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Fig. 6 – Impedance vs. slurry velocity for play sand–water mixtures over 5–20 wt% slurry concentrations measured using the
impedancemetry device.

Table 3 – Deposition velocity for various concentrations of sand–water mixtures flows.

Particle type Slurry concentration (Cm, wt%) Deposition velocity (vC, m/s) Deviationa (DV , %)

Impedancemetry setup LCR meter

Play sand (fine)

20  1.94 1.87 3.7
15 1.78 1.79 -0.5
10 1.64 1.63 0.5
5 1.47 1.39 5.2

Environmental
gravel sand (coarse)

20  1.85
15 1.76
10 1.26

a DV (%dev) =
[
vC(impedancemetric)−vC(LCR)

vC(impedancemetric)

]
× 100.

made by Turian et al. (1987), who  suggest vC ∼ d◦ specially for
large non-colloidal particles. This confirms the applicability
of the impedancemetry device in measuring the deposition
velocity of slurries of various particle diameters and concen-
trations.

To study the effect of temperature on deposition velocity, a
play sand-water mixture was circulated through the pipeline

at 28 ◦C and 42 ◦C. Impedance magnitudes were then recorded
over a range of slurry velocities and corrected according to the
change in temperature over time using a correlation proposed
by Giguere et al. (2008), as follows:

RT,ref = RT[1 +  ̨ (T − Tref )] (2)
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Fig. 7 – (a) Deposition velocity vs. slurry concentration for play sand- and gravel sand–water mixtures over a range of slurry
concentrations, (b) impedance vs. slurry velocity for play sand–water mixtures at various temperatures.

where RT,ref is the resistance at reference temperature Tref ,
RT is the resistance at temperature T, and  ̨ is the thermal
resistance coefficient (  ̨ = 0.02 satisfies the equation in our
experiment). It is observed on Fig. 7b that, after accounting for
the change in impedance due to the change in temperature,
the impedance values were almost identical in both slurry
temperatures. This suggests that the change in impedance
was merely caused by the change in slurry temperature and
not any other change in the property of the liquid, e.g., viscos-
ity of the carrier fluid. For consistency purposes, isothermal
conditions (about 15 ◦C) were retained here throughout the
whole experiment.

The experimental values obtained here for the deposition
velocities of various concentrations of play sand–water mix-
tures using the impedancemetry setup was re-measured with
the LCR meter as well. Fig. 8 and Table 3 compare the two mea-
surements and corresponding deviations. For the same slurry
concentration, although there is a noticeable difference in the
magnitude of impedance measured by the two techniques (see
Section 2.2), corresponding deposition velocities are in excel-
lent agreement with an average deviation of 2.22% only, thus
confirming the accuracy and reliability of the impedancemetry
setup.

The experimental approach proposed here was compared
with empirical correlations proposed in literature. The depo-
sition velocities experimentally measured were theoretically
predicted as well using experimental facility dimensions and
slurry properties plugged into five of 31 correlations reviewed
by Turian et al. (1987) originally proposed by Oroskar and
Turian (1980), Shook (1969), Larsen (1968), Zandi and Govatos
(1967), and Knoroz originally reported by Sasic and Marjanovic
(1978) for gravel- and play sand–water mixtures. Correspond-
ing empirical correlations are reported in Table 1. As observed
on Fig. 9, the deposition velocities obtained using these
correlations turned out to be in good agreement with the
experimental measurements with deviations ranging from 6.2
to +33% and average deviations of −8.3% for play sand–water
mixtures and 6.9% for gravel sand–water mixtures. This is
well below the average 92% deviation between empirical
correlations and 864 experimentally measured deposition
velocity data points (see Table 1) reported by Turian et al.
(1987). This, as well, proves the viability of the high-frequency

impedancemetry approach in measuring the deposition veloc-
ities of solid–liquid mixtures in pipes in a simple, fast, and
accurate manner.

It is worth mentioning that although a change in the
diameter of the pipeline would change the deposition veloc-
ities obtained here, the effect of the pipe diameter was not
particularly studied here. The present research is focused
on introducing a new approach of experimentally measur-
ing deposition velocities and, for that reason, only one pipe
diameter of 50 mm has been considered for validation and
comparison purposes.

3.2.  Agricultural  and  forest  residues

The same approach as for the sand–water mixtures was
applied to measure the deposition velocities in agricultural
and forest residue-water mixtures. Fig. 10 shows the experi-
mental measurements using the impedancemetry device as
well as the LCR meter for slurries of various diameters of
wheat straw and wood chip particles over a wide range of con-
centrations (1.5–13 wt% dry matter). A good agreement was
found between impedancemetry and LCR measurements; in
addition, a trend line similar to the lines for sand–water mix-
tures was obtained in all case scenarios. Table 4 lists the
deposition velocities for all the wheat straw- and wood chip-
water mixtures experimented here. As it can be observed, the
deposition velocities were relatively small, ranging from 0.21
to 0.8 m/s, and no meaningful relations were found between
the slurry concentrations and the deposition velocities. The
velocity ranges are well below the common range of operating
velocities in industrial pipelines, i.e., 1.4–3.0 m/s  (Abulnaga,
2002) (see Section 2.1). This, surprisingly, implies that while
pumping biomass–water mixtures in pipelines under the con-
ditions studied here (i.e., material type, particle size, slurry
concentration, commercial velocity range), no deposition will
be observed. This is good news for the pulp and paper and
the biofuel sectors, which are actively exploring the option
of replacing truck delivery of biomass feedstock by pipeline
hydro-transport. Knowing that there are no deposition con-
cerns considerably simplifies the design and operation of
biomass slurry pipelines. To the best of the authors’ knowl-
edge, this is the first time this feature is observed and reported.
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Fig. 8 – Impedance vs. slurry velocity for play sand–water mixtures of various concentrations measured using the
impedancemetry circuit and the LCR meter.

Fig. 9 – Experimental vs. numerical/empirical correlation results for the deposition velocities of (a) play sand–water
mixtures and (b) gravel sand–water mixtures in pipes.
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Fig. 10 – Impedance vs. slurry velocity for (a) 6.5 wt% dry-matter slurry of 4.8 mm wheat straw particles, (b) 4.2 wt%
dry-matter slurry of 9.7 mm wheat straw particles, (c) 13.0 wt% dry-matter slurry of 1.9 mm wood chips particles, and (d)
3.0 wt%  dry-matter slurry of 7.1 mm wood chips particles measured using the impedancemetry device.

Table 4 – Deposition velocity for various concentrations of biomass–water mixture flows measured using the
impedancemetry setup.

Particle type Particle size Slurry concentration (Cm, wt% – dry) Deposition velocity (vC, m/s)

Wheat straw

Fine (d50 = 4.81 mm)
2.0 0.21
4.2 0.28
6.5 0.8

Large (d50 = 9.7 mm)
2.0 NA
3.1 0.8
4.2 0.8

Wood chips
Fine (d50 = 1.91 mm)

3.0 0.44
6.2 0.55
9.5 NA
13 0.36

Large (d50 = 7.18 mm)
1.5 0.52
3.0 0.57

4.  Conclusion

The high-frequency impedancemetry technique was applied
here for the first time to measure the slurry flow deposi-
tion velocity in pipeline transport of solids. A 16-electrode

impedancemetry device was designed, fabricated, and
installed on a 25 m long and 50 mm in diameter closed-loop
pipeline facility to measure the deposition velocity of sand
(play sand and environmental gravel sand)-water mixtures
and biomass (wheat straw and wood chips) slurry flows.
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Sand- and biomass–water mixtures were prepared over a
wide range of concentrations (1.5–20 wt%, dry) and pumped
over a range of velocities (0.04–4.5 m/s) much wider than
the common industrial practice of 1.4–3.0 m/s. Besides the
impedancemetry device, the LCR meter was used to measure
the slurry flow deposition velocity to validate accuracy and
reliability of the impedancemetry setup circuit. On a graph of
impedance-velocity, the velocity corresponding to the point
of infelation was reported the deposition velocity. The deposi-
tion velocities measured for sand–water mixture flows were
compared with those calculated using previously reported
empirical correlations where a deviation as small as 7.0% was
found. In addition, it was proved that deposition velocities in
biomass–water mixtures are well below common industrial
pumping velocities, i.e., particle deposition is not an issue
in biomass pipelines. The high-frequency impedancemetry
approach was found to be a replacement for traditional tech-
niques such as gamma ray densitometry, visual observations,
and ERT systems, since it does not disturb/stop the slurry flow
and is simple and economic to fabricate, easy to operate, easy
to mount on the pipeline, applicable to all the suspensions
conducting electricity, and capable of accurately measuring
slurry deposition velocities as low as 0.04 m/s.
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