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We study experimentally the rheology of a macroscopic particle-laden soap film, designated as a
"Granular Film", in the simple shear configuration. Macroscopic particles are dispersed in a soap film,
while being large enough that they bridge both fluid interfaces. We simultaneously perform macroscopic
rheological measurements with a classical rheometer and investigate interactions at the particle scale
with a camera underneath the film. The determination of the velocity field of the grains reveals the

Received 10th April 2023, presence of an inhomogeneous shear within the granular film. Trying to correlate both measurements

Accepted 9th August 2023 unveils the non-locality of the rheology of the granular film: similar to what has been observed in a dry
granular material, we find an highly-sheared zone close to the moving wall contrasting with a large

quasistatic area. This behavior can be accounted for through extended kinetic theory and correlated
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1 Introduction

Particle-laden interfaces are far from uncommon in nature. The
stabilization effect of adding solid particles on such interfaces®
has always been used by animals for instance against natural
disasters® or as a reproductive strategy.® Particle laden inter-
faces are also ubiquitous in industry (e.g. oil recovery,®” filtra-
tion processes,® armored drops used as microreactors’ and for
liquid manipulation®) for which the interface stabilisation
effect might be either sought or fought. Due to their countless
applications, since the pioneering works of Ramsden® and
Pickering,'® numerous studies have been devoted to understand-
ing the mechanical behavior of particle laden interfaces."*™* Most
of the studies have dealt with colloidal particles at a single
interface.">™” They have shown that particle laden interface
stability depends on the particle fluid contact angle, surface
tension and shear stress. Energetic transition has increased the
interest for interfacial composite materials'®>° such as concrete
foams,”* where particles might be larger than the liquid film
thus bridge both interfaces, making particle-laden films. During
the foaming process, to create particle stabilized foams, the
interfaces are highly stretched and sheared. Recent studies™>®
have shown that the mechanical properties of particle-laden films
differ from those of single particle laden interfaces, though the
origin of the differences remains unclear. From a fundamental
point of view, particle-laden films consist of particles dispersed in
a continuous liquid phase that are subject to capillary attractive
forces,”” and might belong to the class of attractive granular
media.”® Many studies have been devoted to this class of
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with a transition in the dominant component of the stress.

material;**' most are numerical and little is known from an

experimental point of view.*> Moreover the capillary interactions
between particles trapped in a soap film differ from the single
interface problem.** Therefore understanding the behavior of
particle-laden films requires well-controlled experiments of
sheared and stretched particle laden soap films. In a recent paper
Timounay et al.** inferred from particle diffusion the effective
viscosity of a particle-laden soap film in a compression flow.
In this letter we report quantitative rheological measure-
ments of particle-laden soap films in a simple shear configu-
ration. We first show that in this configuration and for small
shear-rates, particle-laden soap films don’t exhibit viscous
behavior but are more likely granular media. In the second
part we highlight the inhomogeneous nature of the flow linked to
the non-locality of the rheology of the material. While a hydro-
dynamic model in the framework of kinetic theory renders the
inhomogeneity of the flow, it also gives a microscopic interpreta-
tion of the inter-particulate interactions and delimits two co-
existing flow regimes in two regions of the granular film. We
compute the density probability functions of elementary strains in
the two zones and reveal two different forms of scaling, suggesting
a change in the nature of the interactions between particles.
From a rheological point of view, for a 3D dense granular
material, a single dimensionless inertial number 7 = y,d/\/P/p
can be used to fully describe the rheological behavior of the
flowing material, where j, is the local shear rate, P is the confining
pressure, d is the particle diameter, and p is their density. This
dimensionless number is related to the effective friction coefficient
u = /P, where t is the shear stress, and the packing fraction ¢,
through local constitutive laws.***® However in many cases of
globally-sheared granular materials, a quasistatic region appears
and is attributed to a non-local effect. In these situations, the local

This journal is © The Royal Society of Chemistry 2023
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constitutive law for granular materials is no longer valid and several
models have been established to describe this non-locality.***>
Similarly, for granular films, one can build an inertial number
that compares a microscopic characteristic rearrangement time ¢,
to the solicitation time 1/j;. Given that the only stress scale results
from the surface tension of the soap film y, the confining pressure
in the granular film is p = o/d with ¢ = ycos({) where { is the
contact angle between the liquid and the particles. The micro-
scopic time then assumes the form ¢, = d\/pd/c and one can

define a capillary inertial number I, = j,d/+/a/pd.

2 Experimental methods
2.1 Fluid and particles

Particle-laden soap films are obtained through extraction from
a granular raft: silanized polystyrene spheres of diameter
d = 80 um and wetting contact angle { & 80° are spread on
a surfactant solution of Tetradecyl Trimethyl Ammonium
Bromide (TTAB) water and glycerin that almost matches the
density of the particles. There is little to no leeway in the
surface tension allowing for an experimentally stable soap
film,*>*” we thus exceed the CMC leading to a value of y =
34 mN m~". Then a cylindrical frame is dipped in the solution,
piercing the raft, and is taken out. A soap film forms between
the frame and the raft pulling out a great number of particles.
It creates a dense monolayer of grains, trapped by the surface
tension and large enough to bridge both liquid-air interfaces of
the film (Fig. 1a), that we call a granular film. This method
produces little variation of the granular film packing fraction ¢
(around 0.77). The detection of particles during the experiment
allowed us to determine that there is no spatial variation of the
surface fraction, with a precision of 1%.

2.2 Set-up

The cylindrical frame holding the granular film is then placed
horizontally into a MCR 302 rheometer and pierced in its center
with an hollow cylinder mounted on the rheometer axis, to
constitute a Couette cell of inner radius R = 13.7 mm and gap
e = 3.5 mm (Fig. 1a). Both cylinders are made coarse by gluing
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a thin layer of beads identical to the one used to form the
granular films. After a pre-shear at a constant velocity of
6.3 rad s for 30 s, we impose constant velocities Q of the
inner wall which range from 10> to 10~ rad s * for 100 s each,
roamed in a random order to mask the effects of the aging of
the film through evaporation. A permanent regime in the
resisting torque measured is almost immediately registered.
At these velocities, the flow radial pressure is five orders of
magnitude lower than the capillary pressure scale.

2.3 Velocity field

Taking advantage of the 2D-nature of the granular film, we
placed a camera underneath the cell to capture, through a glass
window, the movement of the particles in the sheared film
(Fig. 1(a)). The images are then processed with DIC software
(Davis, LaVision) to compute the instantaneous velocity field
V(r,0,¢) of the granular film (Fig. 1(b)). Given the axisymmetry of
the setup, the results are discussed in polar coordinates (r,0) with a
reduced radial position defined as s = (r — R)/e. In the permanent
regime, we consider the mean velocity as (V(s,0,¢)) = Vi{s,0)e, +
Vo(s,0)eq, with e, (resp. eq) the unit vector in the radial (resp.
orthoradial) direction and (-) the temporal average. Finally, the
velocities will be discussed through their normalized values v =
(V(s,0,2)) Vi, with Vi, = RQ the velocity of the moving wall.

In the steady state, the velocity is found to be essentially
azimuthal (V, ~ 0) and varying only radially (Vy(s)eq). From the
local velocity profiles averaged over time and the azimuthal
direction, we plot the normalized v(s) in Fig. 1c. All profiles are
similar, without clear dependence on €: the velocity decreases
drastically over a few grains away from the moving wall, to
reach a quasi-zero, slowly decreasing the value well before the
middle of the gap. This implies an inhomogeneity of the local
shear rate j, = rd(Vy/r)/dr ~ dV,/dr. This inhomogeneity of the
flow is a classical feature of dry granular media.*®**>°

3 Results

3.1 Rheometry

Because of the 2D nature of the granular film, we define a
surface stress 7¢ that can be seen as a shear stress integrated
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(a) Sketch of the experimental setup: an annular granular film is sheared in a rheometer. (b) Velocity field for an imposed velocity of Q = 0.1 Hz

using DIC software. (c) Normalized velocity profile v as a function of the normalized distance s inside the gap. The solid lines are fits deduced from eqn (3).
Colors and symbols refer to the ones used in the inset, with colors referring to the velocity. (x) 9m = 1.6 5™yt = 0.53, () jm = 0.55 572y = 0.46, () jm =
0175 =041 () jm=0.06s"pu=0.31and (<), = 0.02 s u = 0.21. Inset: Shear stress t,/a as a function of mean strain for different films of solid
fractions: (V) ¢ = 0.76, (O) ¢ = 0.77, (A) ¢ = 0.78, [0) ¢ = 0.78 and (x) ¢ = 0.78.
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over the thickness of the film. The rheological measurements
(inset of Fig. 1c) show the evolution of the effective friction
coefficient u = 15/6 as a function of a mean capillary inertial
number I, = j,t. where j,, = V,/e is the mean shear rate.
It reveals that the state of stress is not directly dependent on
the imposed velocity. This is coherent to what is usually seen in
dry granular media at such low inertial number.?”>" At this
range of I, macroscopic and local models with a constant and
homogeneous effective friction coefficient p are not incompa-
tible with inhomogeneous shear rates, but fail to predict them
and their subsequent observed velocity profiles (Fig. 1c).
To account for this localization of the flow, we introduce a
diffusive quantity and we develop a hydrodynamic model in the
framework of extended kinetic theory.

3.2 Hydrodynamic model

Several hydrodynamic models have been used in dry granular
media to account for the localization of the flow by introducing
a diffusive quantity. In the case of a homogeneous state of
stress, kinetic theory can be successfully applied while providing a
microscopic understanding of the velocity fluctuations.*®*%°>7>
This introduces a granular temperature T and is related to the
variance of velocity at a given point in space: T(s) = (V?(s,t)) —
(V(s,8))>. The flow is then self-induced: the temperature is gener-
ated by the forcing at the moving wall; which drags the particles in
contact with it. It then increases locally the granular temperature,
thus allowing for the neighboring particles to move in turn. This
is propagated until a steady state is reached; the spatial distribu-
tion of T is then dictated by its evolution through the contacts
between grains as it diffuses and dissipates.

In the present experiment, given the size of the setup (with a
small gap approximation, ¢/2R ~ 0.1) and the mechanical
equilibrium, we assume the state of stress to be spatially
homogeneous, so p and 7 are uniform in the gap. The effective
local viscosity then varies such that n ~ 1/7,. Moreover, the
kinetic theory of granular systems*®*%° gives the relationship
between the effective viscosity # and the granular temperature 7
as n = noT~ *#~V2 where 5, depends on the pressure p, the
density p, the mechanical properties and diameter d of the
particles, which are all constant in the experiment, and a
phenomenological exponent S equal to one in dilute and
moderately dense systems, and larger than one in highly dense
systems to account for the divergence of the viscosity (for
instance in a dry granular shear flow,  ~ 1.75*®*°). Thus it
exists as a power-law linking T to j,: 7, oc T®#~12 valid in the
inertial regime, where the collisions are of prime importance in
the overall dynamics of the granular film. Calculating T from
the measured velocity fields and plotting its square-root against
the local capillary inertial number I., that we derive from the
velocity profiles (Fig. 2a), we will consider a linear relationship
between the two quantities (f = 1); I. = j,t. & tT"*t./1,.

For all stresses, the spatial distribution of T is expected to
obey a heat equation whose coefficients themselves are depen-
dent on T. An equilibrium is found between diffusion (with a
diffusive coefficient x = x,T~*/?), dissipation (with a dissipation
coefficient ¢ = e, *'?) and production through inner forces tj,.

6840 | Soft Matter, 2023, 19, 6838-6843
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Fig. 2 (a) Dimensionless velocity fluctuations T2/(d/t.) as a function of /.
for a film at different wall velocities Q and for a fixed value ¢ = 0.78. The
solid line corresponds to T¥2/(d/to) = IY?F~Y, with = 1. The dashed line
corresponds to the critical value I} delimiting the inertial and quasistatic
regime (b) /. as a function of s. The same colors as in Fig. 1.

Ko and ¢, are solely dependent on grain properties (mechanical
properties, diameter, density) and pressure p, which again are
constant in the experiment. The hydrodynamic equation for
T(s) then comes down to:

d dT 2
— — ] - —TV? =
ds(K(T) ds> a(T)TJrnOT 0, (1

which, once integrated, gives the differential equation for v:

d*v  dv
a0 ©
ds®  o%ds

where J is a characteristic length that explicitly depends on
applied stress, even though in a non-trivial way. In the velocity-
independent regime for the shear stress, as is the case here, it is
expected that the diffusion length does not vary. Particles are
glued on both walls, leading to non-slip conditions v(0) = 1 and
v(1) = 0. A third boundary condition comes from the considera-
tion that at the static wall no heat is produced, and the granular
film may be considered insulated (as per*®). Then d7/ds(1) = 0

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 PDF of elementary strains j; normalized: by the mean strain j, in

the flowing region (s = 0.1 and /. > I}) (a) and (d) and in the quasistatic

regime (s = 0.8, I, < I?) (b) and (e), by /% in the quasistatic regime (s = 0.8,

I. < I}) (c) and (f). In (a)—(c), the colors represent the imposed wall velocity
as per Fig. 1c. In (d)—(f), the particle diameter is varied: d = 40 pm (green),
d = 80 um (blue), and d = 250 pm (black).

and it follows:

sinh (Q)

v(s) = W 3)

where ¢ is the only fitting parameter. This equation is fitted on
the velocity profile in Fig. 1c with good agreement to the data,
with é/e = 0.17 + 0.04. As the variation of the fitted diffusion
length does not follow the trend set by the variation of the
measured shear-stress through its ageing, this variation of
length should be interpreted as the manifestation of statistical
variations and experimental biases that disturb the expected
behavior.

3.3 Quasistatic regime

Though the velocity profiles derived from eqn (3) are in good
agreement with the experimental data (Fig. 1c), Fig. 2a displays
more scattered data below a critical capillary inertial number
I =3 x 107> and there is no unique relationship between T
and j; anymore. For sheared dry granular material this feature
is the signature of the transition between a collisional regime
(for I > 10™") and an elastoplastic regime (for I < 10~%).**>7>°
In this plastic regime velocity fluctuations are sustained
through boundary conditions and local rearrangements hap-
pen occasionally and can be seen as elementary strains j,(s,0,t).
It is then interesting to describe and to understand the nature
of the plastic regime in such attractive granular medium.
To do so, we plot the probability density function of elementary
strains at a given position (as proposed in ref. 44) normalized

This journal is © The Royal Society of Chemistry 2023
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by its mean value j, (Fig. 3). At s = 0.1 and for I. > I for
example, the PDF scale with j, and few negative strains are
recorded compared to positive strains (Fig. 3a). This behavior is
characteristic of the collisional regime of the flow and so
I.(s) > I. However, at s = 0.8, the PDFs show that almost half
of the recorded strains occur in opposition to the forcing,
inhibiting the onset of a macroscopic shear (Fig. 3b). This
feature is a signature of the quasistatic regime and conse-
quently I.(s > 0.8) < I (Fig. 2b). The lower I, the wider the
PDF, thus showing that important strain events still occur.

In the quasistatic regime, the elastic energy is stored into
film meniscus between grains and released through avalanche-
like mechanisms.®® During these events, due to the continuous
liquid phase the elastic energy loss might be balanced by the
viscous dissipation. Thus for I. < I?, the granular might be
described by a viscoplastic model. A theoretical and numerical
study®® based on the bubble model for foams®' predicts 7;
scales with 7,%%. Rescaling the PDF of elementary strains for
s = 0.8 by 7,%/*t, """, where ¢, is the characteristic viscous time
different from t., shows that indeed they collapse on a single
curve (Fig. 3c). Varying the particles diameter reveals that,
while we recover the same behavior for collisional and the
quasistatic regimes (Fig. 3d and e), the viscous time ¢, does not
depend on particle diameter d. Adapting the bubble model
for foam to the 2D nature of the granular soap film, we define
the viscous time ¢, with the so-called surface viscosity 7,.°>
Though no consensus exists on the value of surface viscosity,
s € [107%, 107°] Pa m s for soap films, we used in Fig. 3f
tq=nsx=10""s.

4 Conclusion

We have studied for the first time the behavior of particle-laden
soap films in simple shear flow, revealing a rich rheology.
When sheared, a dense granular soap film behaves like 2D
attractive granular media. Within the range of applied velocity
Q the granular soap film is in a global plastic regime. The flow
is well-described by the use of a capillary inertial number I,
that compares inertial effects to capillary attraction. It should
be noted however that the evaluation of a Stokes number in
the heterogeneous flow produces values between 10~* and
10%, not ruling out the existence of viscous effects in some
regions of the film. Upon studying the velocity fluctuations we
delimit 2 sub regimes: a collisional regime for I, > 3 x 107>
well described with the kinetic theory, and a quasistatic
regime for I. < 3 x 10> described with the bubble model
for foam. The consistency of these findings has been checked
for different sizes of particles, while the description of the
quasistatic regime would benefit from further study on inter-
facial rheology.
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