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ABSTRACT 

This work aimed to contribute to the modelling of slurry flows in horizontal pipes supported by 

experimental data gathered in a well instruments pilot rig. An ultrasonic sensor system was inserted 

in the pipe in order to calculate the slurry velocity profiles using a time domain correlation method. 

Effects of particles concentrations and slurry flow rates were investigated. A comparison of the 
mean velocities obtained from an electromagnetic flow meter and from the ultrasonic 

instrumentation was made. Deviations from the expected velocity profiles were explained on the 

basis of physical construction of the ultrasonic sensors insertion system. 
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1. Introduction 

Slurries occur in many different guises in several process industries and in transport of minerals and 

wastes. Hydraulic transport of slurries poses several problems particularly in the modelling of 

pipeline flow, and in the design and selection of pumps, agitated-slurry storage vessels and online 

instrumentation. Slurries behave differently from liquids in flow, and an understanding of the flow 

properties is determinant for a proper selection of pumping capacities to keep the slurry flowing and 

avoid pipe blocking. However, there is little scientific knowledge of the subject, and engineering 

design is largely based on experience, rule of thumb, and full scale testing. The difficulties posed by 

the mathematical complexities forced the designers to use more workable empirical correlations in 

predicting the slurry flow behaviour and estimating head losses as affected by the particles 

concentration, flow rate and particles properties, despite their limited applicability. However, a more 

general approach based on fundamental principles is open for development taking advantage of the 

great computer power now available. 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=8
07

2



110

There are three basic types of particulate slurry flow. When the particles are small (< 50 �m) the 

slurry behave as a pseudo-homogeneous flow, approaching the behaviour of the suspending fluid. 

For somewhat larger particles of intermediate sizes we are faced with a heterogeneous flow 

problem: the larger particles tend to sediment faster and a vertical size gradient tends to occur. The 

solids are supported in suspension by fluid turbulence, but concentration increases towards the 

bottom of the pipe. When the particles are large and rapidly-settling the slurry flow is fully 

stratified; in the limit the particles form a packed bed in the bottom of the pipe and the flow is 

known as saltation flow.  

There exists no single comprehensive theory of pipeline slurry flow that would allow the prediction 

of optimum operating conditions. Many theoretical studies of the behaviour of solid materials 

suspended and transported in a fluid have been developed but most of the data are only applicable to 

one kind and size of solid material, and do not really contribute to a broad understanding. The 

literature is largely concerned with finely divided solids and relatively dilute slurries. 

A homogeneous flow regime can be modelled as a single liquid flow with an effective density, 

volume flow rate and an effective viscosity; solutions of the Navier-Stokes equation have been 

obtained and continue to be developed for many liquid systems. 

Recent advances in Computational Fluid Dynamics (CFD) have allowed further insights into the 

dynamics of disperse heterogeneous slurry flows following two basic approaches: the Euler-

Lagrange and the Euler-Euler approaches. In the Euler-Lagrange approach the fluid phase is treated 

as a continuum by solving the time-averaged Navier-Stokes equations, while the dispersed phase, 

which can exchange momentum and energy with the fluid phase, is solved by tracking a large 

number of particles through the calculated flow field; it can be applied solely to dilute suspensions. 

In the Euler-Euler approach the different phases are treated mathematically as interpenetrating 

continua, each phase occupying a specific volume fraction that is a continuous function of space and 

time, the sum of the volume fractions being equal to one; however, the constitutive equations used 

to close the conservation equations are obtained from empirical information with great uncertainty 

associated with the parameters. In view of the mathematical constraints to solve these model 

equations, Lumped Parameter models, such as the Settling-Dispersion model, offer another 

alternative by concentrating the different effects on just a couple of descriptors that can be more 

easily obtained experimentally or related to basic fluid dynamic concepts. 

The Settling-Dispersion model considers that for particles conveying turbulently in a horizontal pipe 

a dynamic equilibrium is reached between the tendency of the particles to settle due to gravity, and 

their tendency to disperse from the regions of higher concentration, due to random motions. The 

solid-liquid dispersion shows a remarkable analogy with the molecular diffusion phenomenon and 

the so-called convection-dispersion equation, in steady state, can be written as: 

0cv.cD                                                          (1)

where D is the dispersion tensor, c is the local particle volumetric concentration and v is the 

velocity vector. This equation was numerically solved for horizontal circular pipes, which is the case 

now, using a finite-difference technique under the boundary conditions described in detail in [1]. 

Flow measurement of slurries has always been one of the most challenging applications in flow 

metering. There is no clear cut answer as to which flow meter should be selected for a specific 

application depending on the criteria. Usually standard electromagnetic flow meters (magmeters) or 

slurry magmeters (developed specifically for this type of application) are used for measuring the 

flow of slurries. Important criteria include slurry properties causing mechanical and electrical signal 
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noise at the electrodes, the degree of noise filtering, the relative magnetic field strength and the 

design of the electrodes, among other factors like the velocity profile and the cost.  

In the pilot rig used for this reported work a standard electromagnetic flowmeter was installed. 

Because the velocity profile was important for a correct measurement of the flow, an ultrasonic 

sensor was also installed for comparison of the flow data. 

2. Theory 

2.1. The pilot rig and instrumentation 

The pilot rig is shown in Fig. 1. The test section was a PVC tube 7.5 m in length and 100 mm in 

internal diameter, equipped with a differential pressure transducer (FUJI Electric, FCX-CII type 

FKK12X) to measure the head losses, a Pt100 temperature sensor (INOR, Type 66RNT, class A) 

and an electromagnetic flow meter (FUJI Electric, Type Mag 3100/5000). The suspension is driven 

by an 11 kW centrifugal pump (Grundfos, Type MMG160MA); the location of the sensors in the 

test section is dictated by the requirement to avoid entrance and exit effects. The experimental 

information is acquired on a computer, through a data acquisition device (NI-DAQ, National 

Instruments), monitored by National Instruments LabVIEW as the interface software. The NI-DAQ 

collected the experimental pressure drop, flow and temperature data with a frequency of 20 Hz. 

Fig. 1: The pilot rig: a) a photograph; b) a diagrammatic view. 

A setup for in-line measurements (see Fig. 2) of some parameters like velocity profiles and 

acoustical properties was inserted in the test section between the pressure gauges. Two transducers 

were mounted with a Doppler angle of 70º between their axis and the flow direction. This setup 

allows the measurement of sound velocity, attenuation and pipe cross-sectional velocity profiles.  

2.2. Measuring techniques 

2.1.1.Ultrasonic pulsed Doppler velocity Profiling 

The working principle of pulsed ultrasound Doppler velocimetry is to detect and process many 

ultrasonic echoes issued from pulses reflected by micro particles contained in a flowing liquid. A 

single transducer emits the ultrasonic pulses and receives the echoes, as shown in Fig. 2. By 

sampling the incoming echoes at the same time relative to the emission of the pulses, the variation 

of the positions of scatterers are measured and therefore their velocities. The measurement of the 

time lapse between the emission of ultrasonic bursts and the reception of the pulse (echo generated 

(a
(b



112

by particles flowing in the liquid) gives the position of the particles. By measuring the Doppler 

frequency in the echo as a function of time shifts of these particles, a velocity profile is obtained. 

Flow 

direction

Transducer

70º Scatters

MATEC

Tone burst 

Pulser / Receiver

SYNC       T/R          RF 

                              SIGNAL

Digital Oscilloscope

Fig. 2: Experimental  setup. 

The Doppler effect (Johann Christian Doppler, 1803-1853; Austrian mathematician and physicist) is 

the shift (change) in frequency of an acoustic or electromagnetic wave resulting from the movement 

of either the emitter or receptor [2]. For example, if the receiver is approaching the source, it will 

encounter more waves in unit time than if it remains stationary. This gives rise to a change in the 

wavelength. Thus, if an observer is moving and the source is stationary, the measured frequency is 

expressed by Eq. (2), 

c

vc
ff o

er  .         (2) 

Where fe is the source sound frequency, fr is the frequency measured by the observer, c is the speed 

of wave propagation and vo is the observer velocity. The upper sign corresponds to an approaching 

observer and the lower sign corresponds to a receding observer. If the source is moving and the 

observer is stationary, the measured frequency is: 

s

er
vc

c
ff

   

                    (3) 

Where the upper sign corresponds to the source approaching and the lower sign corresponds to the 

source receding from the observer. More generally, when both source and observer are moving: 

s

o
er

vc

vc
ff  .           (4) 

Eq. 4 can be rearranged to give the value of the Doppler shift frequency, fD=fr-fe:

1
s

o
eD

vc

vc
ff .        (5) 

If the source and observer are moving towards each other, the observed frequency is higher than the 

emitted frequency; if they are moving apart the observed frequency is lower. 
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When both the source and the receiver are stationary (the case under study), the reflecting scatter 

alters the direction of the waves in such a way that they appear to originate from a virtual source at a 

distance from the receiver equal to the total distance travelled by the waves. Thus, as the emitter and 

the receiver are located at the same point, vo= vs = v, and Eq. (5) can be written as  

vc

v
ff eD

2
     (6) 

considering the scatter moving away from the emitter (receiver). As c >> v, eq. 6 can be simplified: 

c

v
ff eD

2
.      (7) 

In order to calculate the fluid velocity profile, consider the Fig. 2, assuming the movement of only 

one scatter. The location of this particle can be evaluated measuring the time delay between an 

emitted burst and the received echo. The considered scatter is moving at an angle  relative to the 

axis of the ultrasonic beam, thus its velocity v can be measured by calculating the depth variation 

between two bursts separated by the time corresponding to the pulse repetition frequency (Tprf).

Thus, according to the geometry (see Fig. 2),  

coscos prfvTlc
TT

2

12     (8) 

where T1 and T2 are the time delays referred to the depth variation of the scatter. As that time 

difference is very small it is more adequate to consider the phase shift of the received echoes, 

)( 122 TTft e .         (9) 

From Eq. 8 and Eq. 9, the scatter velocity can be calculated by the following expression: 

coscos e

D

eprf f

cf

fT

c
v

22
        (10) 

and  

   
prf

D
T

f
2

.                          (11) 

2.3. Ultrasound time-domain cross-correlation velocity profiling 

Time domain cross-correlation appears as another approach for velocity estimation [3-6]. The same 

experimental setup will be used (see Fig. 2), with the ultrasonic transducer positioned at an angle 

with respect to the flow direction. The procedure is as follows considering again only one scatter. 

For a transmitted pulse into the fluid at time t = to, a reflected signal is obtained from the scatter at a 

position 1 (P1), measured from elapsed time between the emission and reception pulses (t1). At time 
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t = to+T, the scatter has moved to a position 2 (P2), which corresponds a propagation time t2. Hence, 

the scatter velocity (in the direction away from transducer) can be obtained by, 

cosprf

s

T

ct
v

2
                            (12) 

where ts= t2-t1 is the shift time. The principle of the time-domain flow measurement technique is 

based on the evaluation of the time shift between echoes coming from scatters localised in the 

sample volume within an ultrasonic beam. A single scatter variation from position 1 to position 2 

can be estimated by a correlation procedure. Thus, let us consider y1(t) as the received echo signal 

from an ultrasonic pulse transmitted at t = to, and y2(t) the second received echo from an ultrasonic 

pulse transmitted at a time to+T. The difference between these two signals is essentially caused by 

the scatters movement resulting in time shift ts. This time shift is obtained by calculating the cross 

correlation function of the two consecutive echoes by  

dtstydtty

dtstyty
sR

2

2

2

1
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)( .                     (13) 

In discrete terms, the correlation coefficient is 
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where s is the shift between signals (correlation window) and N is the number of samples. The 

calculated time shift ts is used in Eq. (12) to estimate the scatter velocities.  

3. Experimental results 

3.1. Setup 

The experimental setup used to extract the velocity profile is shown schematically in Fig. 2. The 

calculations were carried out in an offline way. 

A tone burst Pulser/Receiver was used to excite a transducer with 1 MHz of central frequency 

mounted on a cylindrical tube of 100 mm in diameter, which operates at a beam angle of 70º with 

the flow direction. Backscattering from particles is received by the same transducer. Then, they are 

displayed on the screen of a digital oscilloscope (with ten thousand samples) and after being 

sampled and digitised are transferred to the microcomputer for processing. The PRF was adjusted to 

allow maximum measurement range (100mm). The profile was divided into 10 volumes 

corresponding to an axial distance of 10 mm and 200 samples per volume.  

3.2. Velocity profiles 

The velocity profiles extraction is based on the ultrasound time-domain cross-correlation. Data 

collection was made for different velocities and different concentrations of artificial suspended 
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sediments (spheres of 0.4-0.6 mm). Table 1 shows the acquired signals in terms of flow (m
3
/h) and 

beads concentrations.  

Table 1: Analysed flows. 

Bead

concentration

s

(g/L)

Flow rate   

(m
3
/h)

55 39 46 70 90 

110 33 49 70 90 

220 26 47 80 90 

Fig. 3 illustrates the velocity profiles for the 39, 46, 70, and 90 m
3
/h flows measured for a 

concentration of 55 g/l. Table 2 shows some parameters associated with the calculated profiles, such 

as mean and maximum velocity (m/s), and the extracted velocity from the flow values given by an 

electromagnetic flowmeter (MAG 5000).  

Fig. 3: Velocity profiles for four different flows and a spheres concentration of 55 g/l. 

Table 2: Velocity parameters 

Velocities from 

profiles of Fig.3 (m/s) 

Mean

velocities 

from 

flowmeter 

(m/s) 
mean maximum

1.379  

(39 m
3
/h) 

1.116 1.474 

1.627  

(46 m
3
/h) 

1.356 1.810 

2.476  

(70 m
3
/h) 

1.914 2.349 

3.183  

(90 m
3
/h) 

2.233 3.303 
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Although the flowmeter specifications mention that it is suitable for measuring slurries and pastes, 

among others, great oscillations in the flow rate values were observed when using glass beads as the 

suspended particles. Such velocity oscillations were more pronounced in the cases of higher flow 

rates. Obviously, the two flow metering systems measure different variables: while the 

electromagnetic measures the flow from which the mean velocity of the mixture is calculated, the 

ultrasound Doppler velocity meter measures the velocity of the particles. As expected, the mean 

values of the linear velocities calculated from the flow rate values are higher than the corresponding 

values obtained with the ultrasonic device. Moreover, the differences between pairs of mean 

velocities increase with the flow rate going up from 19.1 to 29.8%. These differences can be 

explained not only on the basis of different principles involved in the two methods but also on non-

normal velocity profiles obtained by the ultrasonic technique (Fig. 3 and Fig. 5).  

In fact, these velocity profiles correspond to the horizontal plane crossing the axis of the tube and, 

therefore, the velocity profiles should be symmetric around the centre line but are rather 

asymmetric. The asymmetry and deviations from expected profiles were more significant for lower 

concentrations (Fig. 5) and for higher slurry flow rates (Fig. 3). Some possible explanations can be 

pointed out for the mentioned deviations. First, lower bed concentrations lead to echo signals of very 

low amplitude at the opposite side of the tube giving rise to some velocity inaccuracies. Second, it 

was verified that the used acquisition system, with low resolution, did not allow good velocity 

profile traces. Also, higher flow rates can produce turbulence in the transducer cavities affecting the 

particle dynamics and as a consequence the profiles.  
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Fig. 4: Deviation between the estimated ultrasonic mean velocity and the one obtained from the 

measured flow rate 

        

Fig. 5: Velocity profiles for different glass beds concentration levels (Flow rate = 90 m
3
/h).
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4. Conclusions 

The objective of this work was the study of the dynamics of flows of solid-liquid suspensions. An 

ultrasonic sensor working in emission-reception mode has been used with an angle of 70º respecting 

to the flow direction. Data collection was made for different flows measured by an electromagnetic 

flowmeter for further data processing in order to extract the velocity profiles. Two techniques were 

tried: Ultrasound Doppler method and ultrasound Time-Domain Correlation method. However, due 

to equipment limitations, namely due to the low recording length of the used oscilloscope, which did 

not allow the visualisation of enough PRF´s to have sufficient resolution in the Doppler frequency, 

only the Time-Domain Correlation method was considered. Even with this technique it is important 

to use a higher number of points to enhance the velocity precision. Some velocity profiles were 

extracted for random flows measured by the electromagnet flowmeter. The evaluated mean 

velocities agree quite well for low flows presenting however increasing deviation for higher flows. 

This deviation for higher flows is a result of the flowmeter lack of precision. It was also observed 

that velocity suffers a constant reduction as sediment concentration is increased. More precisely, for 

the used sediments the velocity reduction was about 1.8% when the sphere concentration duplicated.  

Though much work must be done, the results show some coherence with the theoretical ones. 

Improvements at the equipment level will provide additional results by ultrasound Doppler.  

Also, the flowmeter testing for different fluids and sediments will help estimate how accurate its 

results are and also to understand the errors introduced in the process in order to obtain precise 

estimations of velocities. The knowledge of the sediment dynamics will be an important objective 

for future work. 
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