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Abstract

In this paper, we present a new device called the Darcytron, allowing pressure-imposed rheological measurements on dense suspensions
made of very small particles, like shear-thickening suspensions. The main idea is to impose and control the particle pressure using a vertical
Darcy flow across the settled bed of particles. We first validate the proof of concept of the Darcytron on a standard (nonshear-thickening)
suspension composed of large glass particles. We then use this new device to investigate the frictional behavior of a model shear-thickening
suspension composed of small silica particles. These results provide direct evidence of a transition between a frictionless and a frictional state
as the particle pressure is increased, providing support to the recent frictional transition scenario for shear thickening. © 2020 The Society

of Rheology. https://doi.org/10.1122/1.5135370

l. INTRODUCTION

The dramatic viscosity increase in some fluid/particule
mixtures above a critical shear rate, called shear thickening,
is one of the most intriguing phenomena observed in dense
particulate suspensions [1-3]. Shear thickening occurs in sus-
pensions composed of sufficiently small particles, typically
below 50 um, and appears in many practical cases such as
concrete, chocolate formulation, or body armor design [4-6].
In spite of this widespread nature, shear thickening has long
remained poorly understood.

Recently, discrete numerical simulations [7,8] together
with a theoretical model [9] have proposed that shear thick-
ening results from a frictional transition. In suspensions com-
posed of large and rigid grains, which interact solely through
solid Coulombian frictional contacts and hydrodynamic
forces (called standard suspension in the following), the rhe-
ology is expected to be rate independent, i.e., Newtonian.
The model and the simulations thus considered the fact that
in shear-thickening suspensions, the grains are small enough
that electrostatic charges or a polymer coating at their surface
can generate a significant repulsive force between them.
Introducing this additional force scale in the description has
a major impact on the suspension rheology: as shown by
both the simulations and the model, this additional repulsive
force induces the possibility of a frictionless state of the sus-
pension. Under low stress, the interparticle force repels parti-
cles and thus prevents solid frictional contacts between them.
As a result, particles within the sheared suspension can slide
easily against each other without friction, yielding a
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suspension of low viscosity. Under large stress however, the
repulsive force becomes negligible and solid frictional
contact can occur: the suspension then recovers a standard
frictional behavior of larger viscosity.

Encouraging support for this scenario has already been
provided by very recent experiments. For instance, using a
specific atomic force microscopy (AFM) technique [10],
Comtet et al. directly measured the microscopic friction coef-
ficient u, between two grains of a shear-thickening suspen-
sion. They showed that such grains under low stress are
indeed quasifrictionless with p, ~ 0.02 and become fric-
tional above a critical normal load, with uy, = 0.45. This fric-
tional behavior, observed here at the particle scale,
corresponds to that expected in the framework of the fric-
tional transition model. At the flow scale conversely, sup-
porting evidences are generally less direct. Experiments
showed results consistent with the model [11,12] but no
direct evidence of a frictional transition could be highlighted.
The main difficulty lies in that these experiments were
carried out using standard rheological techniques, where the
particulate volume fraction is fixed. Such an approach pro-
vides access to the suspension viscosity, shear stress, and
shear rate, but it gives no information about the frictional
properties of the suspension—information that is essential in
order to probe the frictional transition model.

To access the suspension frictional properties, we pro-
posed in a previous article a different approach, where,
instead of imposing the volume fraction, the particle pressure
was imposed [13]. One major virtue of imposing the particle
pressure is that the rheological law then naturally takes the
form of a friction law defining the macroscopic suspension
friction coefficient of the suspension ¢ = 7/P), as the ratio of
the shear stress 7 to the particle normal pressure P,. In
Clavaud et al. [13], we studied the quasistatic avalanche
angle 6 of a pile of nonbuoyant repulsive particles immersed
in water in a slowly rotating drum. In this configuration, both
the shear stress and the particle pressure are fixed and
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imposed by the weight of the flowing layer of grains at the
top of the pile. Consequently, the frictional state of the sus-
pension can be directly inferred from the avalanche angle
since u = tan 6. By tuning the range of the repulsive force
between particles, these experiments revealed the expected
frictional transition. Moreover, they showed that shear thick-
ening relies on the existence of a frictionless state of the
suspension under low stress.

These results obtained using a rotating drum configuration
strongly support the frictional transition scenario. However,
in such a configuration, the particle pressure cannot be
adjusted and the frictional transition could only be observed
by tuning the physical and chemical properties of the suspen-
sion. To fully explore this frictional transition, it is now
essential to vary the particle pressure. This represents a real
experimental challenge, since it requires the development of
an original rheometer able to perform pressure-imposed rheo-
logical measurements on shear-thickening suspensions,
which are composed of very small particles (below 50 um).
Existing pressure-imposed rheometers use a moving grid to
apply the desired normal stress on the particles [14-16].
They are thus adapted to suspensions composed of large
particles (typically larger than 300 um) but inappropriate for
studying shear-thickening suspensions.

In this paper, we develop a new pressure-imposed rheo-
logical device, the Darcytron, based on an original concept:
the idea here is to impose the particle pressure, not by using
a moving grid like in the rheometer of Boyer et al. [14], but
by imposing a Darcy flow across the suspension. As we will
show, this method is crucial to extend pressure-imposed mea-
surements to shear-thickening suspensions given their small
particle size. The paper is organized as follows: we first
present the principle of the Darcytron. We then validate its
concept by investigating the frictional behavior of a standard
(nonshear-thickening) suspension composed of large glass
particles. Finally, we present the results highlighting the
frictional transition when varying the particle pressure in a
model shear-thickening suspension composed of small silica
particles.

Il. THE DARCYTRON: GENERAL CONCEPT

A sketch of the Darcytron is represented in Fig. 1. The
configuration is a wide gap annular shear flow with a suspen-
sion of nonbuoyant particles immersed in a Newtonian fluid
of viscosity 7. In this configuration, particles settle at the
bottom of the cell and the vertical particle stress ol =Py,
called particle pressure in the following, is initially the con-
fining pressure imposed by gravity, P,(z) = ¢pApgz, where ¢
is the volume fraction of the pile, Ap = p, — p; is the density
difference between the particles and the fluid, g is the
gravity, and z is the vertical position measured relatively to
the sediment free surface. The key idea of the Darcytron is
to control the particle pressure P, by imposing, in addition to
gravity, a vertical Darcy flow through the settled pile of
grains. To this end, the wall at the bottom of the grain pile is
made out of a fixed porous grid with holes smaller than the
particle size. The Darcy flow is imposed by setting a height
difference AH between the fluid free surface and the tube

‘ Rheometer ‘

Particle pressure, P, D

>

y Z

Depth

Gravity Darcy flow
pressure pressure
Y

AH
Py =9¢Apgz+ Cprg——=

V=S Darcy flow

FIG. 1. The Darcytron: general concept. The granular pressure P, is con-
trolled by imposing a vertical Darcy flow across the settled bed of particles.

outlet connected to the bottom of the cell. In this case, the
flow inside the granular sediment is vertical and the isopres-
sure levels are horizontal (r-independent), even in the pres-
ence of slight horizontal gradients of volume fraction. When
the Darcy flow is turned on, the total vertical stress acting on
the particles is now given by the sum of both the confining
pressure due to gravity and the Darcy flow pressure. The ver-
tical momentum balance on the particle phase yields [17,18]

Pp(z) = ¢Apgz+ VPfZ7 (1)

where VPy = Cp;gAH/L is the Darcy pressure gradient
imposed across the granular bed, L is the height of the granu-
lar bed, and C is a numerical constant (smaller than 1)
accounting for the pressure loss in the grid. Everything thus
happens as if the grains were submitted to an effective gravity

- CpsAH )
8eff = & AL )
and the particle pressure can simply be recasted in
Py(2) = PpApgessz. 3)

Therefore, in this setup, by controlling the height of the
water outlet AH, one can easily vary the effective gravity and
thereby the pressure P, acting on the particles. Another
important advantage of this configuration is that the bottom
porous grid is fixed and sealed to the sidewalls, unlike
Boyer’s configuration where the grid is mobile. Suspensions
composed of much smaller particle can thus be investigated
without particle leakage issues.

The inner cylinder is driven by a rheometer head, which
measures the torque I' required to maintain a constant
rotation speed €. This torque can be computed as
I = 27a? f: 0,¢(z)dz, where a is the radius of the inner cylin-
der, i is the cylinder depth immersed within the sediment,
and o,y is the total shear stress exerted on the inner cylinder
in the azimuthal direction 6. By definition, the friction coeffi-
cient of the suspension u is the ratio of the shear stress to the
normal particle stress [14,19], 4 = o,9/0%,. Moreover, since
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of. = K x P, where K is a numerical constant accounting
for the stress anisotropy within the granular phase, we obtain
I = u x Kna® pApgerch®. Measuring the torque thereby pro-
vides direct access to the suspension friction coefficient

r

"~ Kna? pApgenh®” ®

u

Computing u from the above formula requires the two
numerical constants C (accounting for the grid pressure drop)
and K (accounting for the stress anisotropy) to be set. In their
work on the rheology of dense suspensions, Dbouk et al.
[20] report that the particle normal stress in the gradient
direction (here along r) is twice that in the vorticity direction
(here along z, direction along which the particle pressure is
imposed) such that K = 2. However, they addressed suspen-
sions of volume fractions ranging from 20 to 48%. In our
experiments, we will focus on the frictional behavior of the
suspension in the quasistatic regime, where ¢ — ¢.. We
will, therefore, use the anisotropy reported from experiments
performed with dense granular systems [21] for which
K ~ 1. The value of C will be discussed and measured in
Sec. IIL.

We have described how the Darcytron enables to control
the particle pressure P, and probe the friction coefficient u of
the suspension. In the following, measurements will be
performed at very low rotation speed € — O for which,
under imposed particle pressure, the viscous number
J=mny/P, —0 and the suspension volume fraction
¢ — ¢, where ¢, is the maximum packing fraction of the
suspension under steady shear. In this regime, the particulate
flow is localized close to the cylinder within a thin shear
band of few particle diameters width in the (r, 8) plane [22].
Carrying out measurements within this so-called quasistatic
or jamming limit is particularly advantageous. First, in this
regime the suspension friction coefficient u(J — 0) = . is a
well-documented monotonic function of the interparticle fric-
tion coefficient J7 [19,23,24]. Such measurements will,
therefore, give us the opportunity to directly probe whether
the frictional behavior of the particles changes when the
confining pressure is varied, as predicted by the frictional
transition model. Second, as ¢ — ¢, the sample will remain
homogeneous during measurements as no migration of the
particles can take place.

lll. PROOF OF CONCEPT WITH A STANDARD
(NONSHEAR-THICKENING) SUSPENSION

Before addressing the frictional behavior of shear-thickening
suspensions, we first validated the Darcytron concept on a
standard (nonshear-thickening) suspension of macroscopic
(d =~ 500 um) frictional particles. In this case, all colloidal
forces, such as Brownian or short range repulsive forces, are
completely negligible relative to the external imposed stress,
such as gravity or Darcy pressure. The interparticle solid fric-
tion 4, and thus the quasistatic suspension friction coefficient
U, are then expected to be constant, i.e., independent of the
confining pressure P,,.

A. Detailed setup and protocol

A more detailed sketch of the Darcytron is provided in
Fig. 2(a). The cell is made out of transparent poly(methyl
methacrylate) (PMMA) plates of height 12.5cm and width
10 x 10 cm. The particles are large glass spherical beads (diam-
eter d =487 £ 72um and density p, = 2500kg /m?) immersed
in a viscous and Newtonian mixture of Ucon oil and water of
viscosity 77, = 0.4 Pas and density p, = 1005kg /m?. The fluid
is thoroughly degassed using a vacuum pump. The particles are
cleaned using ultrasounds and de-ionized water and then placed
into the cell to form sediment of height L = 8.4 cm.

The inner cylinder is a roughened metallic rod of radius
a =6.2mm immersed in the granular bed to a depth of
h=7.1cm and driven at constant rotation speed Q by an
Anton Paar MCR 501 rheometer. The grid at the bottom of
the cell is made out of a filter cloth sandwiched between
two metallic grids. The cloth has 220 um holes, while those
of the metallic grids are 3 mm large. The tube at the bottom
of the cell, which allows us to control the height of the
water outlet AH, has a large diameter of 10 mm to minimize
the viscous pressure drop within the tube. A valve (not
sketched) is mounted at the tube end to turn on the Darcy
flow across the settled bed of particles. In order to keep AH
(which controls the particle pressure) constant during an
experiment, the cell is refilled with the suspending fluid as
sketched in Fig. 2(a). Four differential pressure sensors are
mounted on one of the sidewalls to measure the fluid
pore-pressure Py within the sediment [see Fig. 2(a)]. This
measurement is done following the same technique as
Dbouk et al. [20].

An example of measurement is shown in Fig. 2(b). At
t = 0, the valve is closed (no Darcy flow, AH = 0) and the
inner cylinder is at rest (€2 = 0). In such a configuration,
which serves as a reference, we set the differential pressure
sensor to zero to remove the contribution of the hydrostatic
pressure and of any sensor offset. At =7, the valve is
opened (AH = 1 m) to initiate the Darcy flow: a stationary
fluid pressure gradient spontaneously develops across the
granular bed. At ¢t = 1,, we start the rotation of the inner cyl-
inder and measure the torque I'. In the following, all signal
to noise ratios are improved by time averaging the signal
over the averaging window (about 5 min) represented in
Fig. 2(b). Note that, over longer time scales (typically hours),
very small surface deeping around the rod develops, which
could originate from slow 3D recirculations [25].

As shown in Fig. 2(c), when the Darcy flow is turned on,
Py increases linearly with z and can be well fitted with a line
of slope VP;. From this measurement and Eq. (1), the value
of the coefficient C is then given by

C = ﬂ 5)

pr8AH
Typically, the imposed Darcy pressure gradient for AH = 1 m
corresponds to an effective gravity g =~ 10 g. In practice, this
means that for measurements performed with AH larger than
0.1 m, the particle pressure is dominated by the effect of the
Darcy flow.
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FIG. 2. The Darcytron: proof of concept with a standard (nonshear-thickening) suspension (glass beads d ~ 500 um immersed in a Newtonian liquid of viscos-
ity 7, = 0.4 Pas). (a) Detailed setup with the differential pressure sensors. (b) Height of the water outlet AH, rotation speed €, liquid pressures Py measured at
successive heights z, and torque I" versus time for a typical measurement. (c) Time averaged fluid pressures Py measured at various heights z give access to the
Darcy pressure gradient VP and thus to C = VPfL/pngH [see Eq. (5)]. (d) Suspension friction coefficient u versus rotation speed Q (cps: cycle per second).
The gray area indicates the quasistatic regime. (e) Darcy pressure gradient VP; versus AH. Inset: Corresponding values of C computed using Eq. (5). (f)
Torque T versus AH. (g) Quasistatic friction coefficient u,. versus AH and also versus the average granular pressure P, obtained using C = 0.63.

Finally, the value C and the torque I" give access to the
friction coefficient of the suspension using Eqgs. (4) and (2).
In Fig. 2(d), the suspension friction coefficient u is plotted
for various rotation speeds € and for AH =0. For
Q < 0.1 cps, the friction coefficient becomes independent of
the rotation speed and is equal to its quasistatic value ..
Note that for such rotation speeds and assuming the sheared
granular layer thickness is about 10d wide [22], the corre-
sponding viscous number is J = 1,aQ/10dP, < 1073, well
in the quasistatic range [19].

B. Results

Systematic experiments were performed for different values
of AH (various intensities of the Darcy flow) and for rotation
speeds © < 0.1 cps to remain in the quasistatic regime. As
expected from Eq. (1), we find that the Darcy pressure gradient
VP; increases linearly with the height of the water outlet AH
[Fig. 2(e)]. For each measurement, the Darcy pressure gradient
VP; is used to estimate C using Eq. (5). When varying AH,

the value of C remains constant with C ~ 0.63 [Fig. 2(e),
inset]. This value of C indicates that over the total pressure
pr&AH imposed by letting the fluid flow vertically throughout
the system, 27% is balanced by the grid while 63% is actually
acting on the granular bed of particles.

Figure 2(f) shows that the torque also increases linearly
with AH. Using Eq. (4), the measure of C and of the
torque I' give access to the suspension friction coefficient
U, which is plotted in Fig. 2(g) versus AH and also versus
the mean particle pressure defined as P, = %fg P,(z)dz. We
find that the suspension friction coefficient . remains
constant when the particle pressure P, is increased, as
expected for a standard Newtonian suspension within the
quasistatic regime.

The above results validate the Darcytron concept. Using
an external Darcy flow, we were able to control the particle
pressure P, in a sheared granular suspension and access the
quasistatic suspension friction coefficient u,. We confirmed
that for a standard (nonshear-thickening) suspension of mac-
roscopic frictional particles, x, is independent of the applied
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pressure [see Fig. 2(c)]. In the following, we will use these
results as a benchmark to highlight how the frictional behav-
ior of shear-thickening suspensions differs from that of a
standard suspension.

IV. APPLICATION OF THE DARCYTRON TO A
MODEL SHEAR-THICKENING SUSPENSION

A. Experimental system

We now turn to a model shear-thickening suspension
composed of non-Brownian silica beads of diameter
d=23.56um and density p, = 1850kg/m® immersed in
water [see Fig. 3(a)]. We have previously shown that this
system exhibits shear thickening at large concentration due to
the existence of a short range electrostatic repulsive force in
addition to friction [13]. Here, we use the Darcytron to probe
its frictional behavior under controlled particle pressure.
Since the particles are now much smaller, the cell dimensions
are scaled down to 25 mm for its width and 60 mm for its
height. We use the same rough inner cylinder, with radius
a =6.2mm and the grid is now made out of a filter cloth
with 10 um pores sandwiched between the same two metallic
grids. The beads are incorporated into the cell filled with
pure water until they form a sediment of height L = 26 mm.
Typical signals for the evolution of the fluid pressure and of

a)

the torque are shown in Fig. 3(d). Here, when the Darcy
pressure gradient VP is measured for a given height of the
water outlet, we obtain C = 0.99. This value of C, very close
to 1, indicates that the pressure loss in the grid is negligible
compared to that due to the granular sediment.

Compared to the previous standard suspension, the major
difference here is that silica particles immersed in water
spontaneously develop negative surface charges [Fig. 3(b)].
The resulting charge distribution generates an electrostatic
repulsive force Fr, = Foexp(—r/Ap) between them, where
Fy is the magnitude of the force, r is the distance between
the surfaces of the particles, and Ap is the Debye length
[26-28]. With this additional force scale, the frictional
behavior of the granular pile is expected to change when the
particle pressure is varied. At low granular pressure P,, the
repulsive force can prevent particles from making solid
contact: particles thus slide easily against each other without
friction. Conversely, when the confining pressure is sufficient
to approach the particles at a separation distance smaller than
their roughness /,, particles make solid frictional contact.
The critical pressure P* for the onset of this frictional transi-
tion is [13]

. 4F,
P :”7‘;[2‘4/%). (6)

AH=1m
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FIG. 3. Application of the Darcytron to a shear-thickening suspension (silica beads d ~ 25 um immersed in pure water). (a) Picture of the silica particles. (b)
Sketch of a silica particle of roughness ¢, immersed in a ionic aqueous solution. When immersed in water, silica particles spontaneously carry negative surface
charges which generate a repulsive force whose range is the Debye length Ap. (c) AFM image of the particle surface of roughness ¢, = 3.73 + 0.80 nm. (d)
Fluid pressure and torque versus time for a typical measurement. (e) Sketch of half of the Darcytron for AH = 0 (left) and AH = 1 m (right). When AH = 0,
the particle pressure is small; the repulsive force prevents particle contacts (P, < P*) and the inner cylinder is thus immersed in a suspension of frictionless par-
ticles. When AH = 1 m, the particle pressure overcome the repulsive force (P, > P”); most of the cylinder is now immersed in a pile of frictional particles. (f)
Quasistatic friction coefficient of the suspension y, versus average particle pressure P,.
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In pure water, Fy/d > ImNm™', Ap~1lum [27] and
AFM measurements of the particle roughness give
¢, =3.73 £+ 0.80 nm [see Fig. 3(c)], which gives P* ~53Pa.

In the Darcytron, the particle pressure increases linearly with
depth z within the sediment according to P,(z) = pApgesiz.
There is thus a critical depth z* = P*/pApger(AH) at which
the confining pressure P,(z) overcomes the repulsive pressure
P": above this critical depth (z < z°), particles are frictionless
and below (z > 7") they are frictional. This behavior is illus-
trated in Fig. 3(e) where the Darcytron is sketched for two
extreme values of AH. When AH = 0 (left), the applied pres-
sure is small; the inner cylinder is, therefore, immersed in a
sediment of frictionless particles. Conversely, when AH = 1 m
(right), the applied pressure is large and most of the cylinder is
now immersed in a pile of frictional particles.

To probe the frictional transition, we set the immersion
height 7 of the cylinder to h = 1.5 mm such that, for the
smallest applied particle pressure (i.e., AH = 0), the cylinder
is initially immersed in a sediment of frictionless particles:
h<z'(AH =0)~ 10mm. Under such conditions, the
immersed part of the cylinder has an aspect ratio 7/2a ~ 0.1
(recall the cylinder radius is 6.2 mm). This low aspect ratio
means that the friction of the material beneath the inner
cylinder can no longer be neglected compared to that on
its lateral vertical side. In the following, we correct the
expression of the friction coefficient to account for this
extra bottom torque given by pouom = [ 27r°uPy(z = h)
dr = |3 2nr’udApgerhdr = 2na* idpApgesh/3 (with K = 1).
The total torque is thus T = u x wa® pApgerth*(1 + (2a/3h)),
which leads to the following expression for the suspension
friction coefficient:

r
M= 2 prpgur®(1 + 2a/3h))

)

B. Evidence of the frictional transition under
imposed particle pressure

Figure 3(f) shows the quasistatic friction coefficient u,. of
the silica particle suspension as a function of the particle
pressure, which is varied by changing AH. Measurements are
performed at a rotation speed Q = 2 x 107> cps to be in qua-
sistatic regime. The main observation is that the friction
coefficient here is not constant but gradually increases as
the particle pressure P, is increased. At low particle pressure,
we find that the friction coefficient of the silica particles
suspension is u, ~ 0.1, which is precisely the expected fric-
tion coefficient of a suspension of frictionless particles
[13,23,24,29,30]. This result indicates that under low confin-
ing pressure the repulsive force prevents solid contact
between the silica particles and thus interparticle friction.
Upon increasing the confining pressure (by increasing AH),
the friction coefficient is found to gradually increase,
meaning that more and more frictional contacts occur within
the suspension. For the largest particle pressure investigated
(AH = 1 m), we found u,. =~ 0.32, a value approaching that
obtained with the previous standard frictional suspension.
The above results provide direct evidence that varying the
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FIG. 4. Unexpected instabilities observed with the silica particles at large
immersion depth of the inner cylinder (4 = 5 mm).

particle pressure induces a frictional transition in this shear-
thickening suspension, in agreement with the recent models.

We also wish to report that the frictionless state could
only be observed for an immersion height of the cylinder
(h = 1.5 mm) significantly smaller than the predicted critical
depth 7" = 10mm. For larger immersion heights, we
observed the emergence of unexpected periodic oscillations
of both the torque I' and the fluid pressure Pr, as shown in
Fig. 4. These oscillations, which are reminiscent of the insta-
bilities observed in many recent studies [31-34], constitute
an intriguing topic for future studies.

C. Comparison with rotating drum experiments
(Clavaud et al. [13])

We now compare the results obtained here with the
Darcytron to those of Clavaud et al. [13], where the frictional
transition was highlighted using a rotating drum configura-
tion by investigating the quasistatic avalanche angle 6 of a
pile of the same silica particles [see Fig. 5(a)]. The two
experiments are complementary. In the Darcytron, the control
parameter is the particle pressure P,, which is varied within
P, € [4,350] Pa by changing AH, while the repulsive pres-
sure P* ~ 53 Pa is here fixed and set by the Debye length in
pure water. Conversely, in the rotating drum, the confining
pressure P, cannot be changed as it is set by the weight of
the flowing layer of grains at the top of the pile
(P, = 20¢pApgd cos 0 ~ 4.8 Pa) [13]. In that experiment,
the control parameter is the ionic concentration [NaCl]
of the solvent which, by changing the Debye Length
Ap = 0.304/+/[NaCl] nm (at T = 25 °C), modifies the mag-
nitude of the repulsive pressure P* [see Eq. (6)]. By increas-
ing the salt concentration from 10°° to 1moll™, we
changed the repulsive pressure P* from 53 to 10~° Pa. In the
table of Fig. 5(b), we sum up the parameters and their range
of application, highlighting the complementarity of both
experiments.

Figure 5(c) shows that data obtained both with the
Darcytron (varying P,, keeping P* constant) and with the
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FIG. 5. Comparison with the rotating drum experiments of Clavaud et al.
[13]. (a) Schematic of the Darcytron (present study) and of the rotating
drum [13] used to investigate the frictional transition in shear-thickening
suspensions. (b) Table showing the complementarity of these two studies.
In the Darcytron, the control parameter is AH varying the particle pressure
P,, while the repulsive pressure, P* = 53 Pa, is fixed. In the rotating drum,
the control parameter is the ionic concentration [NaCl] of the solvent
varying the magnitude of the repulsive pressure P* while the particle pres-
sure, Pp = 4.8 Pa, is fixed. (b) Comparison of both studies: quasistatic
friction coefficient u, of a shear-thickening suspension of silica particles
versus Pp / P Comparison to the frictional behavior of a standard (Newtonian)
suspension (horizontal dashed line) and to the frictional transition model
[solid line: local friction coefficient from Eq. (8) with yy = 0.1 and
1, = 0.49, dashed line: depth averaged friction coefficient computed from
Egs. (4) and (8)].

rotating drum (varying P", keeping P, constant) collapse on
the same master curve when the quasistatic friction coeffi-
cient of the suspension . is plotted as a function of P,/P".
This collapse confirms that the frictional transition is con-
trolled by a single dimensionless number P,/P". Moreover,
when compared to the benchmark frictional suspension

(dashed line: u, = ¢'® = 0.5), the results obtained with the
silica particles reveal the emergence of the frictionless
branch at low values of P,/P". This latter observation con-
firms the fundamental hypothesis of the frictional transition
model: that of the existence of a friction-free state of the sus-
pension under low confining pressure. Note that in Fig. 5(c),
data with the Darcytron are limited to P,/P" < 10, a much
smaller value than with the rotating drum. In order to reach
higher P,/P" in the Darcytron, one should either apply a
larger water pressure drop AH, which is limited to AH ~ 1 m
in our setup, or decrease the value of the repulsive pressure
P* by adding salt in the solution to screen the charges around
the silica particles. This last possibility would complement
the present work.

In the spirit of the Wyart and Cates model [9], we propose
a simple mixing law to predict how the quasistatic suspen-
sion friction coefficient u, varies with P,/P"

1e(Pp/PY) = wif + po(1 = f), (8)

where uy = 0.1 (respectively, u; = 0.49) is the quasistatic
friction coefficients of the suspension when all contacts are
frictionless (respectively, frictional) and f € [0, 1] is the
fraction of frictional contacts. Figure 5(c) shows that the fric-
tional transition observed experimentally is well captured
by Eq. (8) without adjustable parameter when taking
f(P,/P") = exp(—P"/P,), as proposed by the Wyart and
Cates model [9]. Note that the Darcytron provides an average
friction coefficient based on the global torque and the depth
averaged pressure [Eq. (4)], which may differ from the local
friction coefficient. However, we have verified [see Fig. 5(c)]
that this difference is minor by comparing the local friction
coefficient predicted by Eq. (8) (solid line) to the depth
average friction coefficient obtained from Egs. (8) and (4)
(dashed line).

V. DISCUSSION AND CONCLUSION

An original rheometer based on a new concept, the
Darcytron was designed to study the frictional transition model
recently proposed to explain the shear-thickening behavior of
certain dense suspensions. The originality of this device is to
allow the control of the particle pressure by imposing a vertical
Darcy flow across a settled bed of particles. In addition, this
rheometer has no lower particle size limit (contrarily to that of
Boyer et al. [14]) since the particle pressure is here not
imposed with a moving grid but with a Darcy flow of adjust-
able intensity.

Our main finding is that the frictional behavior of a shear-
thickening suspension composed of small silica particles
strongly contrasts with that of a standard (Newtonian) sus-
pension of large glass beads [see Fig. 5(c)]. For standard
(Newtonian) suspensions, the quasistatic friction coefficient
1, is independent of the confining pressure P,, meaning that
the microscopic interparticle friction is independent of the
applied stress. This behavior is expected in Newtonian sus-
pensions owing to the absence of other force scales than the
shear stress. Conversely, in a shear-thickening suspension of
silica particles, the quasistatic friction coefficient is found to
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increase with the confining pressure. The friction coefficient
is found to transit from y, = 0.1, which corresponds to the
friction coefficient of a suspension of frictionless particles,
when P,/P" < 1, to u; &~ 0.5 which corresponds to the fric-
tion coefficient of a standard suspension of frictional parti-
cles, when P, / P* >> 1. This behavior stems from the presence
of an electrostatic repulsive force and its associated repulsive
pressure P*, which prevents particle contacts and thus friction
between particles under low confining pressure. Our experi-
mental results thereby confirm the fundamental hypothesis
of the frictional transition model [7-9] recently proposed to
explain shear thickening in certain dense suspensions.
Interestingly, our results were obtained in the quasistatic regime
where, by definition, measurements are rate-independent (i.e.,
independent of the rotation speed, shear rate, relative velocity
between particles). This suggests that hydrodynamic forces,
such as lubrication forces, play no role in the frictional transi-
tion and that only the repulsive force prevents the contact
between particles in the frictionless state. In this sense, the
denomination of the transition as a “lubricated-to-frictional”
transition, which is often found in the literature of shear thick-
ening, is in our opinion misleading.

The new rheological device developed in this study
enables the investigation of the rheology of very dense sus-
pensions, where conventional rheology fails as close to
jamming, under volume-imposed conditions, stress fluctua-
tions diverge. Moreover, the Darcytron gives direct access to
the suspension friction coefficient, a quantity inaccessible to
conventional rheology. An interesting perspective would be
to extend this technique to be able to explore the full fric-
tional rheology of shear-thickening suspensions (u, ¢) when
varying both the viscous number J and P,/P", thereby
exploring all the parameters relevant within the constitutive
laws of shear-thickening suspensions. In this case, interesting
phenomena such as “negative dynamic compressibility” have
been reported from numerical simulations of shear-thickening
suspensions under imposed pressure [35]. The way the pres-
sure is imposed on the particles (using a Darcy flow) is a
new concept in rheometry, which may open interesting per-
spectives both for fundamental research (flow and jamming
of dense colloidal and Brownian suspensions) and for appli-
cations such as in the concrete industry.
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