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The motion of a capillary interface across a deformable granular material in a confined geometry
shows the complex interplay between viscous forces, solid friction and capillary forces. In a horizontal
quasi one-dimensional geometrical confinement, a millifluidic tube, the displacement of a three-phase
flow consisting of two fluids and a mobile granular phase exhibits viscous or frictional displacement
regimes, as shown in [Phys. Rev. Lett. 117, 028002 (2016)]. In the present paper we explore in
details the dynamics in both regimes by making use of a new set of data. The viscous displacement
regime which is characterized by a fluidization of the immersed granular material dragged by the
flow driving the displacement of the capillary interface is interpreted from a rheological point of
view. The frictional displacement regime which displays a self-structuring of the granular material
left in the tube behind the invading capillary interface, is interpreted with a model based on the
Janssen’s law able to predict the typical size of the plugs obtained.

INTRODUCTION

Tube flows represent an idealized geometrical configuration to explain or predict the transport of fluid as
a response to a pressure gradient. The flow rate Q resulting from an imposed pressure difference ∆P along
a duct of length L and cross-section πR2 is well established through the Hagen-Poiseuille equation relating the
viscosity of the fluid η to the flow characteristics. This
simple flow configuration exhibits interesting features if
the flowing fluid is complex as with a multiphase flow [1],
lava flow [2, 3] or blood transport [4–6].
This paper is investigating the displacement regimes of
a gas/liquid interface along a millifluidic tube initially
filled with a homogeneously sedimented granular material immersed in the liquid phase. As already reported in
[1], the complex interplay between capillary forces, frictional and viscous dissipation is responsible for the development of several displacement regimes. The effect of
the capillary forces in flow conditions dominated by viscous dissipation is the gradual fluidization of the entire
granular material. On the other hand capillary forces in
flow conditions dominated by frictional dissipation generate the self-structuring of the granular phase in regular
plugs left in the wake of the moving interface. To develop
further the observations reported in [1] we make use of
a new set of data to understand and model the pressure
evolution in each displacement regime.
The system investigated is featuring specific ingredients
rarely studied together: (i) viscous dissipation, (ii) solid
friction, and (iii) capillarity.
Flows of dense suspensions provide examples of systems where the combination of viscous dissipation and
solid friction comes into play, and produce complex nonNewtonian rheological behaviours [7]. The effective viscosity of a suspension increases with the filling fraction of
the solid particles [8, 9], with a singularity near the close
packing fraction. The effective viscosity tends to infinity

when approaching the jamming transition [10]. Suspensions with large filling fractions exhibit also a non-linear
evolution of the viscosity with the shear-rate, as illustrated by the discontinuous shear-thickening appearing
as a sudden increase in effective viscosity [11, 12]. Another class of complex flows based on similar combination
of dissipation mechanisms is provided by pneumatic and
hydraulic conveying of granular materials. A rich variety of transport regimes can develop determined by the
concentration in granular matter, and by the imposed
carrying fluid flow rate [13–15].
If now we consider the effect of capillarity associated with
various degrees of viscous dissipation in a porous media,
several invasion patterns emerge [16, 17]. The capillary
number measuring the viscous to capillary forces ratio
is controlling the development of viscous fingering versus
capillary fingering [18, 19].
The combination of viscous dissipation, solid friction and
capillarity has been explored with pattern formation in
so-called frictional fluids [20–22]. Here as well a rich variety of interface displacement pattern have been observed,
ranging from viscous fingering [23, 24], to intermittent
stick-slip dynamics forming frictional fingers [25, 26], or
fracturing [27, 28]. The geometrical confinement used in
these studies where a quasi two-dimensional Hele-Shaw
cells. The parameters controlling the developing pattern
are the initial filling fraction in granular matter, the compressibility of the system, the imposed flow rate, the effective gravity.
In this paper we explored in details the two main
gas/liquid displacement regimes in a horizontal millifluidic tube partially filled with a granular phase, dominated
either by viscous dissipation, or by solid friction. The
gas/liquid interface is displaced by means of a syringe
pump withdrawing the liquid initially filling the tube and
saturating the sedimented granular phase. The regime
dominated by viscous dissipation is studied from a rheological point of view to interprete the pressure evolution
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during the tube evacuation. In the regime dominated by
solid friction, the self-structuring of the granular matter
into regular plugs formation is investigated for various
initially filling fractions and bead diameters. A theoretical model is established, based on the Janssen stress law
[30], which accounts for the perpendicular stress reorientation in a granular packing from a main load direction
due to an underlying network of force chains [31]. A
frictional length λ is derived from experimental measurements and is used to inform a predictive interpretation of
the formed plug length. Eventually the cross-over from
the viscous to frictional regime, already documented in
our previous paper [1], is revisited with a generalized
phase diagram based on dimensionless parameters.

MATERIAL AND METHODS
Experimental setup

We use a simple model of a confined three phase frictional flow. A horizontal millifluidic glass tube of length
1 m and internal diameter 2.0 mm is filled with a mixture of water and granular material. We choose a tube’s
diameter lower than the capillary length of water in air
lc ≈ 2.4 mm. If the tube’s diameter were too large the
air/liquid meniscus would collapse by gravity and a liquid
film would spread along the bottom side of the tube. Using a small internal tube’s diameter maintains the meniscus vertical on the tube’s cross section. The internal surface of the glass tube is treated with a silanization solution (Fluka BioChemika 85126, [Dimethyldichlorosilane])
to achieve neutral wetting with approximately 90o contact angle. A meniscus perpendicular to the tube surface
is more efficient at sweeping the grains along compared
to a meniscus stretched out on a hydrophilic glass surface
that tends to leave a residue of granular material sticking
on the glass surface.
The tube is open to atmosphere on one end, and connected to a syringe pump on the other end as illustrated in Fig. 1(a). The syringe pump is used to drive
the gas/liquid interface by selecting a desired volumetric
flow-rate value I0 . We use a glass syringe with a limited
amount of tubing in order to minimize the compressibility
of the system. It has been shown in previous work that
the compressibility of the system has a strong impact
on the type of pattern observed in Hele-Shaw cells [22].
A flow-through pressure sensor (Honeywell Flow-through
26PCXXG6G) is placed at the tube’s end connected to
the syringe, in order to have access to the pressure difference ∆P (t) = Patm − P (t) along the tube.
We use glass beads sieved in different beads diameter
ranges dbeads ∈ [53 − 75], [75 − 100], [100 − 150], [150 −
200], [200 − 300] µm. The density of the glass beads is
measured at a value ρg ≈ 2.5 × 103 kg m−3 .
The initial configuration of the system consists of a ho-
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FIG. 1. (a) Schematics illustrating the filling procedure. A
flow rate If ill is imposed by the syringe pump in the tube.
A closed hopper containing the glass beads and water is located above the tube’s inlet. The sedimented glass beads
dragged along the tube have a normalized filling fraction φ0
corresponding to the fraction of the tube’s cross-sectional area
occupied by the sedimented granular material.
(b) Schematics of the experimental setup. A syringe pump
withdraws water at constant rate I0 from the horizontal millifluidic tube. The mixture of grains and water initially sedimented is perturbed by the progress of the gas/liquid interface
driven by the withdrawing rate. The pressure P (t) imposed
by the pump is measured at the tube’s outlet.

mogeneously sedimented layer of granular matter inside
the horizontal tube. To prepare the system we produce
a steady transport of granular matter along the tube,
see on Fig. 1 (a). A steady flow of water only is first
established in the tube by pumping in water at a flow
rate If ill . The granular matter is then poured inside the
stream from a hopper located between the syringe pump
and the tube, see figure 1 (a). The hopper is sealed and
filled with water and glass beads. The granular matter
falls freely from the hopper into the flow produced by the
syringe pump and invades gradually the horizontal tube.
The pump is stopped when the layer of sedimented granular material stretches the entire length of the tube. The
filling fraction φ0 obtained is a decreasing function of the
imposed flow rate If ill . We consider in this paper the
initial filling fraction φ0 in reduced units, as a fraction of
the maximal filling fraction ϕc = 0.6 corresponding to a
loose random packing.
After preparing the initial state, with one end of the
tube connected to the syringe and the second end open
to the atmosphere, the fluid flow is reversed such that
water is withdrawn from the glass tube. The gas/liquid
meniscus at the open end of the tube starts to move into
the tube interacting with the sedimented layer of glass
beads. The invading meniscus perturbs the sedimented
layer of granular material. The physical processes we
are investigating take place during this displacement of
the meniscus. Once the meniscus has traveled along the
whole tube, the experiment is terminated.
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Images are recorded at 24 frames per second during the
withdrawing of the water. The images are then cropped
to the region of interest and converted to black and white,
see Fig. 2 (a). Spatial and temporal variations in light
intensity are corrected for by subtracting the background
measured in an ”area of reference” next to the tube, see
on Fig. 2 (a). A threshold is then applied to isolate
the granular matter and disregard the rest. A profile of
granular matter along the tube s(x) is then obtained by
summing the number of granular matter pixels in the
perpendicular direction to the tube’s axis. All these
steps are illustrated on Fig. 2 (a). The temporal evolution of the granular profile is represented by means of
a spatio-temporal diagram with the tube’s axis x horizontally, and temporal axis vertically, developing downwards. The local value s(x) of the granular profile is then
varying between a minimal value smin when the granular
matter is removed, and a maximal value smax when the
granular matter fills the entire tube’s cross-section. The
unperturbed sedimented granular matter corresponds to
an intermediate value s0 . The granular profile values
are rescaled into a grayscale map to produce a spatiotemporal diagram, see Fig. 2 (b).
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For withdrawing rates above 10 mL min , the
gas/liquid interface is clearly seen to move in a continuous manner, at a well defined speed v0 , see the
spatio-temporal diagram in Fig 3(a). The speed is
determined by the flow rate I0 and the geometry of the
tube v0 = 4I0 /(πD2 ). The total time of the experiment
is then τ = Ltube /v0 = Ltube πD2 /(4I0 ). A growing
fraction of the stationary sedimented granular material
is bulldozed by the fast displacement of the interface and
forms a fluidization front. Within the fluidization front
the granular matter occupies the whole cross-section of
the tube. The image analysis procedure identifies the
fluidized granular material as regions with lighter gray
levels. The spatio-temporal diagram in Fig. 3(a) shows
the progress of the interface at a speed v0 as the boundary between darkest and lightest levels of gray, marking
the boundary between the empty section of the tube
and the fluidized granular material. This initial progress
of the gas/liquid interface seems here slightly unsteady
with a travelling speed decrease after trecord ≈ 1.5 s.
Turning on the syringe pump might impose some
transient elastic response from the tubing, which in turn
affects the observed gas/liquid travelling speed. Note
that for the flow rate values explored the flow regime is
laminar with a Reynolds number value ≤ 320.

FIG. 2. (a) Steps of image processing : (i) image cropping on
the area of interest, (ii) grayscale image obtained after correcting fluctuations of illumination with an area of reference,
(iii) threshold applied on the gray levels to isolate the granular
material only, (iv) distribution of grains along the longitudinal
x-axis. (b) Spatio-temporal diagram showing in grayscale the
unperturbed sedimented granular matter (intermediate gray
values), the packed granular matter (light values), and places
where the granular matter is removed (dark values). The almost vertical and shivering stripes correspond to an artifact
coming from light reflections on the glass tube.

Effective viscosity in the fluidized front

The pressure response ∆P (t) to the rapid withdrawal
of the liquid reflects the viscous dissipation and the rheological properties of the mixture of water and sedimented
granular matter at the imposed flow rate I0 . The initially
sedimented granular material is gradually bulldozed up
by the moving front of granular material which has been
accumulated by the advancing meniscus. The front, consisting of densely packed but fluidized grains, advances
at a speed vf ront ≥ v0 as indicated by the red triangles

4

vfront = 105 +/- 5 mm s-1

φ0

I0

vf ront

φ0c

v0

(b)

1

500
∆P (mmH2O)

trecord(s)

0

2
v0 = 53 mm s-1
100
50
x(mm)

300
200
tmax

100
0

3
150

400

0

-5

0

5

10

15

20

25

30

time (s)

(c)

(a)
FIG. 3. (a) Spatio-temporal diagram focusing on the tube’s open-end and recorded during the initial development of the
fluidized front, corresponding to the time [0, 3]s in (c). The red triangles underline the fluidized front and gas/liquid interface
speed. The same artifact as described in Fig. 2 (b) is visible here. The gas/liquid interface speed estimated from the imposed
withdrawing rate and the tube’s cross section is here v0 = 4I0 /(πD2 ) = 53 mm s−1 . The fluidized front speed measured from
this diagram is vf ront = 105 mm s−1 ±5 mm s−1 . (b) Schematics of the millifluidic multiphase flow in the viscous regime.
The fluidized front with filling fraction φ0c travels at speed vf ront towards the sedimented granular material with filling fraction
φ0 . (c) Temporal evolution of the pressure imposed by the syringe pump during the gas/liquid interface displacement along
the whole tube in viscous regime with a withdrawing rate I0 = 10 mL min−1 , beads size dbeads = [200, 300] µm, and an initial
filling fraction φ0 = 0.33ϕc .

in Fig. 3(a), and in the schematics in Fig. 3(b). By mass
conservation we have φ0 vf ront ∆t = φ0c (vf ront − v0 )∆t
during ∆t, with φ0c the filling fraction inside the fluidized
front in reduced units. The speed ratio gives :

The time tmax satisfies vf ront tmax = Ltube , which gives :

vf ront /v0 = φ0c /(φ0c − φ0 )

Eqs (1) and (2) provide two independent methods to estimate the filling fraction in reduced units in the fluidized
front from image analysis (Fig. 3(a)) :

(1)

which can be used to determine φ0c . A fluidized front of
size Ls (t) = (vf ront − v0 )t grows ahead of the travelling
gas/liquid interface until it reaches the end of the tube.
From this point the entire granular material contained in
the tube is fluidized and exits until the experiment terminates.
A Hagen-Poiseuille law applied to the flow of a Newtonian fluid with viscosity η0 across a cylindrical geometry of length L and diameter D gives a pressure
drop ∆P = 128η0 LI0 /(πD4 ). The displacement of the
gas/liquid interface along the tube implies that the remaining tube’s length of water filling L(t) = Ltube − v0 t
decreases. If the tube was filled with water only, a linear decrease of pressure is expected, after some transient
corresponding to the fast elastic response of the whole
pumping system to the start-up of the pump. We observe instead a maximal value for the pressure drop at a
time tmax after the start of the withdrawing, see Fig. 3
(c) with tmax ≈ 10s. The time tmax corresponds to the
time necessary for the fluidized front to reach the tube’s
outlet, when the whole granular material is suspended.

tmax =

φ0c − φ0
πD2
Ltube
.
0
φc
4I0

)
φ0(SP
= φ0
c

vf ront /v0
,
vf ront /v0 − 1

(2)

(3)

and from the pressure signal (Fig. 3(b)):
)
φ0(∆P
= φ0
c

Ltube πD2 /(4I0 )
.
Ltube πD2 /(4I0 ) − tmax

(4)
0(SP )

From the spatio-temporal diagram on Fig. 3 (a) φc
≈
0.66 ± 0.035; from the pressure signal on figure 3 (b)
0(∆P )
φc
≈ 0.74 ± 0.04. The granular material in the fluidized front shows here a significant compaction state
compared to its initial filling fraction φ0 = 0.33, even
if this level reaches approximately 66% to 74% of a loose
random packing (at this compaction the suspension can
still flow smoothly, although the effective viscosity has
increased compared to the pure carrying fluid nominal
viscosity value [8]). The two methods used to provide estimates of the filling fraction in the suspended front give
a local value at the early stage of the withdrawal with
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The equation (6) can be used to determine the effective
viscosity ηef f . These values calculated from the pressure
evolution during evacuation of the tube are summarized
in Fig. 4 (a). We observe a decrease of the effective viscosity with larger flow rate, and the trend seems to follow the
scaling ηef f ∝ η0 I0−1.8 . This decrease with increasing values of the flow rate could be understood if we consider the
evolution of the filling fraction in the fluidized front, for
increasing values of the imposed withdrawing rate. The
air/liquid interface bulldozing the initially sedimented
granular matter is preceeded by a fluidized front formed
by suspended granular matter which progresses faster,
see the spatio-temporal diagram in Fig. 3(a). Larger imposed withdrawing flow rates lead to the suspension of
larger amounts of the initially sedimented granular material due to higher shear in the liquid phase. Suspended
particles get further apart from each other and the filling
fraction in the fluidized front decreases. Standard laws
for the rheology of dense suspensions predict an increase
of the effective viscosity of suspensions with the filling
fraction, with a singularity at the maximal packing fraction, as in the Maron-Pierce correlation [33] :
η
−2
= (1 − φ0c /φc ) .
(7)
η0
If we input the scaling relation obtained from Fig. 4(a)
we can estimate how the filling fraction in the fluidized
front is expected to evolve with the imposed flow rate :
I00.9
(8)
B
with B ≈ 41.5. It predicts a decrease of the filling fraction in the suspension as the flow rate increases, see the
dashed line in Fig. 4(b). The symbols represent the fill0(∆P )
ing fraction values φc
estimated from the time tmax
on the imposed pressure curves, see Fig. 3(c). The experimental data points doesn’t show a very satisfying agreement with the trend given by eq. (8). The error bars
φ0c = 1 −

102

1
φc’/φc

4
∆P (t) = 128ηef f (L(tmax ) − v0 t) I0
πD4
2

∂∆P
4I0
1
= −128ηef f
2
∂t
πD
D2

104

ηeff/η0

φc
, and a global value after averaging over the en0(∆P )
tire suspension front growth with φc
. This difference
may explain the discrepancy between the two estimates
as some transient initial elastic response of the setup are
magnified with the former, and smoothed out with the
latter.
After tmax the suspension is evacuated and the imposed
pressure decreases with time. The Hagen-Poiseuille law
here has to be considered with the effective viscosity
of the suspension being larger than of a pure water,
ηef f ≥ η0 . The slope of the final pressure decrease for
t ≥ tmax is then determined by the effective viscosity
ηef f :

0.5
(b)
1

10
I0 (mL/min)

100

FIG. 4. (a) Effective viscosity ηef f normalized by the viscosity of water η0 and estimated from eq. (6), and (b) estimated
0(∆P )
in reduced units,
filling fraction in the suspended front φc
versus withdrawing flow rate I0 in logscale. The filling fraction of the initially sedimented glass beads is φ0 = 0.5ϕc . The
dashed lines correspond (a) to the best linear fit in logscale
ηef f /η0 ∝ I0−1.8 , and (b) to the prediction obtained from
the Maron-Pierce correlation with the previous fit used as
an input. The shade and the size of the symbols gives from
light to dark and from small to large respectively the beads
sizes dbeads ∈ [53 − 75], [75 − 100], [100 − 150], [150 − 200] and
[200 − 300]µm.

show the limited accuracy of the method for estimating
the filling fraction in the suspension front.

FRICTIONAL REGIME
Plug size distribution

At low flow rates the granular material reorganizes
into a series of plugs and gaps all along the tube. The
gas/liquid interface is bulldozing the granular material
which forms a growing accumulation front. At some point
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the frictional interaction of the accumulation front with
the confining boundaries becomes so large that a pore
invasion process takes place and the gas percolates inside
the accumulation front. The liquid in the accumulation
front is displaced by the invading air and the granular
packing gets partially drained. After a fraction of the
accumulation front has been partially drained, it splits
from the still fully immersed accumulation front, see the
detail in Fig. 5(b). The gas/liquid meniscus continues to
bulldoze the material ahead, leaving behind a static plug
of partially saturated granular material. The repetition
of this cyclic process runs all along the tube which contains a series of plugs at the end of the experiment, see
Fig. 5 (a), and the spatio-temporal diagram in Fig. 2 (b).
The image analysis of the final state, see Fig. 5 (a), has
been used to extract quantitative information about how
the plugs are distributed. Histograms of plugs and gaps
size are obtained, see Fig. 5 (c), and the evolution of the
average plug size obtained for different bead sizes is represented on Fig. 5 (d). No clear trend appears here and the
plugs obtained have average sizes hLplug i = 7.7 ± 3.1 mm
for all bead sizes used.
The average plugs size and gaps size is also measured
as a function of the initial filling fraction for beads size
dbeads ∈ [200 − 300]µm, see Fig. 5 (e). As expected the
relative size of the gaps to the plugs is decreasing with
the filling fraction. The series of plugs corresponds to the
reorganization of the initially sedimented granular material, maintaining the initial filling fraction of granular
material φ0 (fraction of cross-sectional area occupied by
sedimented grains). Large gaps compared to plugs are
then expected when the initial filling fraction is small.
Small gaps are expected when the initial filling fraction
is large, as the large amount of granular material occupies
a large fraction of the available space. Fig. 5 (e) shows
that the plug size is almost constant with the initial filling
fraction of grains in the tube. The gaps sizes accommodate then most of the filling fraction changes. The conservation of the filling fraction after reorganization of the
granular material into a series of plugs leads to rewrite
the initial filling fraction as φ0 = Lplug /(Lplug + Lgap ).
An assumption that the plug size L0plug is independent of
filling fraction leads to a good estimate of the gap size as
a function of φ0 :


1
0
−1 ,
(9)
Lgap = Lplug
φ0
see the dashed line on the Fig. 5 (e).
Permeability generated

The measurements of the pressure imposed by the
pump at low flow rate exhibit a sawtooth shaped behaviour. The pressure slowly increases until a maximal
value is reached before it drops quickly, see Fig. 6 (a)

(inset). On top of these fluctuations, an increasing trend
is observed, see the uncorrected signal on Fig. 6 (a) with
black line. It is an effect of the viscous dissipation of
the gas flow across a growing number of plugs formed.
The pressure imposed by the pump can be decomposed
into two contributions: (i) The cyclic bulldozing and plug
splitting events correspond to a stick-slip dynamics leading to the sawtooth shape; (ii) The flow of air across the
growing number of plugs formed generates an increasing
viscous dissipation with time, which corresponds to the
global pressure increase. A global correction is then applied to remove the contribution from the air flow by
considering the total pressure increase ∆P (tend ) measured at the end of the plugs formation process, see
Fig. 6(a). The pressure increase due to the viscous dissipation of the air flow across the formed plugs is assumed
to follow a linear trend ∆P (t) = ∆P (tend )t/tend . The
frictional dissipation is then assumed to contribute as
∆Pf ric (t) = ∆Pmeasured (t) − ∆P (tend )t/tend .
We estimate the permeability of the total plugs series
tot
to air flow by means of a Darcy law :
kplugs

∆P (tend ) = 4ηair I0

X

(i)

tot
2
Lplug /(kplugs
πDtube
),

(10)

i

with ηair the viscosity of air, and the total final plug
P (i)
length sum i Lplug = φ0 Ltube , which is determined by
the initial filling fraction φ0 as if all plugs formed were
end-to-end all together. The gaps between two plugs are
not assumed to contribute significantly to the measured
pressure drop. For a granular packing made of beads
of diameter dbeads , and packed with a filling fraction
ϕc , the Carman-Kozeny equation gives an idealized estimate of the permeability k0 = (d2beads /180)(1 − ϕc )3 /ϕ2c .
The approximated permeability for glass beads in the
range [200 − 300]µm with a packing fraction ϕc is then
k0,250 ≈ 1.5 × 10−7 cm2 , which gives the same order
of magnitude as for the experimental measurements reported in the past for gaseous flows across a porous media formed by a packing of glass beads of similar sizes
[28, 34, 35]. The Figure 6(b) gives the ratio of the measured plugs permeability k to the ideal permeability k0 .
The number of ideal geometrical pathways visited by the
flow of air through the plugs series appears to be strongly
reduced. The flow of air across formed plugs seems to follow only 5 to 60% of the geometrical pathways. This is
most likely related to the partial saturation of the formed
plugs. During the drainage process a fraction of the total water contained in the granular packing remains in
the plug. The water is trapped with no possibility to escape after the splitting, which is obstructing a fraction of
the interstitial voids, and reduces the permeability of the
plugs. Small beads size seem to increase the trapping of
water.
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FIG. 5. (a) Detail of the final series of plugs obtained with beads size dbeads ∈ [200 − 300]µm, after pumping out water at a
flow rate I0 = 0.3 mL.min−1 . The initial filling fraction used here is φ0 = 0.4ϕc . The red line corresponds to the square signal
measuring the idealized granular material profile along the tube. The scale is given here by the external diameter of the tube
which is 4 mm. (b) Detail of the formation of one plug. (c) Histogram representing the distribution of plugs size (dark gray),
and gaps size (light gray) for the observation reported in (a). (d) Average plug size measured as a function of beads size (solid
squares, error bars measure the largest difference obtained for the average plug size between two experiments done for the same
beads size). The two dashed lines are bounding the domain covered by the semi-analytical predictions based on eq (17) with
α ∈ [0.1, 0.6], λ = 7.2 mm, κ = 0.7, σg = 4.5 Pa, and Ppore = γ/dpore , with γ = 72 × 10−3 Pa.m and dpore from Fig. 7 (b). (e)
Evolution of the average plugs size (solid squares), and gaps size (open triangles) as function of the initial filling fraction φ0 for
beads size dbeads ∈ [200, 300] µm. The dashed line shows the expected trend for gap size with a fixed value for plugs L0plug = 5
mm.

Pressure variations

As we mentioned above, during the formation of the series of plugs the pressure shows a typical sawtooth shape.
Slow increases of pressure stop at a peak value Pmax , before a sudden pressure drop ∆P , see on Fig. 6(b). After correcting the pressure measurement, the maximal
pressure values are fluctuating around an average value
hPmax i as shown in Fig. 7(a). The maximal pressure
increases as the beads sizes decreases. This trend is consistent with the decreasing pore sizes obtained with finer
particles. The interstitial space between glass beads being smaller with smaller beads, the pressure necessary to

bend the gas/liquid interface into the granular accumulation front increases. The characteristic pore size dpore
has been estimated by making use of the Laplace law
Pmax = 4γ/dpore , and is represented in Fig. 7(b) for various bead sizes.

Janssen stress structure

The formation of the series of granular plugs is a cyclic
process that can be decomposed into three steps :
Step 1 - Capillary bulldozing : The stress is imposed
by the syringe pump into the system, the gas/liquid interface transfers the stress towards the granular mate-
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FIG. 6. (a) Measurement of the pressure imposed by the syringe pump during the formation of plugs dominated by frictional dissipation (black line), and after correcting the viscous
dissipation of air flow across the plugs already formed (purple
line). A withdrawing rate I0 = 0.3 mL min−1 is imposed here
with glass beads of diameter dbeads ∈ [200 − 300]µm. The
inset shows the zoom over the part of corrected signal highlighted with the greyed rectangle. (b) Average value of the
effective permeability of individual plugs formed, normalized
by the geometrical permeability determined by the beads size
and the Carman-Kozeny formula.

rial which responds by a frictional displacement. As the
gas/liquid interface moves, a front of accumulated granular material increases, and so does the frictional stress.
Step 2 - Drainage : At some point the pressure required to sustain the frictional displacement becomes
larger than the pore entry pressure Ppore of the compacted granular material. It corresponds to the Laplace
pressure across a curved meniscus between the grains so
Ppore = 4γ/dpore where γ is the surface tension of the
gas/liquid interface, and dpore the pore size. Once the
pressure imposed by the syringe pump has reached this
value, the gas/liquid interface enters the granular material and a drainage process takes place.
Step 3 - Split and slip : The fast drainage process
by pore invasion ends when the partially drained section
of the accumulation front splits from the rest, and is
left as a static plug in the tube. The splitting occurs
after enough compacted granular material is drained
so that the frictional interaction with the confining
walls is reduced. The still immersed granular material

0

50

(b)
FIG. 7. (a) Average maximal pressure peak Pmax and (inset)
pressure drop ∆P values as function of bead size dbeads . (b)
Effective pore diameter dpore corresponding to the average
maximal pressure Pmax as a function of bead size dbeads . The
dashed line gives a slope dpore = 0.65dbeads .

can then be bulldozed further. Once the plug has
split the pressure is reduced by the viscous slip of the
accumulation front, before a next frictional displacement
takes place.
The drainage and plug splitting is captured by the series
of close-ups on Fig. 5(b).
Janssen’s model As the capillary interface slowly
bulldozes the sedimented granular material, a granular
front of packed beads develops. The granular material
slowly compactifies, and the contacts between the grains
form force chains which are distributing the stress applied by the interface. We can establish a force balance
on a slice dx of the compacted accumulation front, see
Fig. 8(a):
πD2
πD2
σxx (x) −
σxx (x + dx) − πDdxσw (x) = 0.
4
4
(11)
The dynamics is here assumed to be quasi-static. A resistive tangential stress at the tube’s wall σw (x) is considered. It takes into account the contributions from
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imation σ0 ≈ µσg in all the following numerical estimates. A more detailed modelling is reported in [32]
which takes into account a more accurate wedge-shaped
retaining profile with tangential interaction with the confining walls, and the shearing into the unperturbed sedimented granular material. With our parameters it gives
a corrective prefactor of ≈ 1.2 which we have decided to
neglect in this study.
As the gas/liquid interface progresses the sedimented
granular material accumulates into a growing compaction
front. The image processing of each experiment provides the time evolution of the compaction front length
L(t). On Fig. 8(b) we have plotted the synchronized
pressure imposed by the pump P (t) and the length of
the compaction front L(t) during several plug formations.
The compaction front length increases together with the
imposed pressure. This trend is consistent with the
Janssen’s model which assumes an exponential growth
of the imposed pressure with L. The pressure driving
the gas/liquid interface is given by the eq (13) at x = 0 :
P (t) = (σ0 + σg /κ) exp (L(t)/λ) − σg /κ.

(14)

0
0

100

200
dbeads (µm)

300

(c)
FIG. 8. (a) Schematics illustrating the force balance considered to extract the Janssen’s length scale. (b) Detail of
the pressure P and accumulation front length L time series
for dbeads ∈ [200, 300] µm, and with a withdrawing flow rate
I0 = 0.1 mL min−1 . (c) Janssen’s length scale best fitted
value λef f as a function of beads size dbeads . The dashed line
corresponds to the mean frictional length hλef f i = 7.2 mm.
The inset shows the linear fit for L(t)/λef f following eq. (14),
obtained in the same experimental conditions as stated in (b).

the stress redirection due to the Janssen’s law σrr (x) =
κσxx (x), and from the weight of the granular material
slice σg = ϕc ∆ρgD/4. The force balance results in an
Ordinary Differential Equation :

dσxx
4
σg 
+ µκ σxx (x) +
= 0,
dx
D
κ

(12)

with a solution written as:
σxx (x) + σg /κ = (σ0 + σg /κ) exp[(L − x)/λ)].

(13)

We have introduced here the notation λ = D/(4µκ) for
the frictional length. The longitudinal stress vanishes
after a certain distance L from the bulldozing capillary
interface. The longitudinal stress boundary condition at
this point is denoted σ0 . It originates from the gravitational stress on the glass beads bounding the compacted granular front, see the blue profile on Fig. 8(a).
For the sake of simplification we are using the approx-

A sharp increase in L can be observed just before
each slip, which is an artifact coming from the length
estimation scheme. For some few points in every cycle
our algorithm is not able to distinguish the drained
section from the still-immersed accumulation front, both
appearing with a maximal filling fraction without air
gap in between (see the three top pictures in the close-up
detail of one plug formation in Fig. 5(b)). Each sharp
increase in L corresponds to the total length of the
drained plug about to detach, added to the immersed
accumulation front.
On the Fig. 8(c) (inset) we use the pressure P (t)
and accumulation front length L(t) time-series to plot
L(t)/λef f as a function of ln[(P (t) + σg /κ)/(σg /κ + σ0 )],
for a withdrawing rate I0 = 0.1 mL min−1 and beads
size dbeads ∈ [200 − 300]µm. We use the frictional
parameter value κ = 0.7 to estimate σg /κ. We obtain a
linear relationship and the parameter λef f is adjusted to
match the equation (14). The best fitting values for λef f
is represented on Fig.8(c) for every beads sizes, with an
average value hλef f i = 7.2 mm. Such a value for the
frictional length obtained with a Janssen’s coefficient
κ = 0.7 [21, 22, 32], indicates an effective frictional
coefficient µef f = 0.1. This value appears quite low
compared to standard glass-glass friction coefficients.
A low friction coefficient maybe due to lubrication
and rolling effects that the present model do not take
into account. In addition, the experimental error bars
considered for λef f opens the possibility to consider
smaller frictional length values, which would in turn
correspond to larger frictional coefficients.
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Plug size prediction

Modelling the frictional stress inside the accumulation
front can be used to explain the observed plug length evolution with beads size showed on Figure 5(d). The pore
invasion step, prior to the plug splitting in the cyclic process structuring of the confined granular matter, starts
when the pressure imposed by the syringe pump reaches
the pore pressure value Ppore , at this stage the size of the
accumulation front Lmax can be obtained from equation
(14) :
Ppore = (σ0 + σg /κ) exp(Lmax /λ) − σg /κ.

(15)

The pore invasion process drains away a fraction α =
k/k0 of the water saturating the accumulation front, see
Fig. 6(b). The flow of air invading the packed granular
material is observed close to the top side of the tube, so
that one can assume that the top fraction α of the cross
sectional area of the packing is getting drained. At the
forefront of the invading air phase, a hydrostatic pressure
force (απD2 /4)Ppore is acting on the compacted grains
forming the accumulation front. The length of the accumulated front length ahead of the invading air phase is
decreasing, until the air phase has progressed over a distance Lplug inside the packing, when a next slip becomes
possible. The hydrostatic pressure force applied at the
forefront of the air phase invasion, on a reduced cross
section of the granular packing, overcomes then the frictional resistance of the still immersed accumulated front
ahead :


Lmax − Lplug
− σg /κ.
αPpore = (σ0 + σg /κ) exp
λ
(16)
From that moment the still immersed granular material
experiences a next bulldozing from capillary forces, while
the partially drained part forms a static plug permeable
to air flow. Combining eqns (15) and (16) helps to provide an estimate for Lplug :




Lplug
Ppore + σg /κ
1+F
= ln
= ln
. (17)
λ
αPpore + σg /κ
α+F
This relationship brings out a dimensionless number F =
σg /(κPpore ) measuring the ratio between gravitional to
capillary stresses in the confined granular phase. Capillary stresses must be large enough compared to gravitational to allow for a bulldozing, and in our experiment
F ≈ 10−5 so that this condition is satisfied.
This prediction of the plug length is then mostly dependent on the estimation of the fraction α of removed water from the accumulation front after drainage. Based on
the observations in Fig. 6(b) we have considered a range
α ∈ [0.1, 0.6] and calculated the corresponding range
of plug sizes thanks to eq. (17) as a function of beads

size dbeads . We obtained the greyed area in Fig. 5(d),
for the measured pore pressure values Ppore reported on
Fig. 7(a). The frictional parameters κ = 0.7 have been
used, and the effective frictional length λ = 7.2mm from
Fig. 8(c). This analytical prediction encompasses the
experimental observations, but could be improved with
more accurate measurements of α.
TRANSITION

A phase diagram had been established [1] to distinguish the two different displacement regimes obtained
when the flow rate I0 and the glass beads’s size dbeads
were varied, see Fig. 9. The viscous regime is observed for
large values of flow rate, and requires larger flow rate values for larger glass beads. On the contrary the frictional
regime is observed for small values of flow rate, and is visible for slightly smaller flow rate values for smaller glass
beads. In between the two main regimes, a third transitional regime can be observed for a range of intermediate
flow rate values. In this transitional regime some plugs
are formed irregularly, together with the propagation of
a fluidized front. A frictional dimensionless number :
δPvisc
(18)
N=
δPF ric
had also been introduced and tested to predict the transition between the frictional and viscous regimes of displacement [1]. Here we are using it to estimate the stable
formation of one plug subject to the viscous drag corresponding to the flow rate I0 by focusing on the stability
of a slice δL of an accumulation front. The viscous stress
exerted on an accumulation front of size δL can be derived from the Darcy’s law :
δPvisc =

η 4I0
δL.
k0 πD2

(19)

with the liquid viscosity η, the flow rate I0 , the permeability k0 , the size of confinement D. The permeability
can be estimated from the Carman-Kozeny equation as
above. The frictional resistance of an accumulation front
of size L has been estimated in eq. (14), which gives for
an accumulation front of size δL :
δPf ric = (σ0 + σg /κ) exp (δL/λ) − σg /κ.

(20)

Large flow rates leading to viscous stresses larger than
the frictional resistance (20) do not allow the formation
of an accumulation front of size δL.
Eqs. (19) and (20), combined together for a unity value
of the frictional number defined in (18), give a maximal
flow rate value compatible with a plug formation of size
δL, i. e. when frictional and viscous dissipation are of
similar magnitude :
I0,N =1 =

k0 πD2
[(σ0 + σg /κ) exp (δL/λ) − σg /κ] . (21)
4ηδL
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FIG. 9. Phase diagram showing the three different multiphase flow regimes when the rescaled grains size dbeads /D
and the frictional number N are varied. The following frictional parameters are used here to calculate N : δL = 5λ,
λ = hλef f i, κ = 0.7, ϕc = 0.6, ∆ρ = 1.463 × 103 kg
m−3 . A viscous dissipation regime is observed for large values of the frictional number N ≥ 10 (solid square), whereas
a solid friction dissipation regime is observed for small values N ≤ 1 (solid disk). Intermediate frictional number values
N ∈ [1, 10] corresponds to intermediate displacement regimes
exhibiting characteristics from both regimes with plug formation and growing suspension front (open circle). The blue
shaded area covers the transitional regime with the empirical
scaling N ∝ (dbeads /D)−0.4 . Insets show spatio-temporal diagrams obtained in the central part of the tube showing the
gas/liquid interface displacement from right to left with the
longitudinal axis horizontally and the time axis developing
downwards, at flow rate I0 = 3 mL min−1 and beads size
dbeads ∈ [100 − 150]µm (viscous regime), I0 = 3 mL min−1
and beads size dbeads ∈ [150 − 200]µm (transitional regime),
and I0 = 0.1 mL min−1 and beads size dbeads ∈ [75 − 100]µm
(frictional regime).

In Fig. 9 we can observe the transition between the
two regimes dominated by viscous and frictional dissipation respectively at large and low values of the frictional number. To calculate N from eqs. (18), (19) and
(20), we used the following frictional parameters κ = 0.7
and µef f = 0.1 derived from the mean frictional length
hλi = 7.2 mm estimated on Fig. 8 (c). It appears that
an accumulation front size δL ≈ 5λ must be considered
to get a unity values of the frictional number when the
viscous regime crosses over to the frictional regime. The
blue shaded area covers the transitional regime with an
empirical scaling N ∝ (dbeads /D)−0.4 .

In this paper we are reporting a detailed investigation on how a sedimented granular material immersed
in water and confined in an horizontal millifluidic tube
responds to the displacement of an air/water interface.
The meniscus is bulldozing the initially sedimented granular material following two different regimes determined
by the flow rate I0 imposed in the tube, and the beads
size dbeads of the granular material used.
A large imposed flow rate leads to large displacement
speed of the meniscus. The sedimented granular material gets fluidized as the interface approaches and a
fluidized front develops ahead. We performed measurements of the pressure imposed by the syringe pump P (t).
We explained the non-monotonous evolution of the pressure difference by modelling the propagation of a fluidized
front perturbing the sedimented granular bed, and then
the discharge of the fluidized granular material out of the
tube. The study of the pressure difference ∆P required
to impose the given flow rate I0 has shown that the effective viscosity ηef f in the fluidized front is a decreasing
function of I0 .
A small imposed flow rate leads on the contrary to a small
displacement speed of the meniscus. The sedimented
granular material is slowly bulldozed by the progressing
meniscus, and a cyclic process takes place, decomposed
into (i) the slow accumulation of a granular front, (ii) the
rapid drainage of the water through a section of the accumulation front once the pore pressure is reached, and (iii)
the granular plug splitting and a quick viscous dissipation
before the slow accumulation starts again. This leads
to the re-structuring of the initially sedimented granular
material into a series of granular plugs left in the tube
once the meniscus finishes its progression.
The average size of the plugs and the gaps is consistent
with a mass conservation of the granular material inside
the tube. This confirms that the progress of the meniscus
has re-organized the initially sedimented granular material. An observation done for glass beads of diameter
dbeads ∈ [200 − 300] µm has shown that the average plugs
size is nearly constant whatever the initial filling fraction.
The size of the plugs formed seems even to be independent of the beads sizes with Lplugs ∈ [6, 10] mm.
The pressure variation during the plug formation process
has a typical sawtooth shape which is a signature of an
underlying stick-slip process. The maximal pressure peak
reached before the rapid drainage and plug splitting has
been used to estimate the pore sizes in the accumulation
front.
The evolution of the pressure variations with the obtained plug size distribution has been also interpreted
by means of the Janssen’s model. A typical frictional
length λ ≈ 7.2 mm appears in the evolution of the pressure required to slowly bulldoze the accumulation front,
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independent of the beads sizes.
A predicting model for the transition from a viscous to a
frictional dissipation regimes has also been proposed with
a dimensionless frictional number N . It can be used to
provide an estimate of the critical flow rate as a function
of the beads size; the density contrast between the granular material and the liquid; the viscosity of the liquid.
Further experimental characterizations should however
be considered to test and improve the robustness of the
present prediction over the whole set of parameters. In
particular measuring the critical flow rates for different
density contrasts by making use of beads formed out of
different materials would probably be the next step. Similarly, changing the viscosity of the fluid phase by mixing
water with glycerol in different concentrations could also
be considered.
The generality of the here documented physical phenomena could also be inferred from changes of the granular
matter wettability. At the interface, the wettability will
mostly impact the maximal pore pressure Ppore . For hydrophobic beads an interesting mirror-experiment could
be conducted with a dry sedimented hydrophobic granular matter bulldozed by a progressing water interface. We
are expecting then to find the same displacement regimes,
with a structuring of the granular phase into plugs when
the solid friction dominates, and a fluidization regime
when the viscous dissipation in the gas phase dominates,
at very high imposed flow rate most likely.
The present work has been conducted on a specific horizontal tube-flow configuration. It possesses an interest for the handling of complex so-called frictional fluids in geometrical confinements, such as innovative catalytic processes [36], or waste water or biomass slurries
management [37, 38]. We provide here observations and
discussions about competing or collaborative effects of
viscosity, solid friction and capillarity leading to diverse
flow behaviours ranging from non-Newtonian rheological
properties to pattern formation.
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scheme, project number 262644 for the Porous Media
Laboratory. BS acknowledges support from the Ser
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