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Abstract. Localized fluidization within a granular packing along an almost cylindrical chimney is observed
when an upward fluid-flow, injected through a small port diameter, exceeds a critical flow-rate. Once this
threshold reached, a fluidized area is first initiated in the close vicinity of the injection hole before gradually
growing upward to the top surface of the granular layer. In this work, we present an experimental investigation
specifically dedicated to the kinetics of chimney fluidization in an immersed granular bed. Two different tran-
sient regimes are identified depending on wether the expansion of the fluidized area is rather fast and regular,
reaching the final chimney state typically in less than 10 seconds, or, on the contrary, slow and very progres-
sively accelerated, giving rise to transient duration up to 1 hour or even more. Some systematic investigations
allow to propose several empirical scaling relations for the kinetics of chimney fluidization in the fast regular

regime.

1 Introduction

Many industrial processes rely on particle bed fluidization,
induced in most cases by a uniform fluid flow [1]. Much
less often, the fluid injection can be restricted to a small
area compared with the dimensions of the granular bed.
Very little attention has been paid to this specific situation
which generates only a partial fluidization of the system,
through a vertical fluidized chimney, and defines lateral
boundaries between fluidized and static zones. However,
localized fluidization is relevant in some industrial appli-
cations, as spouted beds, but also in the particular context
of embankment dam safety where such local structures,
observed at the downstream foot of a levee and most com-
monly referred to as “sandboil”, may indicate the pres-
ence, at an earlier stage, of an erosion process called back-
ward erosion, listed as one of the four generic mechanisms
of internal erosion [2]. Few experimental investigations
have been conducted on steady-state localized fluidization,
except the previous studies by Zoueshtiagh et al. [3] and
by Philippe et al. [4], and even less regarding the transient
upward expansion of the fluidized zone from an original
cavity to a complete chimney [4].

Towards this end and for the purpose of expanding
our previous preliminary study [4], an experimental study
was carried out to investigate specifically this transient be-
haviour at the early stages of local fluidization. Our exper-
imental procedure relies on the combination of Refractive
Index Matching and Planar Laser Induced Fluorescence
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[4] allowing a direct visualization trough the granular ma-
terial made of glass spheres immersed in an oil mixture.
In addition to the flow rate at injection, the other parame-
ters under study were the particle diameter (from 3mm to
10mm), the injection diameter (from 10mm to 40mm), and
the initial granular bed height (Hy = 80mm or 125mm).
A systematic analysis of the fluidized area expansion with
time was then undertaken, based on the measurement of
the total duration of the transient phase which allows dis-
tinguishing between a slow and very progressively accel-
erated transient regime and a faster and regular one. In
this later regime, a more systematic investigation was car-
ried out to study the kinetics of fluidized area expansion,
including the dependencies with the different control pa-
rameters, and to propose some empirical scaling relations.

2 Experiments

The experimental investigation rely on the same optical
techniques than used in our previous study [4]. These in-
clude Planar Laser Induced Fluorescence (PLIF) together
with Refractive Index matching (RIM) [5]. RIM technique
is based on the use of a solid phase and a liquid phase shar-
ing the same refractive index and consequently giving rise
to a translucent medium. After addition of a very small
amount of fluorescent dye in the liquid, PLIF consists in
illuminating the particulate system with a planar laser at
a wavelength inside the fluorescence spectrum of the dye.
Then an optical high-pass filter allows to recover a picture
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Figure 1. Experimental device (1: Gear pump; 2: Injection port;
3: Metallic mesh plate; 4. Planar lasers; 5: Over-flow set-up;
6: Reservoir) and typical picture of the granular bed obtained by
coupling RIM and PLIF techniques.

where the microstructure is directly observed as illustrated
in Figure 1.

In practice here, the solid phase is made of borosilicate
glass beads (spherical shape) of density p, = 2230kg.m™>
and with particle diameter d = 3, 5, 7 or 10mm. The lig-
uid phase is a mixture with 90% (in mass) of light min-
eral oil and 10% of immersion oil. The liquid density is
pr= 840kg.m™> and the dynamical viscosity is approxi-
mately equal to (28 +2) x 1073kg.m™'.s~! in the range of
temperature experienced during this study. The refractive
index of the liquid, which also approximately the one of
the beads, was measured equal to 1.472 at 23°c.

During an experiment, images similar the one in Fig-
ure 1 are recorded by a camera positioned perpendicu-
larly to the laser plane. Two different cameras have been
used with frame rate varying from 1 to 125fps. A sketch
of the experimental set-up is shown in Figure 1. It con-
sists in a rectangular box (width= 10cm, height= 30cm,
length= 20cm) filled by the beads sample on top of a hor-
izontal metallic 2 mm mesh plate and over an injection
port with changeable diameter D = 10mm, 20mm, 30mm,
or 40mm. The liquid is supplied at a slow rate by a gear
pump from a reservoir to saturate the granular medium
in the cell and till the over-flow condition at the top of
the device is reached. Next the pump is stopped to pre-
pare the initial bed state. For this purpose, a metallic rod
is manually and systematically stirred around within the
granular bed both to ensure a good reproducibility and to
eliminate any trapped bubbles. The global solid volume
fraction obtained with this preparation method is approxi-
mately @ = 0.61 + 0.01 for all bead diameters as estimated

Figure 2.
(d =3mm, D = 20mm, Hy = 125mm) at successive time steps
t = 1s,t = 2s,t = 55, and t = 10s, with, from top to
bottom, injection flow rates Q and transient duration 7, equal
to Q = 117.5cm’.s7 and Ty = 1.80s, Q = 68.1cm®.s7! and
To = 2.72s, Q = 50.4cm?.s7" and Ty = 4.65s, Q = 44.6cm>.s7!
and Ty = 8.30s.

Sequences of transient fluidized area expansion

from the measurement of the initial bed’s height Hy which,
in the present study, is chosen equal to either Hy = 80mm
or Hy = 125mm.

Starting from this reproducible initial sample, each ex-
periment consists in imposing with the gear pump a pre-
scribed constant flow-rate Q. The time needed for the
pump to reach the selected flow-rate is small enough to
be negligible compared to the transient time for fluidized
chimney development. The later time, noted T, is highly
sensitive to the flow-rate Q as discussed in more details in
the following section.

3 Results
3.1 Transient regimes of chimney fluidization

As shown in the pictures of Figure 2, the duration of
the transient fluidized area expansion increases more and
more markedly as the injection flow rate is reduced. For
transient time typically less than 10 to 20 seconds, this ex-
pansion is rather regular with a rate of expansion which
increases by a factor no more than 10 from the beginning
of the process to the final chimney steady-state. In this
regime, the relationship between T, and Q is compatible
with a power law divergence as shown in Figure 3:
0 -n
o (= =
To (Qc )

where Q. appears as a critical flow rate while the exponent
n remains between 1 and 0.5.

D
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Figure 3. Transient duration T versus injection flow rate Q for
d = 3mm, D = 30mm, and Hy = 125mm. The blue symbols
account for the regular regime where a power law divergence is
observed (Eq. 3.1 represented by the blue solid line) while the
red symbols correspond to the ultra-slow regime as discussed in
the text. Insets: typical time evolution of the fluidized height i,
in the ultra-slow regime (top and red symbols) and in the regular
regime (bottom and blue symbols).

According to previous observations by Philippe et al.,
it is likely that this critical flow rate demarcates the flu-
idized chimney regime (Q > Q.) and the fluidized cavity
regime (Q < Q.). However, in this later regime, a flu-
idized chimney can be eventually obtained provided that
one waits a sufficient time. This new regime is different
from the regular one (Q > Q) regarding the transient time
Ty which increases by several orders of magnitude as can
be seen in Figure 3. Analyzing the time evolution of the
fluidized area height /1y obtained by some image process-
ing, itis observed in Figure 3that, in this ultra-slow regime,
the upward expansion is initially almost frozen, and con-
sequently hardly to identify, and accelerate very progres-
sively over about 4 to 5 decades in terms of expansion rate.
This regime is also characterized by a bad reproducibil-
ity and a sharp increase of the standard deviation obtained
for Ty. By comparison, the kinetics of fluidized expan-
sion is faster and much better reproducible but also quite
more regular with only a limited variation of acceleration
during the transient phase as seen in Figure 3. Finally,
as a consequence arising from the identification of this
new regime, the real existence of a steady fluidized cavity
regime is questionable, such situations being potentially
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Figure 4. Log-log representation of the transient duration 7
versus injection flow rate Q for d = 3mm, Hy = 125mm, and for
D = 10mm, D = 20mm, D = 30mm, and D = 40mm, respec-
tively. The dashed lines are only guides for the eyes suggesting a
linear relation between In Ty and In Q.

a nearly frozen intermediate step of a complete fluidized
chimney expansion. However, it has been observed that
a chimney can come back to a cavity state when the flow
rate is decreased [4] suggesting that a stationary fluidized
cavity truly exists. In practice, the time range needed to
decide on this issue is unfortunately out of any realistic
experiments capability.

3.2 Influence of the control parameters

Regarding the ultra-slow regime, the transient duration
seems to increases almost exponentially with the flow
rate as suggested by the roughly linear trend in the semi-
logarithmic representation in Figure 4: In Ty oc In Q. Sev-
eral experimental series carried out with the four different
injection diameter D have clearly underlined a strong in-
fluence of D on Ty. Indeed, there is a sharp increase of
the slope between InT, and In Q when the injection di-
ameter gets wider, giving rise, for a same flow rate, to a
significantly longer transient phase for a larger injection
width. This effect is most probably due to a smaller ve-
locity at injection when the diameter is enlarged that con-
siderably reduces the expansion rate at the beginning of
the fluidization. The end of the expansion is likely to be
quite less dependent on the injection diameter D since, far
enough from injection, the size of the chimney gets almost
the same whatever the value of D [4].

A more systematic study was conducted in the regu-
lar regime, relying in particular on the divergence law in
Eq. (1). It can first be established a weak influence of the
injection diameter D on the apparent critical flow-rate Q.:
the later indeed slightly increases with D. Here again, this
is likely due to a more moderate flow at injection for a
larger injection width, which may slow down the begin-
ning of the expansion kinetics. The transient duration is
consequently increased, giving rise a slightly anticipated
apparent divergence. A noticeable impact of D was also
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Figure 5. Plot of the exponent n of the divergence law in Eq.(1)
versus the ratio % of the injection width to the bead diameter. The
dashed blue line stands for the linear relation given in Eq.(2).

found regarding the exponent n of the divergence law. This
exponent actually decreases monotonously with D, vary-
ing for instance from n = % for D = 10mm ton = %
for D = 40mm in the case of an initial sample of height
Hy = 125mm with bead diameter d = 3mm. Considering
now the influence of the bead diameter d, it was observed
that larger values of n are obtained for larger bead diame-
ter. Thus, for a same sample height but with beads of di-
ameter d = Smm, the range of variation for n is now from
n~ 1for D = 10mmto n ~ % for D = 40mm. Practically,
a convenient way to satisfactory rationalize both depen-
dencies of n with D and d respectively can be proposed
through the following relation:

D
nx1- 0.0563 2)

As can be seen in Figure 5, a rough agreement is obtained

when testing the previous equation with the whole set of
data.

Finally, a quadratic relation between the apparent di-
vergence flow-rate Q. and the bead diameter d was nat-
urally recovered. This is simply the consequence of the
fact that fluidization onset is not controlled by the flow
rate transiting through the granular bed but by the pres-
sure gradient induced by this flow. According to Darcy
law (which is almost valid in the whole set of experiments
since the particle Reynolds does not exceed 3 [6]), flow
rate and pressure gradient are directly related through the
permeability which is indeed proportional to the square of
the bead diameter (see for instance Carman-Kozeny rela-
tion in [6]). Note that a complete dimensional analysis of
localized fluidization accounting notably for this effect has
been proposed more in details in [7].

4 Conclusion

By way of summary, several important findings can be

underlined. First, a new and original transient regime to
fluidized chimney has been highlighted and was charac-

terized by an expansion of the fluidized area at injection
that initially grows extremely slowly, in a quasi-frozen flu-
idized cavity configuration, before the kinetics accelerates
very progressively till a final burst comparable to the more
usual transient process observed in the already identified
regular regime where the transient duration is related to the
injection flow rate by a divergence law. On the contrary,
this new "ultra-slow" regime is badly reproducible in terms
of transient duration and the whole expansion process can
last up to one hour or more which could explain why it has
not been identified before [4]. A second significant result
concerns the influence of both the injection width D and
the bead diameter d on the transient kinetics. The injec-
tion diameter D was proved to have a huge influence on the
duration of the transient phase in the "ultra-slow" regime
which increases dramatically with D, probably because,
for a same flow-rate Q, the local velocity at injection is
significantly smaller and much less efficient in fluidizing
the particles. In the regular expansion regime, based on a
systematic use of the divergence law of duration time ver-
sus flow-rate, it can be reported that the apparent critical
flow-rate Q. scales with d°, as an obvious impact of per-
meability, and increases slightly with injection port width
D, and that the exponent n decreases almost linearly with
the ratio D/d.
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