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Dynamics of a gas bubble rising through a thin immersed layer
of granular material: an experimental study

L. Gostiaux, H. Gayvallet, J.-C. Géminard

Abstract Packings of non-cohesive grains, immersed in a
fluid, differ significantly from classical porous media as the
grains, subjected to stresses and flows, can move within
the sample, changing then the local properties of the
material. We study experimentally the conditions for a
gas to pass through a layer of immersed granular mate-
rial. Above a threshold pressure, which depends mainly
on the grains size and on the surface free energy of the
liquid-gas interface, the gas creates a channel within the
whole thickness of the layer.
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1
Introduction

Granular materials exhibit complex and puzzling phenom-
ena. Understanding the behavior of materials constituted
from a large number of non-cohesive grains is of great
practical interest as granular materials are involved in
many industrial processes as well as in many natural phe-
nomena. The complex static and flow properties of dry
granular materials (i.e. the grains are in vacuum or the
interstitial fluid is a gas, such as air) have been extensively
studied during the last decades [1]. Immersed granular ma-
terials (i.e. the interstitial fluid is a liquid, such as water)
also focus attention as they appear in many geophysical or
industrial situations. For instance, sand ripples, that form
on the ocean floor, play an important role in the trans-
port of sediments [2]. The mixing of a powder and a fluid
is obviously a daily operation of the processing industry.

The strength of granular matter is an important
macroscopic property. Under many circumstances, a gran-
ular material at rest can sustain a load (i.e. it behaves
like a solid). Under different circumstances, they flow like
liquids. Both immersed and dry granular materials sub-
mitted to a shear stress exhibit frictional properties like
solids [3]. Vibrated granular layers exhibit surface waves
like liquids [4].

We are concerned here with a practical situation: A
large volume of gas is trapped underneath an immersed
layer of granular material. We study the conditions under
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Fig. 1. Experimental setup

which the gas can escape the system. In the everyday life,
if one pours liquid at the surface of a powder, a large
amount of air can remain trapped within the granular
material. This is the case when one tries to prepare a
drug by pouring first the powder and then the water, or to
mix pancake mix by adding water to flour. In nature, this
situation corresponds, for instance, to gas produced by
decomposition of organic materials that remains trapped
underneath a layer of sediments.

2
Experimental setup

The principle of the experiment is the following: An im-
mersed layer of grains rests on a horizontal rough plate.
Below, a chamber contains a large volume of gas. The two
parts of the system are connected by a hole. We increase
and measure the pressure in the chamber and observe the
bubbles that go through the granular layer.

The experimental setup (Fig. 1) consists in a vertical
plexiglass tube (inner diameter 90 mm, height 300 mm)
divided in two parts along its length. The granular layer
(thickness s) lies at the bottom of the upper part. The
grains are immersed in water (height h, ranging from 0 to
250 mm). The lower part of the cylinder forms a chamber
(volume V = 63 cm?) which is filled with air. We measure
the pressure P in the chamber (relative to the outside pres-
sure) with the help of a pressure transducer (A) (OMEGA
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PX170). A mass flow controller (B) (EL-Flow F201C) in-
troduces air in the chamber at constant rate D (0.2 to
4.3 mg/s). The two parts of the system are connected by
a channel (diameter 6 mm), ended by a hole (diameter d,
ranging from 1 to 3 mm). A PC computer, equipped with
an acquisition board (Data Translation DT300), makes
possible to control the mass flow, and to record the pres-
sure signal. The accuracy of the pressure measurements is
0.1 Pa with a time resolution of about 0.1 ms. In addition,
we digitize images of the granular layer with a video frame
grabber (Data Translation DT3155).

The granular materials consist of monodisperse spher-
ical glass beads (diameters 112 4+ 12, 225 £ 25, or 450 +
50 pm). We use clean grains (without any specific surface
treatment) immersed in water, except when specified.

The preparation of the system previous to each of the
experiments is the following: We introduce initially a given
amount of granular material in the upper part of the cylin-
der. We afterwards pour a volume of water large enough to
immerse all the grains. During this preparation procedure,
in order to avoid water or grains to flow down through
the hole, a small mass flow of air helps in maintaining an
overpressure in the chamber. We obtain a flat free surface
of the granular layer by stirring the mixture with a rod,
breaking the flow, and waiting for a complete deposition
of the grains by slow sedimentation. We then impose a
given mass flow D, observe emission of bubbles through
the layer and simultaneously record the pressure signal.

3

Experimental results

The typical behavior of the pressure P as a function of
time is shown in Fig. 2. The pressure increases almost lin-
early while the free surface is at rest and the gas trapped
in the chamber (The non-linearity of the pressure increase
is explained by a thermal effect, see Appendix). When the
pressure reaches a threshold value P, a bubble of gas
suddenly escapes through the granular layer, leading to a
rapid pressure drop to P,.;,. One can notice that P,,;,
is well defined and presents only little fluctuations that
compare to the accuracy of pressure measurements. By
contrast, P, fluctuates by 10% around its mean value.
The duration of the pressure drops from Py,q. to Py is
less than the characteristic time of the pressure transducer
(about 0.1 ms). This part of the pressure signal cannot be
described with our experimental setup. On the other hand,
the characteristic time of the pressure increase is given by
(Pmaz — Pmin)/D and imposes the periodicity of the phe-
nomenon. We point out, that the preparation procedure
does not make possible to observe and analyze the first
emission of gas. Moreover, on a long time period, much
longer than the experimental times we are concerned with
herein, the emission of bubbles leads to the formation of a
crater. In the following, we give results obtained during the
early steady regime, after emission of the first bubble, and
before the deformation of the free surface is significant.
We measure systematically the minimum P,,;,, mean
Prican, and maximum P,,,, pressures during the first 120
seconds (Fig. 2). After each emission of gas, the pressure
drops down to the same value P,,;,. We define Pp,cqn as
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Fig. 2. Typical behavior of the pressure P vs. time t.
Prin = 130 Pa, Ppoy = 2930 Pa, and Prae = 5900 Pa. (D =
0.22 mg/s, s = 13 mm, h = 40 mm, d = 2 mm, beads 112 pym)
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Fig. 3. Pressures Pnaz, Pmean, and Pp,in vs. water height
h. The vertical line corresponds to the layer thickness s.
(D = 0.22 mg/s, s = 20 mm, d = 2 mm, beads 225 pum)

the mean value of the pressure over time. On the other
hand, the pressure P,,,, is the absolute maximum value
reached by the pressure during the acquisition time. We
analyze, in the following, the influence of the experimental
parameters d, h, s, D, V, and R on the pressure signal.

e The results do not depend, in any characteristics, on
the diameter d of the hole in the range 1 to 3 mm. For large
d, the small glass beads can flow down to the chamber, so
that we limited our study to d < 3 mm. We choose the
diameter of the hole larger than the characteristic size of
the beads so as to insure that the formation of the bubble
is not limited by the hole itself.

e The water level h only shifts the value of the pressure,
according to the hydrostatics (Fig. 3): The slope of the lin-
ear interpolation of each of the pressures versus height h
(e.g. 9.81 10% Pa/m) corresponds to the static variation
of pressure in water at rest. In the following, we denote
PY . and P%.  the maximal and minimal pressures esti-
mated for h = s. This case corresponds to an immersed
granular layer, the thickness of the water layer on top of it
being zeroed. We already notice, that the minimum pres-
sure P?. ~ 0 in all our experimental conditions.

e The maximal pressure P does not depend on the
granular layer thickness s (Fig. 4). This result holds true
as long as s < 50 mm, while the diameter of the container
is 90 mm. We decreased the diameter of the container,
and checked that PY  is unchanged as long as s remains
smaller than the radius of the cylinder. When the layer is
thick, a large amount of gas can form a bubble trapped in
the granular material which is then globally lifted. In the
following, we exclude these finite-size effects by limiting
our study to thin layers (i.e. smaller than 50 mm).
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Fig. 4. Maximum pressure PJ.. vs. layer thickness s
(D =0.22 mg/s, h = 100 mm, d = 2 mm, beads 112 pm)
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Fig. 5. Pressures P%.., P2 ... and P2, vs. mass flow D
(h =100 mm, d =1 mm, s = 25 mm, beads 225 um)
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Fig. 6. Pressure P vs. time t. The pressure signals have been
arbitrary shifted in the sake for clarity (h = 100 mm, d = 1
mm, s = 25 mm, beads 225 pym)

e The maximum pressure P2 does not depend on the
mass flow D in the whole accessible range (0.2 to 4.3 mg/s,
Fig. 5). On the other hand, the mean value of the pressure
over time P,,.qn decreases linearly when D is increased.
For large D, the pressure signal looses the periodicity that
we observe for small mass flows (Fig. 6); The pressure sig-
nal presents two different types of pattern. One of them is
composed of more or less regular successions of pressure
increases and drops between P, and P,,,, which cor-
respond to emissions of distinct bubbles. By contrast, for
significant periods of time, the pressure fluctuates close to
its minimum value P,,;,,. Bursts of small bubbles are then
emitted through the granular layer. The duration of these
bursts increases with the mass flow D, leading to the ob-
served decrease of Py,cqn. One can then define a threshold
value of D above which P,,cq, is expected to be zeroed
(For instance, D = 6.2 mg/s, for h = 100 mm, d = 1 mm,
s = 25 mm, beads 225 um, Fig. 6).
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Fig. 7. Maximum pressure Pla, vs. 1/R. (D = 0.22 mg/s,
d =2 mm, s =20 mm)
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Fig. 8. Pressure and light transmission vs. time (arbitrary
units). Each of the pressure drops corresponds to a sudden
increase in the light transmission

e The maximum pressure P2 does not depend on
the volume of the chamber V. A decrease of the volume
of the chamber V has, qualitatively, the same effect as an
increase of the mass flow D. The study of the dynamical
regimes as functions of the mass flow D and volume V will
be the subject of a further publication [5].

e At last, the maximum pressure P2, is proportional
to 1/R where R is the radius of the glass-beads (Fig. 7).
This dependance shows that the passage of the gas
through the layer is not limited by its ability to move
large groups of grains but by the possibility to form of a

bubble in the void space between the grains.

4
Analysis

In the following, we discuss the forecoming experimental
results and perform additional experiments in order to
check the validity of our first conclusions.

We placed a light source underneath and a photodiode
on top of the layer, and observed that a channel extends
along the whole thickness of the granular layer during
the gas emission. Indeed, the light transmission presents
a maximum for each of the pressure drops (Fig. 8).

In order to visualize the channel, we reproduced the
same experiment using a 2D vertical granular layer: The
mixture of grains and liquid in sandwiched between two
vertical glass plates (gap 2 mm). Air is injected at the bot-
tom, through a 2 mm-in-diameter tube which is connected
to an external chamber. The evolution of the pressure as
a function of time is similar to the pressure signal given in
Fig. 2. We show in Fig. 9 a picture of the granular layer
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Fig. 9. Channel in a 2D experiment. The picture is taken at
intermediate time between two bubble-emissions

right after a bubble emission: The channel almost extends
over the whole thickness of the layer, and is sealed by a
typical blockage at the top. In order to go through the
layer, the gas creates a channel along the whole thick-
ness of the sample. After emission of a bubble, only a
small amount of granular material (typical size 10 bead-
diameters) at the upper end of the channel collapses and
forms a blockage that seals the system.

The upper part of the channel collapses as soon as
the pressure in air becomes smaller than the pressure in
water in this region: Water then tends to flow backwards
inside the channel and helps the grains to fall down and
to form the blockage. The minimal pressure P2, (Fig. 3)
corresponds to the pressure difference between air and
water at the free surface of the granular layer when
the channel closes, and the value P2, ~ 0 is not sur-
prizing.

The creation of the channel can not account by itself
for the value of the maximum pressure P which cor-
responds to the overpressure that makes possible to over-
come the blockage. The linear interpolation of P2 . as a
function of 1/R leads to:

o
szaac = E (1)
with a = 0.31 J/m?. The overpressure P2 relates to the

radius of curvature R of the air-water interface by Laplace
relation:
2
Pl =3 (2)
where v is the surface free energy. We deduce from Eq. 1
and Eq. 2, ® ~ 0.3R with v = 0.05 J/m?2. In addition,
one can check experimentally that the overpressure P?
is proportional to the surface free energy v (Fig. 10) [6].
The overpressure P2 is simply given by Laplace re-
lation involving the surface free energy of the liquid-air
interface and the size of the grains. This is the experi-
mental proof that the grains that seal the channel are not
globally lifted. The passage of the gas is limited by the cre-
ation of a path in the narrow space between three grains
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Fig. 10. Pressure P vs. time t. The pressure signal is nor-
malized by the surface free energy . The decrease in vy is ob-
tained by adding soap to water. The renormalized maxima of
the pressure signal are not changed when soap is introduced
in the system (D = 0.22 mg/s, d = 2 mm, s = 20 mm, beads
500 pm)
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Fig. 11. Measurement of P2, in a vertical tube. The tube is
filled with dry granular material and tapped. Water is poured
from the top, and we measure the water height w at equilib-
rium which relates to Poq, by Poas = wpg (p = 10° Kg/m?
is the specific mass of water and g = 9.8 m/s2 the intensity
of gravity). We find, for instance, w = 13.2 cm (resp. w =
28.0 cm) with 500 um (resp. 250 um) glass beads leading to
R = 0.31R (resp. R = 0.30R). In this case, the granular mate-
rial is compact and the flow tends to increase the compaction:
the grains can not move significantly. We measure the same
ratio %/ R in both experiments. This is the experimental proof
that P2 .. is reached when the granular packing, that forms
the blockage, reaches its maximum compacity

at contact. This physical process explains why only the
absolute maximum value of the overpressure PJ s re-
producible: The compacity of the granular material that
forms the blockage can be different after each bubble emis-
sion. The absolute maximum value P2 is then reached
only if the granular material in the blockage reaches its
maximum compacity [We performed, in addition, another
simple experiment (Fig. 11), and checked that the experi-
mental value of P9, that we measure, really corresponds
to the overpressure that allow a gas to pass through a com-
pact granular packing]. In order to overcome the blockage,
the gas initially creates a path between the grains that do
not move significantly during this process. The granular

material is advected by the flow afterwards.

5
Conclusion

We studied experimentally the ability of air to locally pass
through a thin immersed layer of granular matter. We



have shown that the gas creates, while passing through the
layer, a channel that does not collapse after emission of a
bubble; only a small amount of grains forms a blockage
(typical size 10 bead diameters) that seals the channel
at its upper end. The gas escapes the system when the
pressure is enough to create a path between the grains.
The grains do not move during this initial process, and
the granular material is only advected later by the flows
of air and water. Dependance of the threshold pressure on
the grain size as well as on the surface free energy of the
liquid-gas interface have been analyzed.

We plan to extend this work in three different direc-
tions: We will study in details the dynamical behavior of
the pressure as a function of the volume of the chamber
and of the air mass flow [5], and analyze the transition
from the periodic regime (emission of distinct bubbles) to
the continuous regime (continuous emission of gas). The
long-term deformation of the free surface induced by the
repetitive emission of gas and the formation of the crater
will also be described experimentally. At last, we plan to
extend our results to the limit where the diameter of the
container is no more much larger than the thickness of
the layer. This last experiment could help understanding
the physics of explosive volcanoes as the material in the
magmatic chamber where gas collapses is made of a mix-
ture of a fluid (magma) and grains (rocks) [7].

Appendix

The increase of the pressure from Pp,;n t0 Ppes 1S €x-
pected to be linear in time as the mass flow is constant
and the volume fixed when the gas is trapped in the cham-
ber. The non-linearity observed experimentally (Fig. 2) is
intriguing at first sight. Nevertheless, we show, in this ap-
pendix, that the sudden emission of one bubble leads to
a cooling of the gas in the chamber that accounts for the
experimental observations.

The emission of one bubble leads to a rapid pressure
drop from P,,44 t0 Ppuin. The adiabatic expansion of air in
the chamber leads to the temperature decrease AT which
satisfies:

AiTin_]-Pmam_Pmin (3)
T 7 P

with 17 >~ 1.4, the isentropic coefficient for a diatomic ideal
gas (air). When the pressure reaches its minimum value
P,uin, the air in the chamber is colder than the surround-
ing walls of the container that remained at room temper-
ature Tp.

The temperature T of the gas, which is in contact with
the walls, then increases exponentially

T(t) = To — AT exp(~ ) (4)

and reaches the temperature Ty with the characteristic
time 7, which depends on the geometry of the chamber
(We estimated, in addition, 7 ~ 2 — 4 s). The volume
of the system is constant, and the increase of the tem-
perature would lead by itself to a total pressure variation
AP ~ 0.28 (Pyaz — Pmin). Nevertheless, the mass flow
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Fig. 12. Pressure P vs. time ¢. (Thick grey line: experimen-
tal data; Dash line: theoretical model; Plain line: asymptote.)
We estimate Pmaz — Pmin = 4600 Pa. The interpolation with
Eq. 6 gives AP = 973 Pa ~ 0.21(Ppaz — Pmin) with 7 ~ 3.4 s.
(D =0.22 mg/s, d = 2 mm, s = 25 mm, beads 225 pum)

D of gas being kept constant, the mole number in the
chamber increases with time and satisfies:

D
n(t) =no + Mt (5)
where M ~ 29 g is the molar mass of air and ng the
mole number in the system right after the emission of the
bubble. Thus, the variation of the pressure P as a function
of time can be written, according to the state equation of
the ideal gas,

%z):(l’LMinot) (1—77;1ﬁeXP<—i)> - (6)

The experimental data are in quantitative agreement with
Eq. 6 (Fig. 12). Thus, the variations of the temperature
of the gas in the chamber account for the non-linearity of
the pressure increase observed experimentally.
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