustic profiles in the horizontal pipe appear to attenuate more which could be attributed to 
the increased effect of particle segregation in the horizontal pipe. Again, average dG/dr values were taken 
for each concentration (shown by dashed lines in Fig. 6 (b)) and used to calculate the specific attenuation 
coefficient.  

The speed of sound for varying volume fractions were calculated from the Urick equations. The 
concentration range used for calcite was converted into a volume fraction and used to calculate the speed 
of sound; this was shown in Table 1. The particle density of calcite (2711 kg.m-3) was used for conversion 
of mass to volume [20]. Volume % was calculated using the volume of water in the tank (42 L). The 
compressibility of calcite was calculated using the inverse of the bulk modulus for calcium carbonate [16]. 
Table 1 shows that an increase in concentration leads to a decrease in speed of sound through the pipe. 

TABLE. I Speed of sound calculations for varying volume fractions of calcite  

Concentration, 
M (kg.m-3) 

Mass 
(kg) 

Volume 
(m3) 

Volume 
(%) 

Density 
(kg.m-3) 

Compressibility 
(m2.N-1) 

Speed of 
sound (m.s-1) 

Δc/c0 (%) 

3.81 0.16 0.00006 0.15 1000 4.57E-10 1479 -0.041 

11.9 0.50 0.00018 0.46 1005 4.56E-10 1478 -0.155 

15.7 0.66 0.00024 0.60 1007 4.55E-10 1477 -0.208 

20.9 0.88 0.00032 0.80 1011 4.54E-10 1476 -0.279 

26.2 1.10 0.00041 1.00 1014 4.53E-10 1475 -0.351 

35.7 1.50 0.00055 1.36 1020 4.52E-10 1473 -0.476 

 
 

Magnesium hydroxide 

Fig. 7a and b show the acoustic profiles from magnesium hydroxide suspensions travelling through a 
horizontal pipe. There was significant noise in the acoustic profile in the first 0.008 m where the signal was 
disturbed by reflections in the probe holder and pipe wall. The profile was noisy in the first half of the pipe 
from 0.006 to 0.014 m. The noise was similar to the noise shown in the horizontal profiles using calcite 
suspensions. Therefore, noise in the first half of the pipe was attributed to near field interference and 
suspension segregation in the horizontal pipe section. The suspension was analyzed where the profile 
becomes linear from 0.014 m until 0.032 m, where the signal reflects against the back of the pipe wall. 
From this reflection point, the inner pipe wall was assumed to be at 0.007 m. This was an approximate 
distance as the speed of sound in the magnesium hydroxide suspensions was slower than that in water.  
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The distance between the sound signal entering the suspension environment and signal reflectance against 
the back wall correlated to the inner pipe diameter.  
 

  

Fig. 7. (a) Acoustic G-function profiles from magnesium hydroxide suspensions using the horizontal 

pipe arrangement and (b) linear region of the acoustic profiles shown in (a) where dashed lines 

represent linear gradients for each concentration. 

 

Fig. 8. (a) Acoustic G-function profiles from magnesium hydroxide suspensions using the vertical 

pipe arrangement and (b) linear region of the acoustic profiles shown in (a) where dashed lines 

represent linear gradients for each concentration. 

The speed of sound for magnesium hydroxide suspensions was found in Table 2 where the speed of sound 
at the highest concentration was slower than the speed of sound in water. The decreased speed of sound 
travelled through the suspension at a slower rate which leads to an increased measured inner pipe diameter. 
From Table 2 it is shown that an increase in density caused a decrease in speed of sound. The d50 of 
magnesium hydroxide extracted from Fig. 1 is 13 µm whereas the d50 for calcite is 4.5 µm. The difference 
in particle size effected the attenuation of sound through the pipe. The larger particles possess a larger cross-
sectional area which leads to an increase in scatter whilst the finer calcite particles have a larger surface 
area to volume ratio which leads to higher viscous attenuation. This leads to an increase in attenuation for 
the finer particles. Therefore, the magnesium hydroxide suspensions were expected to attenuate less than 
the suspensions of calcite. The acoustic profile was segmented to show the isolated linear region in Fig. 7b, 
where it can be shown that magnesium hydroxide profiles were less noisy than the calcite profiles. The 
smoother profiles show that the UVP was able to analyze the magnesium hydroxide with more accuracy 
and efficiency. The acoustic profiles in Fig. 7a intercepts the y-axis at -5 showing that the signal strength 
for UVP is the same again. 
 
Fig. 8a shows the acoustic profiles extracted from the magnesium hydroxide travelling through the vertical 

pipe section. The noise in the profiles until 0.008 m was attributed to the near field interference and 

reflections in the pipe wall. The measured inner pipe diameter was calculated from the point where the 

signal entered the suspension and ends where the signal reflected. The profiles were linear from 0.009 m to 

0.0285 m where the signal reflects against the back pipe wall.  
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The inner pipe diameter was assumed to be at 0.0035 m by using the inner pipe diameter of 0.025 m and 

the back of the pipe wall. This was an approximate distance as the speed of sound in magnesium hydroxide 

suspensions was expected to be slower than the speed of sound in water, this was shown in Table 2. A 

decreased speed of sound should result in a longer measured distance. Magnesium hydroxide acoustic 

profiles were expected to attenuate less than calcite due to the increased scattering of magnesium hydroxide. 

This was shown in Fig. 7b where the profiles were very close together with little difference between varying 

concentration profiles. The increase in concentration led to an increase in attenuation from the higher 

density of particles in the suspension. The calculations for the speed of sound in calcite were recreated for 

the magnesium hydroxide suspensions. The density of magnesium hydroxide used in calculations was 2340 

kg.m-3[19]. The compressibility for magnesium hydroxide was calculated using the inverse of the bulk 

modulus of brucite, which is the main crystalline form of magnesium hydroxide mineral [17].  

TABLE. II Speed of sound calculations for varying volume fractions of magnesium hydroxide 

suspensions 

Concentration, 
M (kg.m-3) 

Mass 
(kg) 

Volume 
(m3) 

Volume 
(%) 

Density 
(kg.m-3) 

Compressibility 
(m2.N-1) 

Speed of 
sound (m.s-1) 

Δc/c0 
(%) 

3.81 0.16 0.00007 0.17 999 4.57E-10 1480 -0.019 

11.9 0.50 0.00021 0.53 1004 4.55E-10 1479 -0.089 

15.7 0.66 0.00028 0.70 1006 4.55E-10 1478 -0.121 

20.9 0.88 0.00038 0.93 1009 4.54E-10 1478 -0.164 

26.2 1.10 0.00047 1.16 1013 4.53E-10 1477 -0.207 

35.7 1.50 0.00064 1.58 1018 4.51E-10 1476 -0.282 

 

The speed of sound in magnesium hydroxide suspensions decreases with increasing concentration, much 

like the calcite suspensions. The speed of sound at the highest concentration of magnesium hydroxide was 

slower than the speed of sound in water. The main distinction between the calcite and magnesium hydroxide 

calculations was the speed of sound. The speed of sound in magnesium hydroxide suspensions was slightly 

higher. This difference in speed of sound was mainly attributed to the difference in density. The change in 

speed of sound in relation to the speed of sound in water was shown in the last column in Table 1 and 2. 

[30]. In previous literature, the change in speed of sound for a 3% volume of silica glass beads is -0.75%. 

When extrapolating, the change in speed of sound values using Table 1 for a 3% volume was -1%, which 

can be directly compared as the density of calcite is higher than the density of silica glass beads [31]. 

Comparison of attenuation coefficients 

The isolated linear regions of the acoustic profiles were used to extract the sedimentation attenuation 
coefficient. The gradient of all acoustic profiles shown in Fig. 5b, 6b, 7b and 8b were extracted and plotted 
versus concentration to produce an overall attenuation profile, shown for both calcite and magnesium 
hydroxide suspensions in both pipe configurations in Fig. 9a and b, respectively. An increased gradient 
value in these profiles indicates an increase in attenuation, where the overall attenuation coefficient is -½ 
of the gradient value (see Eq. (8)).  



WM2022 Conference, March 6 – 10, 2022, Phoenix, Arizona, USA 

12 

 

  

Fig. 9 Attenuation profiles for horizontal and vertical pipe arrangements using suspensions of (a) 

calcite and (b) magnesium hydroxide. 

 

The suspensions travelling through the horizontal pipe sections all intercept the y axis at a lower value, 
which shows that particle segregation in the horizontal pipe causes a weaker profile formation. It is evident 
in both calcite and magnesium hydroxide systems that, as well as having stronger backscatter (larger dG/dr 
values), the vertical pipe arrangement led to lower overall attenuation (less negative gradient with 
concentration). This is most likely due to the segregation in the horizontal arrangement, where the average 
concentration in the lower half of the pipe (where the correlation is taken from) is higher than the expected 
mean, leading to higher levels of attenuation. As stated, the specific sedimentation attenuation coefficients 
can be extracted from Fig. 9 by multiplying the gradient by -0.5 (as shown in Eq. (8)) and the measured 
values are shown in Fig. 10 for both sediment type and pipe sections, with an additional calibration value 
for the same calcite powder in well mixed conditions taken from previous work by the current authors [5]. 
The error bars in Fig. 10 are calculated by using the time averaged voltage data over the 1023 profiles. The 
G-function values can be calculated from the full array of voltage data across the 1023 profiles. A minimum 
and maximum attenuation coefficient can be extracted by plotting the minimum and maximum G-function 
values at initial and final distance points.  

 

Fig. 10. Attenuation coefficients for calcite and magnesium hydroxide using vertical and horizontal 

pipe arrangements. Calibration value for calcite taken from literature using a well-mixed impeller 

tank [5]. 

The attenuation coefficients from horizontal pipe sections were higher than the attenuation coefficients 
extracted from the vertical pipe sections, because of the particle segregation in the horizontal pipe leading 
to an increase in concentration in the measurement zone, as discussed. Interestingly, the attenuation 
coefficients extracted from calcite suspensions were compared directly to well mixed values from previous 
literature, where coefficients from the vertical pipe section were closest to the calibration coefficient, 
inferring that the homogenous mixing of the vertical arrangement leads to more consistent acoustic 
scattering. It would be proposed therefore that any monitoring of industrial slurry pipelines should use 
vertical sections for instrument mounts. The degree of variation (shown by the error bars) in the horizontal 
pipe sections were also larger than from the vertical pipe sections.  
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Fig. 11. Viscous attenuation coefficients for suspensions of calcite 

 

Fig. 12. Viscous attenuation coefficients for suspensions of magnesium hydroxide 

Interestingly also, the attenuation coefficients from calcite suspensions are higher than the coefficients from 
the magnesium hydroxide suspensions, which would be expected from changes in viscous absorption, due 
to the larger size of the magnesium hydroxide. The effect of viscous absorption was probed further by 
comparing the measured attenuation coefficients to estimations from Urick’s theory (Eqs. (11)-(12)). While 
the theoretical estimates for calcite are also above those of magnesium hydroxide, as expected, both 
calculated values make-up a great portion of the measured attenuation coefficients, most significantly for 
the calcite system. It is thought the main reason for the discrepancy is that both calcite and magnesium 
hydroxide systems can undergo natural aggregation, due to their low surface charges. It may be that shear 
conditions within the pipe loop are lower than in the Mastersizer test cell, and thus actual representative 
sizes within the pipe system are larger than estimated by laser diffraction. It is also noted that the calculated 
values are based on a single mean diameter value, while it was evident from size measurements that both 
suspensions had relatively broad distributions.  

 

CONCLUSIONS 

• An increase in concentration within the pipe leads to increased attenuation across the pipe.  

• The addition of magnesium hydroxide and calcite into the suspension decreases the speed of sound 

below the speed of sound in water.  

• Magnesium hydroxide produced more accurate attenuation profiles with less variation and closer 

predictions to linear correlations. 

• The vertical pipe arrangement was more efficient and accurate, producing a stronger signal strength 

and closer sedimentation attenuation coefficients to the calibration data. 

• The horizontal pipe arrangement was more prone to particle segregation which led to noisy profiles in 

the first half of the pipe.  

• Calcite attenuates the signal more due to the presence of fines which increases the viscous attenuation.   
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• Attenuation coefficient values for magnesium hydroxide are more sensitive to scattering losses in 

comparison to calcite, this is due to the increased particle size and presence of aggregates. 

• The particle size for both calcite and magnesium hydroxide are very small, this means that the level of 

backscatter is low. A lower backscatter level produces a noisy profile as the UVP is trying to analyse 

the small component of scatter. 
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