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This study looks at the dynamics of a particle suspended in a viscoplastic fluid,
flowing in a horizontal circular cylindrical pipe. Inertia effects are negligible in com-
parison with viscous effects and plastic effects. The suspensions are highly stabilized
and at rest the spheres cannot settle under gravity alone. The results of Merkak et al.
(AIChE J. 2008;54:1129–1138) are extended, taking into consideration both particles
of the same density or denser than the fluid and pipe-to-particle diameter ratios of 8
or 56. New migration phenomena in the sheared zone are thus evidenced when buoy-
ancy forces are nil. In the case of particles denser than the fluid, it is shown how the
spheres settle by bypassing the plug-flow zone. A map showing the stability of flowing
suspensions could, thus, be drawn. VVC 2009 American Institute of Chemical Engineers

AIChE J, 55: 2515–2525, 2009
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Introduction

Flows of suspensions often generate structuring phenom-
ena that modify the initially random distribution of the
particles and produce local variations in concentration. These
phenomena have been discussed in numerous publications
concerning suspensions of spherical solid particles flowing in
cylindrical pipes. The fluids considered in these studies are
mainly those with a Newtonian,1–4 shear-thinning,5 or
viscoelastic5 behavior.

Very little work has been carried out concerning suspen-
sions in viscoplastic fluids. Jossic et al.6 observed the migra-
tion of spherical solid particles toward the upper part of a
cylindrical pipe in the case of a viscoplastic fluid in which
the spheres were less dense than the fluid. Recently, Merkak
et al.7 performed an in-depth study of the dynamics of an

isolated particle suspended in a viscoplastic velocity field
and of the same density as the fluid.

This work showed that the dynamics of a particle sus-
pended in a viscoplastic fluid flowing in a cylindrical pipe is
a function of its position in the pipe. These results were
obtained in cases where wall effects are very strong, the
diameter of the pipe d being eight times that of the particles
l. Hereinafter it will be assumed that k ¼ d/l. They observed
that particles situated in the plug flow, mobile rigid zone,
close to the centre line of the pipe had a translational motion.
The second type of movement was both rotational and transla-
tional, affecting particles situated entirely or partly within the
sheared zone. No migration of the particles was recorded.
Indeed, with k ¼ 8, the sheared zone is smaller or of the same
order of magnitude as the diameter of the particles, Figure 1.
In this situation the migration phenomenon, if it exists, can
only occur over very large timescales.

The purpose of this study is to examine two important
new situations. The work is, therefore, divided into two
parts. The first deals with suspensions in which the fluid and
the particles have the same density. In the second part, the
particles are denser than the fluid.
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The first part is an extension of the work of Merkak
et al.,7 with smaller particles such that k ¼ 56. This configu-
ration is particularly interesting in that it produces sheared
zones that are very thick in comparison with the diameter of
the particles. In this configuration, it is therefore possible to
examine the mechanisms of particle migration in the velocity
field of the sheared zone close to the wall.

In the second part, the mechanisms of sedimentation and
stability of flowing suspensions will be considered for two
populations of spheres such that k ¼ 56 and k ¼ 8.

The fluids used are model viscoplastic gels carefully char-
acterized from the rheometric point of view. The particles
used are rigid, spherical, and noncolloidal, with a virtually
monodisperse grading. The suspensions are diluted in such a
way that there are no collective effects. At rest, the particles
are held in suspension by the gel and cannot settle under the
effect of gravity alone. Several gel/particle combinations are
used. The suspensions flow in a horizontal cylindrical pipe
of length L ¼ 105 d. Throughout this study, the flows are
laminar, with significant plastic effects.

The experimental set-up used in this study was designed
and validated by Merkak et al.7 The flow set-up is fitted
with advanced measuring and display systems so that the
particles can be carefully monitored during flow. The ab-
sence of any slip at the wall during capillary flow was
checked.7

Theoretical Approach

The suspensions studied consist of noncolloidal rigid
spheres dispersed in a gelled model fluid. The fluid is a vis-
coplastic gel whose rheological behavior obeys the Herschel
Bulkley model:

s ¼ 2 K
ffiffiffiffiffiffiffiffiffiffiffiffiffi�4DII

p n�1 þ soffiffiffiffiffiffiffiffiffi�4DII

p
� �

D if � sII > s20
D ¼ 0 if � sII � s20

(
(1)

with s0 being the yield stress, K the consistency, n the flow
index, D the rate of deformation tensor, _c the second invariant
of the rate of deformation tensor, s the stress tensor deviator,
and sII the second invariant of the stress tensor deviator.
However, it should be noted that the model fluid used in this
study has an elastoviscoplastic behavior as shown by Piau8

(see the section on Material and Rheometry).
The flow of a yield stress fluid in a cylindrical pipe pro-

duces a velocity profile made of a plug flow zone, a mobile
rigid zone near the centre line, where the stresses are lower
than the yield stress, and a sheared zone near the walls,
where the stresses are greater than the yield stress, Figure 1.
Appendix gives the velocity profile equations for a Herschel-
Bulkley fluid in steady conditions. The radius of the plug
zone or mobile rigid zone is referred to as rs. The thickness
of the sheared zone is designated d with d ¼ R � rs where
R is the radius of the pipe.

From the similarity study of the flow of a suspension of
solid spheres in a viscoplastic fluid in a cylindrical pipe we
can deduce the following dimensionless numbers. These are
used to identify the effects that govern the flow.

The Reynolds number represents the ratio of inertia effects
to viscous effects:

Re ¼ qfu
2�ndn

K
(2)

qf designates the density of the fluid and u the average
velocity. In view of the velocities considered in this study, Re
is between �10�7 and 0.04. Inertia effects are, therefore,
negligible in comparison with viscous effects.

The Oldroyd number9,10 represents the ratio of plastic
forces to viscous forces

Od ¼ s0
K u

d

� �n (3)

In the experimental conditions of this study, Od is
between 0.5 and 13. Plastic effects are, therefore, significant
in relation to viscous and inertia effects.

The particulate Reynolds and Oldroyd numbers, based on
the diameter of the suspended particles, are written:

Rep ¼ Re:k�n (4)

Odp ¼ Od:k�n (5)

With n � 0.4, it can be shown that the particulate
Reynolds numbers vary from 2 � 10�8 to 1.6 � 10�2. The
particulate Oldroyd numbers are between 0.1 and 5.16. The
Reynolds numbers, therefore, remain low while the Oldroyd
numbers cover an intermediate range. Shear-thinning is
characterized by the flow index n.

The ratio of plasticity effects to gravity effects for a given
particle is represented by:

Y ¼ so
glDq

(6)

where l and Dq designate respectively the diameter of a sphere
and the difference in density between the particles and the
fluid. The lowest value of Y beyond which the object is
immobile in a fluid at rest is referred to as the stability
criterion, denoted YS. Several studies concerning the value of
YS, Beris et al.,11 Chhabra,12 Atapattu et al.,13 Beaulne and
Mitsoulis,14 Jossic and Magnin,15 and Merkak et al.16 have
shown that YS is between 0.048 and 0.111. When Y[ YS, an
isolated sphere is immobile and cannot move under the effect

Figure 1. Velocity profile of a viscoplastic fluid flowing
in a cylindrical pipe.
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of gravity alone. When Y\ YS, yield stress effects are weaker
than gravity effects and the sphere can move. In this study, Y
has values between 0.2 and 808. The suspensions are,
therefore, stable at rest but with different degrees of intensity.

Another dimensionless number required to describe the
flow is the ratio of the pipe diameter to that of the particles.
Two sets of particles are used in this study with mean diam-
eters of 100 and 690 lm. The pipe-to-particle dimension ra-
tio is designated k. The diameters of the pipe and particles
thus give k ¼ 56 and k ¼ 8.

Experimental Set-Up

The experimental set-up used has already been described
in detail.7 It consists of a tank supplying a horizontal cylin-
drical pipe at constant velocity via a piston. The supply tank
is made of transparent Plexiglass for viewing and checking
that the preparation is homogeneous. The piston is driven by
a thrust system via a controlled-speed motor. The pipe is
made of treated transparent glass. It is L ¼ 580-mm long
and has a diameter d ¼ 5.5 mm. Capillary flow was vali-
dated experimentally,7 in particular to ensure that there was
no slip at the wall.

The pressure in the pipe is measured with a pressure sen-
sor supplied by Hirschmann, with an accuracy of the order
of 0.2 mbar. The sensor is placed at the upstream end of the
pipe at a distance of six diameters from the outlet from the
tank. The pressure at the pipe outlet is atmospheric pressure.

Figure 2 shows the display principle. To correct the
effects of curvature of the cylindrical pipe, it is immersed in
a tank of pure glycerol, with the same refraction index as
the pipe. The phenomena observed are displayed with a

camera-mirror system. The Sony CCD camera is set perpen-
dicular to the pipe to obtain a front view (plane containing
the X and Z axes). To obtain a view from below (plane con-
taining the Y and Z axes) a mirror inclined at 45� was used.
The camera is connected to the mirror and can move along a
rail to monitor the particles in the three dimensions of space
along the flow. All the experiments were performed in an
air-conditioned room at 23�C � 1�C.

Material and Rheometry

The model suspensions used are made of a gelled fluid
(water, polymer, and glucose) and spherical solid particles.

Three types of solid particles with different densities were
used. The particles were made of glass, Plexiglas (PMMA),
or polystyrene. Two populations of spherical particles were
used, with grain size distributions from 90–130 to 680–700
lm. Table 1 summarizes the different properties of the solid
particles studied. Some of the particles with grain-size distri-
butions between 680 and 700 lm were marked with paint to
measure their rotation speed.

The fluid is a model viscoplastic gel consisting of a mix-
ture of water, Carbopol, and a solution of glucose. Carbopol
940 resin is a polymer manufactured by BF Goodrich—
USA.17,18 The water-glucose solution is prepared using pure
glucose supplied by Nigay. S. A dissolved in demineralized
water. Table 2 summarizes the properties of the fluids used.

After the two fluids have been mixed and then neutralized
at pH 7, a transparent, viscoplastic aqueous gel is obtained.
This is nonthixotropic with time-stable properties. The pro-
portion of glucose is used to adjust the density and also
increases the viscosity of the gel. The yield stress of the gel
obtained in this way is adjusted by the concentration of
Carbopol resin and control of the pH.

An aqueous solution of sodium azide NaN3 prepared with
a concentration of 20 g/l was used as bactericide. A dose of
1 ml of NaN3 was added to each liter of glucose-Carbopol
solution.

The yield stresses and rheological parameters of the fluids
were carefully characterized by means of controlled strain
rheometry. An ARG2 rheometer (TA Instruments) was used.
The cone and plate have a rough surface state to prevent the
sample from slipping on the surface of the tools.

The cone-plate cell is placed in a solvent trap to prevent
evaporation from the sample. In addition, shear was

Figure 2. Three-dimensional particle flow upwards.

Table 1. Properties of Solid Particles

Materials q (kg m�3) Granulometry

Glass 2,500 90–130 680–700
PMMA 1,190 90–130 680–700
Polystyrene 1,060 – 680–700

Table 2. Rheological Properties of Gels

Gels Carbopol cm (%) Glucose cm (%) s0 (Pa) K (Pa s�n) n q (kg m�3) G0 (Pa) G00 (Pa) pH

Gel 1 0.12 15 0.29 0.51 0.47 1050 8.15 0.78 6.8
Gel 2 0.2 15 10.4 3.02 0.46 1050 69.4 5 7.2
Gel 3 0.3 19 14.7 6.95 0.47 1170 120 9 7.1
Gel 4 0.4 15 56.6 21.7 0.33 1050 250 15 6.8
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visualized by means of markers, to check the bulk deforma-
tion of the sample.19,20

Gelled fluids based on Carbopol behave as elastovisco-
plastic materials.8 To measure the elastic modulus below the
yield stress, tests were performed under low-strain harmonic
stresses. The elastic modulus G0 is seen to be higher than the
viscous modulus G00. The elastic modulus G0 is constant
depending on the strain. Table 2 gives the elastic modulus
values for the different fluids. To determine the viscoplastic
properties, high-strain tests were performed with shear rates
ranging from 10�4 to 100 s�1. Figure 3 shows the change in
shear stress in steady conditions. A Herschel-Bulkley model,
Eq. 1, was fitted for each fluid to determine the yield stress
s0, consistency K, and shear-thinning index n.

Results and Discussion

Two situations were analyzed. In the first, the particles
and gel have the same density. Gravity effects are, therefore,
negligible. In the second, there is a difference in densities,
with the spheres being denser than the fluid. Gravity effects
may have a significant influence on the flow. It should be
recalled that in all cases, at rest, the suspended particles do
not settle as the fluid has a sufficient yield stress to counter
gravity effects.

No gravity effects

Matas et al.4 summarized the results found in the literature
concerning suspensions in Newtonian fluids.21–28 The main
point to be borne in mind is that the migration of a particle
in a flow is a nonlinear phenomenon. This nonlinearity may
arise as a result of inertia, interactions between spheres or
the non-Newtonian character of the fluid. Thus, when Re ¼
0, the Stokes equations, which are linear, predict that a solid
particle cannot migrate laterally in a Newtonian fluid. With
low Reynolds numbers, Segré and Silberberg1 showed that
there is an equilibrium position situated at r ¼ 0.62R in
cases where the spheres have the same density as the fluid.
This equilibrium position is the result of competition
between a repulsion force due to the walls and a force due
to the curvature of the shear field.

In the case of concentrated suspensions, particles migrate
toward the low shear rate region of the flow.29,30 Irreversible
particle interactions in the presence of nonuniform shear
gradients, concentrations, or viscosities generate migration
phenomena under flow. This has been extensively stud-
ied,31,32 particularly by nuclear magnetic resonance imag-
ing.33

There are far fewer results for non-Newtonian fluids. In
particular, those obtained by Karnis and Mason34 and by
Gauthier et al.5 should be retained. The latter considered the
phenomenon of lateral migration in the case of a pseudo-
plastic fluid. They showed that a rigid spherical particle
migrates toward the wall. In the case of a viscoelastic fluid,
they showed that the particles migrate toward the centre line
of the pipe. In the case of yield stress suspending fluids,
studies are still rare. Jossic and coworkers6,35,36 observed
new segregation and migration phenomena in laminar flow
conditions at low Reynolds numbers, but without quantifying
them.

According to Merkak et al.,7 the dynamics of a particle
suspended in a viscoplastic fluid flowing in a cylindrical
pipe depends on its position in the pipe. With k ¼ 8, they
observed the following:

displacement only by translation of particles situated in
the central area of the pipe occupied by the mobile rigid
zone or plug zone,

displacement by both rotation and translation in the case
of particles situated partially or totally within the sheared
zone close to the wall,

a fixed position in spite of flow for certain particles in
contact with or very close to the wall.

We shall now consider the new case of smaller particles,
k ¼ 56, where the thickness of the sheared zone, d, may
contain up to 12 particles. Let us, therefore, examine differ-
ent cases depending on the positions of the particles in the
pipe.

Particles in the Mobile Rigid Zone. As in the case where
k ¼ 8, the particles situated in the mobile rigid zone move
by translation, without any rotation or migration, when k ¼
56. The translational speeds of particles in the plug zone are
independent of their position in it.

Figure 4 represents the change in translational speed of
particles situated in the plug zone depending on the Oldroyd
number, for k ¼ 8 and k ¼ 56. The translational speed UTC

measured is made non dimensional by means of the maxi-
mum velocity of the gel without particles Umax. This figure
also shows the change in average velocity u of the gel con-
taining no particles made non dimensional by means of
Umax. The variations are generally speaking similar for the
two values of k. With high Od numbers, the translational
speed of the particle is equal to Umax, the velocity of the
plug zone containing no particle. With very high Od values,
the plug zone occupies almost the entire section. In addition,
it can be seen that with the small particles, k ¼ 56, the
regime with u ¼ Umax is reached at lower Oldroyd numbers.
Indeed, the higher k the less the flow is disturbed, and the
particles tend to become tracers.

Calculating the ratio between the diameter of the plug
zone 2rs, see Appendix, to the particle size gives:

rs
l
¼ k

2
� d

l
(7)

Figure 3. Experimental flow curves of carbopol-glu-
cose gels.

2518 DOI 10.1002/aic Published on behalf of the AIChE October 2009 Vol. 55, No. 10 AIChE Journal



In the case of the smallest particles, k ¼ 56, and the
highest Od corresponding to d/l �14, rs/l �14. Physically
speaking, this means that a particle situated in the mobile
rigid zone can never be considered to be isolated.

In the case of a Newtonian fluid, the formulae established
by Greenstein and Happel27 give UTC/Umax � 1. This limit-
ing case is illustrated in Figure 4. In the case where the fluid
has a shear-thinning character, the experimental results of
Gauthier et al.5 give UTC/Umax � 0.76 with a shear-thinning
index n ¼ 0.87 and k ¼ 8.5, for a sphere positioned at r ¼
0.503R. For the sake of comparison, this value is also plotted
on Figure 4.

Particles in the Sheared Zone. Figure 5 shows an exam-
ple of particles monitored during flow when k ¼ 56. The
particle indicated by an arrow on Figure 5 was monitored as
it moved. In Figure 5a, it is situated at a distance of about
four times its diameter from the lower wall. It has moved by
about 365 times its diameter from the time it entered the
pipe. In Figure 5b, it has moved by about 400 times its
diameter but it has also moved vertically by one time its
diameter toward the central line of the pipe. The distance
between the particle and the lower wall is then equal to five

particle diameters. In Figures 5c, d, the particle continues to
move along the flow and away from the lower wall of the
pipe. It is situated, respectively, at 5 and 6 diameters from
the lower wall in Figures 5c, d. In Figure 5e, the particle
keeps its vertical position of about six times its diameter in
relation to the lower wall. Figure 5f summarizes the trajec-
tory that the particle has followed inside the sheared zone.

This type of migration was observed for several particles
situated in the sheared zone and at different positions in the
pipe, but not for all the particles situated in the sheared
zone.

Merkak et al.7 performed the same study for k ¼ 8, in the
same pipe. No particle migration was recorded, as in this
configuration the sheared zone was smaller or of the same
order of magnitude as the diameter of the particles. The phe-
nomenon of migration, if it exists, is very small scale. In
contrast, when k ¼ 56, the particles are able to move in the
sheared zone during flow.

Figure 6 represents the flow of a suspension of particles in
the flow field of a viscoplastic fluid. The particles situated in
the zone rigid move by translation without any radial
migration or sedimentation.

The particles situated in the sheared zone move by rota-
tion, which could be observed but not measured with the ex-
perimental set-up used, and by translation. No sedimentation
of these particles was observed, simply their radial migra-
tion. This migration takes place in the sheared zone. The
particles never enter the plug flow zone. The solid particles
move toward the zone with the lowest shear rate. They,
therefore, migrate toward the zone with a low shear rate in
the direction of the plug zone. An equilibrium position of
0.46d from the wall appears to be reached with Oldroyd
numbers of Od ¼ 3.96 (n ¼ 0.46, Y ¼ 7.31, Re ¼
6.56.10�3, d/l ¼ 10.9) and Od ¼ 5.45 (n ¼ 0.46, Y ¼ 7.31,
Re ¼ 2.26.10�3, d/l ¼ 8.88).

Particles Near the Pipe Wall. As with k ¼ 8, the par-
ticles situated near the walls move by both rotation and
translation without any migration when k ¼ 56. This case is
summarized on Figure 6. This difference in comparison with
the previous case arises perhaps from the combination of

Figure 4. Change in translational speed depending on
Oldroyd number.

Figure 5. Migration of particles during flow of a suspension.

Cv ¼ 0.33%; u ¼ 4.05 � 10�3 m s�1; Re ¼ 6.56 � 10�3; Od ¼ 3.96; k ¼ 56; d/l ¼ 10.9; Y ¼ 7.31.
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wall effects and plastic effects, the resultant of which pre-
vents the particle from migrating. Merkak et al.7 observed
cases of no particle displacement at the wall when k ¼ 8.
When k ¼ 56, no case of this type was observed.

Gravity effects: particles denser than the fluid

Dynamics of Sedimentation. The dynamics of particle
sedimentation during flow in a cylindrical pipe was analyzed
in this part of the study. Figure 7 represents the typical case
of a suspension consisting of spherical solid glass particles,
690 lm in diameter, k ¼ 8, in a Carbopol-glucose gel with a
concentration of 0.2% of Carbopol, Table 2. The difference
in density between the solid particles and the fluid is 1450
kg/m3. In this situation, Y ¼ 1.04 [ YS, and the particles
are, therefore, stable when the suspension is at rest. Figure 7
shows two cases: when the particles are in the mobile rigid
zone and when they are in the sheared zone. In each case,
the particle’s trajectory is monitored in three dimensions,
Figure 2. The particles were marked with a black line to
detect any possible rotation.
Particles in mobile rigid zone. Figures 7Ia–c show the dis-
placement of a particle located in the mobile rigid zone. In
all three sequences, the mark on the particle remains on the
left side, even after a displacement equal to 20 times its di-

ameter. This particle keeps the same position in the (X, Y)
plane and follows a streamline parallel to the centre line of
the pipe. It therefore moves with a translational motion,
without any rotation or sedimentation.
Particles in sheared zone. Figure 7II shows the change in
position of particle no. 2, situated in the sheared wall zone.
Figure 7IIa shows that, in the (X, Z) plane, particle no. 2 is sit-
uated at three times its diameter from the upper wall of the
pipe. During flow, between photos IIa and IIb, the particle has
moved more than 37 times its diameter. It is then situated at 4
diameters from the upper wall of the pipe. Figure 7IIc shows
that particle no. 2 is situated at seven times its diameter after
moving more than 52 times its diameter. This particle, situated
in the sheared zone, therefore settles as the suspension flows.

The particles were marked to visualize their rotations. In
the case shown in Figure 7, the mark is situated on the upper
part of the particle, Figure 7IIa. During flow, the mark
moves toward the central part, Figure 7IIb and then the
lower part, Figure 7IIc. The particle, therefore, moves by
both rotation and translation in addition to settling toward
the bottom of the pipe.

The particles situated in the mobile rigid zone move by
translational motion without rotation and without sedimenta-
tion. The sedimentation mechanisms are located in the
sheared zone part. The particles situated in the sheared zone
settle during flow whereas they do not when the suspension
is at rest.

Particles flowing at different velocities were monitored to
determine the dynamics of sedimentation of a single particle.
Figures 8 and 9 represent the trajectories during sedimenta-
tion in the XZ and YZ planes. Monitoring was performed at
different Reynolds numbers. These figures show the position
of the particle along the X and Y axes, adimensionalized by
the radius of the pipe depending on the time adimensional-
ized by a characteristic time: the ratio between the length of
the pipe and the mean flow velocity.

The settlement trajectories are curved. Three-dimensional
monitoring of the particles shows that they never cross the
mobile rigid zone. Sedimentation from the top of the pipe to

Figure 6. Schematic representation of particle dis-
placement as a function of position in the
pipe.

Figure 7. Cv 5 1%; u 5 4.05 3 1023 m s21; Re 5 1.78 3 1022; Od 5 10.82; k 5 8; d/l 5 1.56; Y 5 1.04.

I: Particle located in the mobile rigid zone. II: Particle located in the sheared zone.
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the bottom takes place in the sheared zone. The particle
bypasses the plug flow zone until it reaches its final position
at the bottom of the pipe.

The diagram shown in Figure 10 summarizes the different
mechanisms of particle sedimentation during flow of the sus-
pension in a cylindrical pipe. To summarize, two cases are
observed:

Displacement by translational motion alone without any
sedimentation of the particles situated in the plug flow zone.
In this mobile rigid zone, the shear gradient is zero and
therefore no torque is exerted on the particle. The particle is
trapped in this zone, and moves by translation. In addition,
as Y[ Ys, the particle does not settle.

Displacement by both rotation and translation with sedi-
mentation of the particles situated in the sheared flow zone.
By following an almost helical trajectory, the particles settle
while remaining in the sheared zone and bypassing the plug
flow zone, as far as the equilibrium position at the bottom of
the pipe. In the sheared zone, the shear rates field exerts a tor-
que and associated force on the particle, causing it to rotate
and translate in the same way as a particle of the same density
as the fluid, that is to say without gravity effects, as demon-
strated by Merkak et al.7 However, in the case studied, gravity
exerts a vertical force and thus produces a sedimentation ve-
locity toward the bottom of the pipe.

Stability of Suspensions. Figures 7 and 11 illustrate the
different typical cases observed during the flow of suspen-
sions in a cylindrical pipe. Two types of monitoring were

used. The first is Lagrangian monitoring, used in the case of
large particles measuring 690 lm in diameter. The second is
Eulerian monitoring, used in the case of suspensions of par-
ticles measuring 100 lm in diameter. Figure 7, which was
discussed in the previous section, shows the sedimentation
of 690 lm particles during flow when Y ¼ 1.04[ Ys.

Figure 11 represents several cases. Figure 11I shows a

suspension that remains stable during flow when k ¼ 8.

When Y ¼ 808, the suspension is, therefore, extremely sta-

ble. The particles do not settle, between the entry and exit of

the pipe, Figures 11Ia, b. Figure 11II shows the case of a

suspension such that k ¼ 56 and Y ¼ 11.3. There is no dif-

ference in local concentrations between the entry and the

exit of the pipe, Figure 11IIa, b. No significant particle sedi-

mentation was observed on the flow timescale, in spite of a

relatively high ratio between the size of the sheared zone

and the size of the particles, d/l ¼ 14.
Figure 11III also shows the case of a suspension such that k

¼ 56 but with Y ¼ 2.11. The ratio of the size of the sheared

zone to the size of the particles is d/l ¼ 18. In this case, there

is a distinct difference in the distribution of concentrations

between the start and end of the pipe, Figures 11IIIa, b. At the

pipe entrance, the particle distribution is homogeneous and

random. Toward the pipe outlet, a significant proportion of

the particles are situated at the bottom of the pipe, Figure

11IIIb. Even though Y ¼ 2.11 is higher than the critical value

YS, particle sedimentation has occurred in the pipe. Flow has

destabilized the suspension and made it heterogeneous.
On the basis of these observations, it was possible to plot

a stability diagram for all the experimental conditions. The

flows all have low Reynolds numbers (3 � 10�7 \ Re \ 3

� 10�2), in the case of all the suspensions used. Figure 12

shows the different Reynolds numbers involved, for the

different values of Y. Figure 13 shows the different Oldroyd

numbers, (0.5 \ Od \ 15) involved, for different values

of Y.
Figure 14 represents a stability diagram in the XZ plane

depending on the ratio of the size of the sheared zone to the

particle size, d/l. An interval of d/l ranging from 0.3 to 30

was covered. The value of the stability criterion YS corre-

sponding to an isolated sphere in an infinite medium in a

fluid at rest was also placed on this figure. It shows that the

values of Y for which the suspensions remain stable during

flow are distinctly higher than YS, in the parameter range

studied. The suspensions are stable for values of Y of the

order of 3 to 4. For the fluid used in this study, a higher

yield stress is, therefore, needed to stabilize a flowing sus-

pension than one that is at rest.

Figure 8. Change in dimensionless position of particles
during sedimentation in XZ plane.

Figure 9. Change in dimensionless position of particles
during sedimentation in YZ plane.

Figure 10. Schematic representation of the sedimenta-
tion of particles denser than the fluid.
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Figure 11. Particle sedimentation and stability during flow in a cylindrical pipe.

I: Stable suspension. Cv ¼ 1%; Re ¼ 2.4 � 10�3; Od ¼ 2.37; k ¼ 8; d/l ¼ 1.72; Y ¼ 808. II: Stable suspension. Cv ¼ 0.33%; Re ¼ 2.8
� 10�3; Od ¼ 2.57; k ¼ 56; d/l ¼ 14; Y ¼ 11.3. III: Unstable suspension. Cv ¼ 0.33%; Re ¼ 3.3 � 10�3; Od ¼ 1.4; k ¼ 56; d/l ¼ 18;
Y ¼ 2.11.

Figure 12. Stability criteria as a function of Reynolds number (see Table 3).
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It is possible to propose a change in the stability criterion
outside the range studied experimentally. In the case of very
low Reynolds numbers and very high Oldroyd numbers
where the ratio of the size of the sheared zone to the size of
the particle, d/l, tends toward zero, the stability criterion YS
should tend toward the value of the stability criterion of an
isolated particle in a gelled fluid at rest, indicated on Figure
14 by isolated particle.14 Strictly speaking, account should
be taken of the effect of confinement at rest.

In the other extreme case, the sheared zone tends to
occupy the entire pipe and the value of Y to stabilize this
flowing suspension tends toward infinity as the particle
always settles unless the spheres have the same density as
the fluid.

Conclusion

This study demonstrated the mechanisms of migration and
sedimentation of particles suspended in viscoplastic fluids,
flowing in a cylindrical pipe. The flows considered have low
Reynolds numbers and intermediate to high Oldroyd numbers.
Plastic effects are predominant in comparison with viscous
and inertia effects. The suspensions used are stabilized at rest.
The solid particles are rigid with an almost monodisperse
grain-size distribution. Two ratios between the diameter of the
particle and that of the pipe were used, k ¼ 8 and k ¼ 56.

Two cases were studied depending on the difference in
density between the fluid and the suspended solid particles.

In the case where gravity effects are zero, particles situated
in the plug zone do not migrate radially during flow. They
move by translational motion without rotation. When k ¼ 56,
the thickness of the sheared zone is of the order of several
particle diameters. Migration of certain particles in the
sheared zone was observed. These particles move toward
zones with lower shear rates. The particles move with a trans-
lational speed and rotation speed toward an equilibrium posi-
tion at 0.46d from the wall, with the fluids used in the present
study. Some of the particles, close to the wall, move by both
rotation and translation without any visible migration.

In the case where the particles are denser than the fluid,
gravity effects become significant. The mechanisms of sedi-
mentation of these solid particles were demonstrated. The
particles situated in the plug zone do not settle. Particle sedi-
mentation during flow occurs in the sheared zone. The par-
ticles have a helical trajectory. They do not cross the plug
flow zone but bypass it. They have a horizontal and vertical
translational motion and rotational motion. A stability crite-
rion was determined for solid particles suspended in a visco-
plastic fluid flowing in a cylindrical pipe. In the field of
study explored here, this stability criterion is of the order of
3. Above this value, a suspension of solid particles may flow
without being destabilized. This value is higher than for a
suspension at rest.

Figure 13. Stability criteria as a function of Oldroyd number (see Table 3).

Table 3. Stability Criteria as a Function of Reynolds Number, Oldroyd Number, and Thickness of Sheared Zone

Y Polystyrene PMMA Glass

Carbopol 100 lm 690 lm 100 lm 690 lm 100 lm 690 lm

0.12 (%) – 4.22 (^) 2.11 (n) 0.302 (l) 0.204 (^) –
0.20 (%) – 151 (h) 75.7 (�) 10.8 (*) 7.31 (h) 1.04 (~)
0.30 (%) – – 750 (^) 107 (�) 11.3 (*) 1.61 (^)
0.40 (%) – 808 (þ) 412 (~) 58.9 (�) 39.8 (þ) 5.68 (~)
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These results are given for the experimental conditions of
this study. The questions of sensitivity, detection, influence of
observation time, and pipe length remain open. Nevertheless,
the observations made here provide new basic knowledge on
flows of suspensions in viscoplastic fluids. Thus, they open up
prospects for future models. Theoretical and numerical model-
ing of the phenomena should provide additional help.
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Notation

d ¼ diameter of the pipe, m
g ¼ gravity, m s�2

G0 ¼ elastic modulus, Pa
G0 0 ¼ viscous modulus, Pa
K ¼ consistency, Pa sn

l ¼ diameter of the particles, m
L ¼ length of the pipe, m
n ¼ flow index
rs ¼ radius of the plug flow zone, m
R ¼ radius of the pipe, m
U ¼ velocity, m s�1

Greek letters

s ¼ shear stress, Pa
s0 ¼ yield stress, Pa
_c ¼ shear rate, s�1

c ¼ strain
q ¼ density, kg m�3

d ¼ thickness of the sheared zone, m

Dimensionless numbers

Re ¼ Reynolds number
Rep ¼ particulate Reynolds number
Od ¼ Oldroyd number
Odp ¼ particulate Oldroyd number

Y ¼ ratio of yield stress to gravity effects
YS ¼ stability criterion
k ¼ d/l ¼ ratio of pipe to particle diameters

Indices

C ¼ center
P ¼ particle
T ¼ transfer
W ¼ wall

max ¼ maximum
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Appendix

The analytical expression of the velocity profile of a Her-
schel-Bulkley fluid, Eq. 1, flowing in a cylindrical pipe in
steady conditions is given by:

uðrÞ
u ¼ 3nþ1

nþ1

ð1�aÞ1þ1
n� r

R�að Þ1þ1
n

Fða;nÞ pour 1 � r
rs
� R

rs

uðrsÞ
u ¼ 3nþ1

nþ1

ð1�aÞ1þ1
n

Fða;nÞ ¼ Umax

u pour 0 � r
rs
� 1

8><
>: (A1)

a ¼ s0
sw
¼ r

rs
is the ratio of the yield stress of the fluid to stress

at the wall sw. u designates the average velocity of the flow.
The velocity of the plug zone is the maximum velocity of the
velocity profile Umax. In the case of a Herschel-Bulkley fluid:

Fða; nÞ ¼ ð1� aÞ1n

1� a

2nþ 1
� 2n

ðnþ 1Þð2nþ 1Þ a
2 � 2n2

ðnþ 1Þð2nþ 1Þ a
3

� �
:
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