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This paper reports the results of an experimental investigation into the transport of fluids composed of
water and polypropylene particles, in order to study the transport of floating particles.

The determination of the pressure drop and the delivered concentration, for a wide combination of flow
rates (0–0.5 kg s�1), solid loads (0–25 %vol) and particles mean sizes (341–756 lm), enabled the trans-
port efficiency for this kind of slurry in a circular horizontal pipe (30 mm diameter) to be measured.

The results are displayed in relation to flow patterns; they show that the size of the particles has a little
impact on the transport efficiency. On the contrary, the flow rate and the volumetric concentration have a
strong impact on efficiency, because of their large contribution to the flow pattern. The best operating
conditions are obtained close to the limit deposition velocity, when the fully suspended pattern is
reached. The solids are then well transported with no waste of energy due to a too high velocity. The opti-
mum concentrations, for a wide range of high efficiency are around 20–25 %vol.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Biphasic liquid–solid mixtures are generally known slurry; if
the solid particles are dispersed in the liquid, the term used is a
suspension. However, apart from colloidal suspensions, the appar-
ent weight of the particles plays an important role in the suspen-
sions transport. The apparent weight entails particles
stratification. Most slurries are sedimentary, i.e. the particles are
heavier than the liquid. In the case of an ice slurry, the phe-
nomenon is inverted. This kind of slurry is much less observed in
nature or in industrial applications.

Slurries suspensions transported through pipe-lines are essen-
tial for different applications and have drawn considerable atten-
tion in recent years in mining and mineral processing [1], ice
slurry transport [2], pipeline transport of agricultural slurries in
chemical plants, for example wheat straw and corn stover [3], sand
removal [4], dredging and tailing disposal [5]. In many cases, the
transported slurries consist of small size particles (usually up to
a few tens of microns). However, coal-water mixtures, and sand
or gravel slurries can contain much coarser particles (up to a few
millimeters).

In the context of the increasingly urgent need to reduce carbon
emissions, it is highly desirable to investigate options to reduce
power consumption in handling slurry in mining and mineral oper-
ations, and in slurry transport in general. Similar to slurry mixing
tanks, slurry transport in pipelines is an established technology
in the mining and mineral processing industry. There is a wealth
of literature on this topic, dating back to the 1960s. Most research-
ers [6–8] in slurry pipeline transport are concerned with predicting
pressure loss, or determining the minimum conveying velocity
(deposition velocities) for safe transport and on the impact of var-
ious parameters including solids loading, particle shape and rheol-
ogy on pressure gradient, and on methods to predict conveying
characteristics accurately.

To a large extent, the pressure gradient data reported in most
literature [7] have been obtained to determine the power con-
sumption required when selecting and sizing slurry pumps, and
to optimize the pipeline design parameters (e.g. pipe diameter,
percentage of fine particles) so as to minimize the capital cost
and energy consumption. Pullum and McCarthy [8] compiled
Specific Energy Consumption (SEC) data from a total of 20 publica-
tions, and concluded that high concentration coarse particles
mixed in non-Newtonian viscous carrier fluids (such as fly ash),
where the solids concentration is typically more than 40% by
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Nomenclature

m mass [kg]
_m mass flow rate [kg/s]

V volume [m3]
_V volume flow rate [m3/s]
D pipe diameter [m]
L pipe length [m]
d particle size [m]
g standard gravity [m/s2]
q density [kg/m3]
l dynamic viscosity [Pa s]
sw wall shear stress [Pa]
DP pressure differential [Pa]

P power dissipated by the flow [W/m]
SEC specific energy consumption [J/g/m]
U volumetric concentration [%vol]
Umax particle packing factor [%vol]
u delivered concentration [%vol]
h Shields number [–]

Subscript and superscript
liq liquid phase (water)
sol solid phase (particles)
m mixture
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volume, can be hydraulically conveyed at low velocities with a SEC
comparable to or even lower than that required for conventional
dilute solids phase systems. These particles can have a high density
(such as iron, or sand) compared to the main fluid and are consid-
ered settling slurries. On the contrary, others particles can have a
low density (ice slurry for example).

Some studies have investigated the dependence of the diameter
and the lifetime of pipelines transporting solid–liquid mixtures on
the solid particle size. In order to achieve these goals, a life-cycle
cost analysis model has been developed in which the particle size
effects are incorporated by the weighted mean diameter [9].

Slurry flow behavior, can be analyzed by the equilibrium of
forces, that are present and that control particles displacement.
In the liquid–solid biphasic mixing case, there are numerous inter-
actions. The simplification of the unperturbed flow by the presence
of particles is applicable to very dilute suspensions, because the
local perturbation of the flow by a particle does not reach others
particles. However, in the case of undiluted particles flows, the par-
ticles interact with each other. It is then necessary to determine the
long-range and short-range hydrodynamics interactions between
them. The large number of these forces make it unrealistic to try
to develop numerical resolutions, that take into account the com-
plete physical model. There are some numerical studies but for a
small number of particles, or for small volumes by neglecting the
number effects, and to obtain the macroscopic and homogeniza-
tion properties of the solutions [10].

In practice, for slurry applications, the overall behavior of the
mixture is of more interest, than the individual particle behavior.
According to the forces acting on them, particles can move by 3
transport modes: traction, saltation, and suspension. In a slurry
flow, these 3 transport modes, plus the static state, are combined
in various proportions to form different flow pattern typologies.
Knowledge of these flow typologies is essential in the study of
slurry, to analyze and interpret the head losses or heat transfer
coefficient results. In the case of sedimentary flows, many studies
have focused on these typologies [11,12]. The diversity of the
observed regimes and the associated vocabulary makes it difficult
to compare these various studies, and thus complicates the overall
understanding of the phenomena taking place during the transport
of solid particles.

A rather complete work on the subject was recently carried out
by Ramsdell & Miedema [13]. They present the phenomenon of
sedimentary transport as a scenario taking place according to the
flowrate. They describes 9 various flow pattern typologies, which
when the flow rate increased and according to the operating con-
ditions (duct diameter, particles characteristics, fluid characteris-
tics), will follow one another to form a scenario. Depending on
the experimental conditions, various scenarios can be obtained,
and each one consists of a succession of typologies. First, they
distinguish two theoretical types of scenario. The first, which they
name laboratory conditions corresponds to a closed circuit without
storage volume. In this case, the quantity of solid present in the
loop is contained in pipes and distributed uniformly. The working
condition is thus a constant spatial concentration. The delivery
concentration is thus related to the fixed spatial concentration
and the flowrate. The second type, which they name real condi-
tions, corresponds to an open or closed circuit with a very large
storage volume. In this case, the spatial concentration in the tank
dominates the transport phenomenon in the ducts. In fact, the spa-
tial concentration in the tank (which must be homogeneous) will
be transformed into the delivery concentration as the entrance
boundary condition of the circuit. The spatial concentration in
the circuit is thus related to the delivery concentration and the
flowrate. As is very often found, the reality does not correspond
to the theoretical perfect cases. The practical cases are thus inter-
mediate between the two. The evolution of the head losses versus
flowrate is related to the scenario obtained. In their publication,
Ramsdell and Miedema [13] identify 6 different scenarios and pre-
sent the associated head losses.

To predict the behavior of flowing slurry, models have been pro-
posed to determine the evolution of the flow patterns and the asso-
ciated head losses. There are numerous models because very often,
their domain of validity is very restricted. The different approaches
are:

� By empirical correlations: These are based on dimensional anal-
ysis, the coefficients of dimensionless parameters (k;a; b; c and
d in Eq. (1)) are identified by experimental data fitting. One of
the most useful correlation [11] is based on the following
empirical form:
f � f w ¼ k � Ca � f b
w � C
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In this case, the extra work required to impose a given mixture
flow rate (friction factor f in Eq. (1)) is compared with the work
required for a pure water flow rate at the same mean velocity (f w

and v in Eq. (2) respectively) and express classically as a function
of power law of dimensionless parameters. It should be noted
that although this kind of method is very useful and common
in engineering, the coefficients have to be tuned for the different
flow patterns in order to fit reality. Thus, in the case of Turian’s
correlation [11], four transition laws were given to suit the



Fig. 1. Schematic of experimental setup.
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following flow regimes: stationary bed, saltation, heterogenous
and homogenous. These correlation were built using settling
slurries and could not be applied to floating slurries even if they
had been built using a wide range of dimensional parameters
(pipe diameter, solid density, etc): identification procedures
would have to be performed, especially for the modified
Froude coefficient d in order to take into account the change in
sign of the term qs

ql
� 1Þ. To the best of the authors, no equivalent

correlation has been published concerning or including floating
slurries.
� By models of the effective liquid [14] coupledwith a multi-layer

model [5]: In this kind of model, it is supposed that the liquid–
solid mixture can be modeled by a stack of layers in which the
fluid has different effective properties.

Concerning the calculation of the effective viscosity of the mix-
ture, many alternatives have been proposed, more or less adapted
to take into account particles shape, size heterogeneity, the fluid, or
the particles arrangement in the flow. Reviews of these different
models can be found in [15,16].

This state of the art quotes almost only those works on sedi-
mentary slurry, which are the most. Nether less, there are many
industrial flow applications of light particles, for example the ice
slurry flow.

Ice slurry [17], which is a flowable phase change material,
seems promising for use as a secondary fluid in refrigeration sys-
tems [18]. The technology involved, studied for over 20 years, is
now mature for industrial use [19,20]. Many studies have been
conducted on ice slurry flow in tubes [21,22] and in sudden con-
strictions [23,24]. For high flow rates, the assumption of an equiv-
alent homogeneous medium seems sufficient to model the system.
Some authors therefore work on the rheology of ice slurries
[25,26]. However, this homogeneous regime, obtained at high flow
rates, is not necessarily needed to transport ice slurries efficiently
and to optimize energy efficiency. In fact, ice slurries have great
apparent heat capacities and therefore can transport a great deal
of energy even at low flow rates. For example, in ice slurry flows,
a variety of flow patterns are observed and they depend on the pip-
ing system, the operation parameters (different production meth-
ods, pipe diameter, ice velocity and concentration). The number
of applications is increasing. Ice slurry cooling systems have been
installed in buildings for air conditioning purposes, food processing
and preservation, and possible future applications (ice pigging,
medical applications, artificial snow, fire fighting) [27]. The advan-
tages of this mode of transportation, such as its environment
friendliness, the relatively little infrastructure work needed and
possibly low operation and maintenance costs, may make it an
attractive alternative to other methods. Furthermore, the use of
ice slurry fits into a plan of reducing energy consumption, which
has to be optimized in all parts of the process, including trans-
portation. Therefore, it is important, not only to optimize heat
transfer from ice slurries, but also to find the best operating condi-
tions that will lead to the good transport of ice without energy
waste within pumps. The complexity of coolant refrigeration sys-
tems (variation in cross-section, flow divider, flow rate variation)
creates difficulties in driving these systems [28]. This, combined
with a risk of blockage, explains why ice slurry technology is cur-
rently used mostly for energy storage and not as a secondary cool-
ant. To encourage this development of ice slurry, it is important to
complete former studies and to improve the analysis of the differ-
ent flow regimes that may occur in these systems. However, prior
to thermal analysis, the hydraulic phenomena that would occur in
the installation must be understood. It is generally agreed that
heating efficiency is a combination of a good heat transfer capacity
and an optimized hydrodynamic pattern, to improve forced
convection. Moreover, as already mentioned, high flow rates gen-
erate high energy costs, which also have to be taken into account
in energy balances.

This paper is part of a larger work that aims to optimize the
overall operating conditions for the use of ice slurry, in order to
enable its industrial use. As in many studies [29]we chose to
uncouple the hydrodynamics and heat transfer by working in
isothermal conditions, in order to analyze the hydrodynamics of
ice slurry in the range of laminar to low turbulent flows. Further
studies will deal with the coupled phenomena. Moreover, with
ice slurry, the hydrodynamics are difficult to study because of ice
melting, which leads to a modification of the concentration and
shape of the solid phase [30]; water condensation on pipes also
interferes with observations. In order to overcome these difficul-
ties, we propose, like previous authors [31], to study granular
model fluids, chosen especially to have the same characteristics
as those of ice slurries. The results obtained will be used in isother-
mal applications too.

The objective of this study is to understand the behavior of a
slurry, in an isothermal regime, made up of floating particles and
identical to an ice slurry. These characteristics of particles have
been little studied. Nevertheless, it is clear that the behavior of this
kind of slurry will differ from that of sedimentary slurry. For exam-
ple, the transport of saltation will not be present because the par-
ticle density is lower than that of the fluid.

A specific device has been designed and used to observe the
flow typologies, measure the head losses and determine the flow
concentration. Section 1 is devoted to the presentation of the
experimental setup, the methods used, the associated instrumen-
tation and the choice of particles. The experimental results
obtained are presented in Sections 2.1 and 2.2. The main objective
of this study is to determine the conditions that minimize the
energy consumed by installations using such fluids. These mea-
surements are made with the final goal of determining the trans-
port energy efficiency. The best combinations that provide the
energetic optimum are described in Section 2.3. The results
obtained are valid for other slurries (light particle applications).
2. Materials and method

2.1. Presentation of the experimental loop

Fig. 1 is a schematic diagram of the experimental apparatus. It
consists of a closed loop in which a mixture of water and solid par-
ticles circulates thanks to a centrifugal pump (Grundfos CHV2). The
section of passage in the enclosed impeller is 3 mm, which is suf-
ficient for the circulation of the particles used. The pump rotation
speed, controlled by a frequency converter, enables the mixture
flow rate to be varied without using a valve. This avoids abrupt sec-
tion reduction and consequently particle accumulation and plug
generation. The measuring section is composed of a 4-m long
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transparent PMMA pipe, with a 30 mm diameter. The first 2.9 m is
required to ensure the hydrodynamic establishment of a monopha-
sic flow according to the classic correlation in laminar and turbu-
lent regimes [32] in Newtonian fluids. (In the case of liquid–solid
fluids, to our knowledge, there is no study on the flow-
establishment length). The last 0.1 m is present to limit upstream
effects.

Hoses of the same diameter connect the pipe to the different
elements of the apparatus (pump, flow meter and particle injection
device). In such systems, the flow in a local section is clearly influ-
enced by the behavior of the mixture in the rest of the loop. In
order to avoid geometrical influences, the setup is designed with-
out a storage tank, to ensure perfect continuity in the
cross-section throughout the circuit (except inside the pump and
the flow meter). The flow conditions are thus the same everywhere
in the loop. The volumetric concentration (U), regulated at the
beginning of the experiment, is thus constant in all sections of
the loop. This volumetric concentration should not be confused
with the delivered concentration (u), as discussed below.
Fig. 3. Photographs of medium particles.
2.2. Characteristics of the mixture

There are many studies on the transport of granular media, but
the vast majority concern sediment particles: the solid phase is
heavier than the liquid phase and thus stratifies at the bottom of
the pipes. In the case of ice slurry the buoyancy acting on solid
inclusions leads to the stratification of particles at the top of pipes.
These mixtures are much rarer than sediment slurries and have
been less studied. However, this inversion in the density ratio also
affects particle transport by changing the influence of inertial
forces. For example, with a density ratio of 0.9, saltation transport
is not observed, while it is dominant in flows with a high density
ratio like Aeolian sand transport (qsand=qair > 2000) [33].

The first objective of this study was to obtain a model fluid as
close to ice slurry as possible. For this reason we worked with
water at room temperature as the liquid carrier
(lliq ¼ 0:91 ± 0.04 mPa s, qliq ¼ 997 ± 1 kg m�3). The choice of
floating solids in water available in granular state is poor. To
approximate the density of ice (qice ¼ 917 kg m�3), polypropylene
seemed to be a good choice. This material had already been
selected by Stutz et al. [34] for the same purpose. We thus used
a polypropylene powder (ICORENE4014R+) produced by
Icopolymer and made from crushed pellets at very low tempera-
ture. The density was measured using a helium
pycnometer(Micrometrics AccuPyc 1330) and was found to be
qsol ¼ 907 ± 1 kg m�3. 95 %vol of the particles were black, in order
to obtain a good contrast and to observe the overall distribution
of the particles inside the flow in the best conditions possible;
5 %vol of the particles were white in order to track a single particle
and observe its individual path.

To represent the variety of crystal sizes [19,35] the powder was
sieved. Sieves of 310/560/760/910 lm were used to select three
size ranges. After sieving, the size dispersion was measured by a
laser particle sizer (Malvern Mastersizer 2000). The results are
shown in Fig. 2.

Diameters were measured before and after many hours of circu-
lation in the experimental loop. No size variation was observed,
confirming that the centrifugal pump did not damage the particles.
The particles used were not completely spherical and their surfaces
were rough as illustrated in Fig. 3. The ratio of length to width was
close to 1.5.

The packing factor, i.e. the maximum volumetric concentration,
is an important parameter in particle stratification. For a random
packing of monodisperse spherical particles, the packing factor
fluctuates in the range of 0.64 (close packing factor [36]) to 0.55
(loose packing factor [37]). The packing factor for the polypropy-
lene particles used was determined by measuring the solid mass
needed to fill a specific volume. The apparent weight acting on
the particles (compression forces) affects the volume filled.
Under our experimental conditions, the packing factor was
Umax ¼ 0:5� 0:03. The non-sphericity, roughness and light polydis-
persion of the particles led to a lighter compacity than might be
expected.
2.3. Particle injection methodology

The insertion of particles in the experimental loop is not easy,
particularly in the case of floating particles. For sedimentary parti-
cles, it is possible to use a storage tank. At rest, particles sediment
at the bottom of the tank and a classic stirrer is sufficient to put in
them into suspension. A fraction of the fluid can be extracted and
put into circulation in the loop [38].

When floating particles, are at rest, they rise and accumulate at
the interface between the liquid and air. If a stirrer is used to put
them into suspension, it has to create eddies on the surface to catch
the particles near the surface. These eddies inevitably lead to air
bubbles with particles.

The mixture obtained can not thus be sent directly into the
loop. Especially as the particles used tend to gather together
around air bubbles, which become the site of formation of particle
flocs. We devised an assembly that enabled the loop to be loaded
with solid first, before working in a closed loop (laboratory condi-
tions according to [39]).

The particle injection device was used to control the amount of
solid particles added inside the loop: part of the water circulating
was withdrawn using a filter; then a quantity of solids was mixed
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with it and re-injected into the loop in order to obtain the chosen
static volumetric concentration (U). During the injection, care was
taken to monitor the amount of injected particles and to avoid
introducing air bubbles. The few remaining bubbles were removed
by adjusting the solubility (with temperature and pressure) of air
in water [40].
2.4. Metrology and protocol

A Coriolis mass flow meter (E+H Promass 83I) with a
6-mm-diameter flow section was used to measure the mixture
mass flow rate ( _mm) (full range: 0–0.5kg s1, accuracy: 0.1%). The
flowmeter was also used to evaluate the mixture density (qm)
(accuracy: 0.5 kg/m3). This was necessary to calculate the delivered
concentration (u), as explained below.

The pressure drop (DP) was measured with a differential pres-
sure sensor (E+H Deltabar PMD75) (full range 0–1 kPa, accuracy
1.5 Pa). The distance between the pressure gauges was equal to
1.00 m.

All sensors were connected to a personal computer via a DAQ
(Agilent 34970A) allowing data acquisition with a frequency of
2 Hz. The results shown are the average of 10 min of measurement.

The test section was built with a transparent pipe (PMMA) to
allow the flow to be visualized. A camera (Point Grey Chameleon)
was used to record the side view of flows obtained at 3.2 m from
the entrance. The camera was positioned approximately 50 cm in
front of the tube so as to observe a tube length of 10 cm. The
obtained depth of field was then of the order of the tube diameter.
The videos thus recorded enable the flow patterns to be deter-
mined according to different parameters.

Before each acquisition, the pump was switched on and oper-
ated at its maximum speed for 5 min to ensure a homogeneous
concentration throughout the loop. Then the flow was abruptly
stopped in order to generate a flat particle bed at the top of the
tube. Starting from zero, the flow rate was progressively increased
to observe its influence. Prior to each measurement, a stabiliza-
tion/establishment time of 30 min was observed. Using a valve to
control the flow rate would cause a localized accumulation of par-
ticles in front of it, increasing the risk of blockages and invalidating
the assumption of a constant concentration throughout the loop.
The flow rate was thus controlled by increasing the pump rota-
tional speed.

The maximum volume fraction of solid studied was 25 %vol
with a resolution of 5 %vol. At high concentrations (15–25 %vol),
blockages appeared at low flow rates at the top of the vertical sec-
tions. At this point, particles were crowded and could form clusters
several cm thick. Until the rotational speed of the pump was suffi-
cient to exert a pressure able to expel the plug, no flow circulated.
Fig. 4. Photographs of flow patterns at U = 15 %vol for medium particles. (A) No
solid motion. (B) Wavy bed load. (C) Flat bed load. (D) Fully suspended.
3. Experimental results

3.1. Presentation of results

When a fluid is monophasic, hydraulic flows are described using
dimensionless numbers, such as the Reynolds number and the
Darcy friction number. In the case of slurry there are various
dimensionless numbers to characterize the different phenomena
(Pipe Reynolds number, Particle Reynolds number, Generalized
Reynolds number, Froude number, Rouse number, etc.). In view
of the literature, it is difficult to favor one over anothers.
Moreover the many constructions of these dimensionless numbers
in articles make it difficult to compare the results obtained. For this
reason, we chose to present our results in a dimensional way,
mainly using the mixture mass flow rate measured. However, the
flow regime (laminar or turbulent) must be identified. In the case
of pure water this transition appears for a critical Reynolds number
of around 2300. In our experimental conditions, it corresponds to a
mass flow rate of 55 g/s for pure water. The maximum mass flow
rate studied (500 g/s) corresponds to a Reynolds number of around
20,000 for pure water.

3.2. Flow patterns

The competition between buoyancy, weight and the hydrody-
namic forces acting on the particles leads to different flow patterns.
The determination of the flow pattern is very important because
the behavior of the slurry greatly depends on it. Referring to the
analysis proposed by Ramsdell & Miedema [13], our observations
were made in laboratory conditions, i.e. at constant static concen-
tration. Using the recorded videos, the flow pattern for each exper-
iment was determined. In our flow conditions, only four flow
patterns were distinguished, illustrated in Fig. 4, separated by
two remarkable transitions. These patterns and transitions are dis-
cussed below. The maps of the flow patterns obtained depending
on the mass flow rate and the volumetric concentration are pre-
sented in Figs. 5–7, for the different particle diameters studied.

(Pattern I) No solid motion (Fig. 4A)
The flow rate is too low to enable the motion of particles, which
are deposited by stratification in the upper part of the pipe. In
this study, stratification generates a flat bed due the protocol
used and already described. The shear stress caused by the fluid
flow on the bed interface is not high enough to extract particles.
This stress is communicated to the wall by the different layers
of particles. In our case the friction between the wall and the
bed was high enough to ensure a no slip condition. The concen-
tration in the bed formed corresponds to the maximum volu-
metric concentration. The bed can be compared to a
microporous medium. In our range of particle diameter, the
drag in the bed [41] is high enough, compared to the drag in
the free cross-section, to make the hypothesis of an imperme-
able bed. Water then flows in the truncated section, with a
higher velocity than in the case of no particles.
(Transition I ! II) Motion threshold
When the flow rate reaches a critical value, the shear stress on
the first layer of particles is high enough to extract and set in
motion a few particles. They then roll or slide on the surface
of the bed which stays fixed.
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Fig. 5. Flow pattern maps in term of the volumetric concentration versus mass flow
rate for fine particles.
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Fig. 6. Flow pattern maps in term of the volumetric concentration versus mass flow
rate for medium particles.
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Fig. 7. Flow pattern maps in term of the volumetric concentration versus mass flow
rate for coarse particles. Table 1

Critical Shields numbers.

d [lm] 341 569 756

hexp
c 0:08� 0:01 0:06� 0:01 0:04� 0:01

hth
c (Eq. (4)) 0.063 0.045 0.038
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This threshold in circular pipes has been studied for laminar
flow with particles heavier than the liquid phase, by Ouriemi
et al. [42]. The Shields number (Eq. (3)), a dimensionless wall
shear stress, is the key number to determine it. For laminar
flow, they found a critical value, corresponding to the onset of
motion, of hc ¼ 0:12.

h ¼ sw

ðqliq � qsolÞgd
ð3Þ

In turbulent flow, the determination of the wall shear stress is not
simple. Peysson et al. [43] proposed a model, using geometrical cal-
culation and classical correlation, to calculate the Shields number in
pipe turbulent flow. Using this method, we determined the critical
Shields number associated with the threshold of motion. The calcu-
lated values are shown in Table 1.
The critical Shields number in our condition was found to be lower
than the value determined in laminar flow [42]. This is partially due
to the fluctuation of the wall shear stress over time, generated by
the turbulence, which causes very high shear stress temporarily.
In our range of study, the threshold value decreases with the
increase in particle diameter. This leads to the counter intuitive
statement that, in our conditions, it is not easier to set smaller par-
ticles in motion. This behavior is due to the fact that coarse particles
exceed the thickness of the viscous sub-layer, increasing the con-
straints they experience. Soulsby & Whitehouse [39] have proposed
a correlation to estimate the critical value of the Shields number
(Eq. (4)) for sand grains. The value obtained with this correlation
is reported in Table 1 and fits well with our results.
hc ¼
0:30

1þ 1:2D�
þ 0:055½1� e�0:02D� �

D� ¼ d
qliqjqliq � qsoljg

l2
liq

 !1=3 ð4Þ

(Pattern II) Wavy bed load (Fig. 4B)
The more the flow deviates from the motion threshold, the
more particles are set in motion. A sliding layer of particles
emerges at the surface of the fixed bed. Under this layer, a
few particles are found traveling by suspension. The flow is
then able to shape the fixed bed by erosion. Instability of the
flow is amplified and deforms the original flat bed creating
bed forms [44,45,40]. With alternating saltation and stratifica-
tion, particles are alternately in the fixed bed and in the moving
layer, allowing the dunes to shift forward.
(Pattern III) Flat bed load (Fig. 4C)
When the flow rate increases, bed-forms are eroded by the flow,
becoming smaller and smaller until they disappear completely.
During this phase, more and more particles travel by suspen-
sion. This suspension layer represents the lower layer of parti-
cles in the tube and tends to grow toward the top of the tube.
The intermediate layer (where transport is mainly due to rolling
and saltation) also tend to shift to the upper part of the tube
until the upper layer (the fixed bed) becomes thinner and thin-
ner, until only the finest moving layer (of the height of the par-
ticle diameter) remains. It should be noted that this is one
possible scenario, but the transition from pattern 1 to pattern
3 can differ in terms of particles layers (suspending,
rolling-salting, and no-moving) behavior.
(Transition III ! IV) Deposition threshold
When the flow rate reaches a second critical value, the hydro-
dynamic forces are high enough to suspend all the particles.
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Fig. 10. Flow pattern maps in term of the volumetric concentration versus mass
flow rate for coarse particles.
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The moving layer composed of rolling particles disappears.
Particles close to the wall, found at high concentration, are
now moving by suspension and are not in constant contact with
the wall of the pipe. Our results indicate a non-linear evolution
of this threshold as a function of the concentration. Low and
high concentration slurries appear to be more easily placed in
suspension. This behavior has already been observed for sand
slurries [46]. The non-monotonic evolution, with particle size,
of this threshold makes it difficult to study it from our results.
(Pattern IV) Fully suspended flow (Fig. 4D)
All particles are transported by suspension, although a clear
heterogeneity in the concentration profile can be observed.
When the flowrate increases, the mixture tends to be
homogeneous.

3.3. Pressure drop

The pressure drop measured, within the range of the flowmeter,
is presented in Figs. 8–10 for the three size ranges of particles. The
volumetric concentration is differentiated by color, while the flow
pattern is differentiated by the shape of the marker. Thereafter, the
same notation system is used.

The experimental setup and the pressure sensor were qualified
with pure water, by controlling the reproducibility and comparing
the results with reference values calculated with a classic
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Fig. 8. Flow pattern maps in term of the volumetric concentration versus mass flow
rate for fine particles.
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Fig. 9. Flow pattern maps in term of the volumetric concentration versus mass flow
rate for medium particles.
correlation. The results presented in Figs. 8–10 agree with the cor-
relation proposed by Churchill [47] for smooth pipes in both lam-
inar ( _mm <55 g/s) and turbulent ( _mm >55 g/s) regimes.

For very low flow rates, when the flow is laminar, the solid
phase is not set in motion. The stratification of particles reduces
the cross section and leads to a higher mean velocity of the liquid,
thus increasing the pressure drop compared to pure water. This
phenomenon is clearly visible for the medium particles in Fig. 9,
from 0 to 50 g/s.

When the threshold of motion is reached, a large increase in the
pressure drop can be observed. This phenomenon appears almost
simultaneously with the transition from laminar to turbulent flow.
This is well illustrated by the iso-Reynolds curve plotted in Figs. 8–
10. A constant Reynolds number value of 2300 was chosen for the
transition from laminar to turbulent flow, and thanks to the
hydraulic diameter definition and a constant packing factor of
0.5, the corresponding transitional mass flow mixture was
estimated.

It is therefore difficult to know the exact impact that each phe-
nomenon has on the pressure drop. During the wavy flow pattern,
the differential pressure measured is not constant in time. This is
due to the presence of bedforms, modifying the local average
velocity in space and time and leading to a transfer of energy
between kinetic and static pressure energies. To determine the
head losses we had to average our measurements over a long time
period (more than 10, depending on the presence of dunes). This
fluctuation in static pressure was successfully use to determine
the frequency of the dune transport [40]. Bedforms act as a series
of singular head losses, braking the spatial establishment of the
flow and generating more pressure drop which is added to the reg-
ular pressure drop.

Once bedforms are smoothed by erosion, the evolution of the
pressure drop does not monotonically increase as one might
expect. In fact, sometimes, several local minimums can be per-
ceived. This is especially true for a concentration of 10%, whatever
the size of the particles. It can be explained by the appearance of
instabilities still poorly understood and difficult to observe [48].

When the fully suspended flow pattern is obtained, the differ-
ence in the head losses between pure water and slurry is reduced
when flow rate is increases. For the highest flow rates, the differ-
ence is minimal or even negative. Therefore, particles do not nec-
essarily act as a viscosity increaser, although this is commonly
accepted for slurries. In turbulent flow, particles could act as a drag
reducer [49], as was observed by Knodel et al. [35] for high flow
rates with coarse ice slurry. This can be compared to the
re-laminarization described by Niezgoda-Zelasko & Zelasko [2]
for ice slurry flow.
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flow rate for medium particles.
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3.4. Delivered concentration

As mentioned previously, the volumetric concentration (U) in
the setup is controlled by the amount of particles added during
the injection protocol and represents the amount of particles in a
specific volume fraction.

However, depending on the flow rate (and thus on the flow pat-
tern), only a fraction of these particles are transported. To quantify
the fraction of solid carried by the fluid, we use the delivered con-
centration (u), defined as the volumetric flow rate of solids com-
pared to the total volumetric flow rate (Eq. (5)). In our case, since
we are working in a closed loop, the delivered concentration is spa-
tially constant in the setup when the steady state is reached.

u ¼
_Vsol

_Vm

ð5Þ

The cross section diameter in the Coriolis mass flowmeter is
6 mm, which is very small compared to the 30 mm of the rest of
the setup. The mixture velocity is thus very high in the measure-
ment section of the flowmeter ensuring the complete transport
of the solid phase with a minimal slip velocity (difference in veloc-
ity between solid and liquid phases). Assuming a zero slip velocity,
this generates an equivalence between the volumetric concentra-
tion and the delivered concentration inside the flowmeter. The vol-
umetric concentration, calculated using the measurement of the
density inside the flowmeter (Eq. (6)), corresponds therefore to
the delivered concentration inside the setup.

Special attention was paid to the air entrapped between or at
the surface of the particles. The mixture was introduced with care
in order to limit the amount of air injected into the setup. The
device was then heated to 45 �C temporarily and its pressure low-
ered to 1 bar (whereas tests were carried out at 2 bars) to ensure a
very low solubility of air in water. Most air bubbles were then dis-
charged through a vent. The small amount of air not removed by
this procedure dissolved completely when the test conditions were
established, and it was verified visually that even very small air
bubbles attached to particles disappeared.

u ¼ Uflowmeter ¼
qliq � qm

qliq � qsol
ð6Þ

Our results are presented in Figs. 11–13. As expected, until the
motion threshold is reached, the delivered concentration is zero.
It then it increases with the mixture flow rate. The maximum value
corresponds to the volumetric concentration, and is reached asymp-
totically. One can notice that there are small difference between the
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Fig. 11. Flow pattern maps in term of the volumetric concentration versus mass
flow rate for fine particles.
expected volumetric concentration and the asymptotic value of the
measured delivered concentration (less than 10% in the worst case).
These can be mainly explained by two reasons: first, the fact that
the measurement is always greater than the threshold may be
due to an over estimation of the volume of our device. The second
reason is directly linked to our injection process, which cannot
ensure that all the particles are injected: a small amount may
remain stuck to the walls of the injection system. The particle size,
in the range studied, does not have a significant impact on the evo-
lution of this parameter.

3.5. Transport efficiency

Based on the results presented above, it is possible to calculate
the specific energy consumption (SEC) to transport solid particles.
The SEC is linked to the pressure drop and the delivered concentra-
tion as expressed in Eq. (7). In a complete process application, the
efficiency of the pumping system, which changes with the concen-
tration [26], should be taken into account.

SEC ¼ P
_mm
¼ DP

Luqsol
ð7Þ

In order to optimize the energy of a system, the SEC must be as
low as possible. Figs. 14–16, where the SEC is plotted versus the
mass flow rate, enable the optimum conditions for the transport
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of the solid to be determined. Different series are plotted as a func-
tion of the solid concentration. These lines are used to estimate the
curve of the best SEC, which would be obtainable if it was possible
to vary the concentration of solid.
It can be seen that smaller particles enable better transport effi-
ciency (the SEC is around 20% for d = 341 lm compared to
d = 756 lm). The concentration of solid seems to be an interesting
parameter to control since, depending on the mass flow rate
required, the concentration needed to obtain the best SEC varies.
In fact, for a low solid outflow, we should work with a low concen-
tration, and vice versa. In all cases, the best operating point is
always not far from the deposition threshold.
4. Conclusion

The aim of the present experimental investigation was to find
the best operating conditions for transport slurries made of buoy-
ant particles in water, taking into account the flow patterns. The
results obtained with a model fluid composed of a polypropylene
suspension in water yielded several clues to reach this objective:

In the range of 0.4 to 0.8 mm, the size of the solid particles has
an impact on the transport efficiency. For ‘‘manufactured slurries’’,
such as ice slurries, the technology used to generate them must be
mastered in order to obtain the smallest particles optimizing the
performance of transportation.

Devices that can control the concentration are also required,
since they would improve the efficiency of non-constant load
systems.

The best transport efficiency is reached at the beginning of the
fully suspended flow, around the deposition threshold. There is no
need to obtain a homogeneous suspension. Unfortunately, it is
often recommended to work at a higher flow rate to ensure no dys-
function. A better understanding of the causes of malfunction,
leading to blockages, would certainly help to work closer to this
nominal point.

To complete this study, the influence of the pipe diameter,
mainly to obtain solid transport in a laminar regime, should be
investigated: appropriate modifications of the loop are in progress.

Observations during these experiments highlighted phenomena
that could be interesting for further study. We are currently per-
forming more measurements with wavy bed loads to understand
and predict the characteristics of the bedforms obtained. The curi-
ous evolution of the pressure drop at U = 10 %vol and around
_mm ¼ 200 g/s, obtained for all particle diameters, is also a range

of experimental conditions that will be studied in more detail. To
fully describe the energy efficiency of such a system, the perfor-
mance of the final exchanger should be taken into account.
Numerous studies have been carried out on this subject; in a future
publication we will add to the current knowledge by comparing
the efficiency of different exchanger geometries for laminar and
low turbulent flows.
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