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“Now the microscopic structure of a suspension can be precisely specified, and it may be
possible – and not only in principle – to deduce some of the macroscopic properties of the
suspension and to see in explicit terms their relation to the microstructure. This seems to
me to give the mechanics of suspensions an especially important place in current studies of
rheology, in that we have the unusual opportunity of obtaining definite and explicable consti-
tutive relations which are known to apply to specifiable materials and which may be used as
a reliable guide for intuition.”

George K. Batchelor (1970).

Figure 1.6 – Di↵érentes suspensions de particules. De haut en bas et de gauche à droite :
Pots de peintures, violente coulée de boue (Pérou), écoulement de béton frais ; marmites de
boues (Namafjall, Islande) ; banc de capelans (Qeqertarsuaq, Groënland), globules rouges
observées au MEB, silice en suspension au Blue Lagoon (Islande).
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!ip!"" =
#gh2 sin $

2vs
, !6"

with # as the volumic mass of the interstitial fluid, $ as the angle of the inclined plane,
and " as the volume fraction. In Sec. V B we will discuss the observed velocity profile in
detail.

Systematically, for lower values of h, there is a deviation from the viscous behavior, as
h2 is not proportional to vs anymore. This becomes clearer when plotting the viscosity
!ip!"" as a function of h /d as can be seen in Fig. 3!b". In the beginning of the experi-
ments !high h", the viscosity !ip is constant at a certain plateau value. Therefore in this
regime the viscosity does not depend on the shear rate nor the confinement pressure
#given by %yy =−#g cos $!h−y"$. Toward the end of the experiments !low h" we observe
a systematic decrease in the viscosity. This deviation occurs at a given value of the layer
thickness h!. h! is large compared to the grain size in all cases. This deviation from a
classical viscous behavior will be discussed in more detail at the end of this section.

Note that the deviations occur for low h and thus low shear rates &̇. They can thus not
be due to shear thinning, which is observed at high shear rates. The ranges of shear rates
and confinement pressures observed during one experiment depend on the volume frac-
tion. For high volume fractions, the typical range of pressure is 10–150 Pa and the typical
range of shear rate is 1–20 s−1 estimated by the ratio vs /h. For low volume fractions, the
typical range of pressure is 100–150 Pa and the typical range of shear rate is 0.1–1 s−1.
The classical rheological measurements have been performed for shear rates of
1–300 s−1. The data from the inclined plane do thus fall in a comparable range of shear
rates. The range of shear rates accessible on the inclined plane is however limited and
cannot be tuned independently.

We define the macroscopic viscosity !ip measured with our inclined plane set-up for
all our experiments as the mean plateau value in the viscosity observed at the beginning
of the experiments #see Fig. 3!b"$.

The results for !r!"" as a function of " are represented in Fig. 4 for two different
angles $=5° or $=15°. The measured viscosity is independent of the tilt angle $. This
shows once again that the viscosity is independent of the shear rate and the confinement
pressure for the whole range of volume fraction tested !from 35% to 61%".
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FIG. 4. Relative shear viscosity !r!""=!!"" /!0 as a function of the volume fraction ". Results from inclined
plane rheometry !", #", classical rheometry !! ", and local measurements !!" made by Ovarlez et al. !2006".
The line represents the prediction of the Zarraga model !Zarraga et al. 2000".

73INCLINED PLANE RHEOMETRY OF DENSE SUSPENSIONS
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Figure 8: The various forces acting on a single particle as it (a) moves in bulk fluid; (b) is
moving but deforms the fluid interface; and (c) is deposited onto the substrate.

the normal capillary force has to overcome the lubrication pressure in this film to establish
solid-solid contact (in practice, this requires decreasing the film thickness to the order of
surface roughness). This yields a normal reaction force F

R

, and a frictional force F
f

that
acts upstream; see figure 8c. Fluid drag forces continue to act downstream, as fluid is still
draining around the particle. The frictional force arising from the capillary force is therefore
the only possible opposing force which brings the particle to equilibrium.

As the surrounding film drains, the normal capillary force will increase (because the
interface becomes more deformed) so the resulting frictional force increases. Meanwhile,
the fluid drag force decreases (because the drainage decelerates, and the area of the sphere
immersed in bulk fluid decreases). Hence, we expect the particle is first deposited when the
local thickness drops below a critical value h

stop

< 2R. We note that studies usually make
assumptions about the size of h

stop

in drainage flows [Buchanan et al., 2007, Colosqui et al.,
2013]. Despite the need to separate particles from a background fluid in many industrial
processes [Davis and Acrivos, 1985], we are not aware of any systematic experiments relating
h
stop

to the particle size.

4.1.1 Experiments

Qualitatively speaking, we find that h
stop

is very sensitive to the angle at which the plane
is inclined. At small angles, particles are first deposited when h

stop

⇡ 2R. At larger angles,
h
stop

is generally much smaller and, depending on their initial position in the film, particles
are able to undergo much larger displacements. This is evident in figure 9, which compares
example trajectories for inclination angles ↵ = 16.7� and ↵ = 73.9�.

We can understand this trend using the picture presented in figure 8. The fluid drains
faster at larger angles and hence, for a given fluid thickness, the drag force exerted on the
particle is larger. There is also a larger downstream component of gravity. It follows that a
larger capillary force is needed to bring the particle to rest, which arises from a smaller local
fluid thickness, when the liquid interface becomes more deformed as it wets the particle.

To further explore the dependence of h
stop

, we performed systematic experiments over
a variety of inclination angles ↵ and particle radii R. Our procedure is as follows. For each
experiment, we zoom in on the motion of a particle (away from any contact lines and other
particles) and determine the first instant at which it comes to rest; this “capture” point is
labeled for the example trajectories in figure 9. A particle is considered to be at rest if its
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Drainage of a suspension:

○ neutrally buoyant

○ large viscosity
○ non-colloidal

○ thickness of the film


