
1 INTRODUCTION 

Although fluidization of particulate systems is ex-
tensively used in industry for many applications, on-
ly little is known about the specific situation where a 
granular medium gets only partially fluidized by a 
local fluid injection. Such localized fluidization is 
present in industrial spouted and tapered beds 
(Rhodes, 1998) or observed in geophysics in the 
formation of volcanic conduits (Gernon, 2008) and 
related “fluid escape structures” (Lowe, 1975; Nich-
ols, 1994; Mörz, 2007). In the context of embank-
ment dam safety, such a localized fluidization of a 
granular soil is reminiscent of the “sand boiling” 
phenomenon, often recognized as a warning signal, 
of internal erosion that can potentially lead to piping 
by backward erosion (Bonelli, 2013). 

Most experiments dedicated to localized fluidiza-
tion have used narrow cells for direct visualization at 
the cell walls (Nichols, 1994; Almohammed, 2014). 
Several other experiments have studied real 3D beds 
but only with indirect information by observation of 
the granular bed’s surface (Zoueshtiagh, 2007; Mörz, 
2007). Direct visualization of the whole fluidized 
zone is of great interest and can be achieved by a 
combined use of two optical methods: Planar Laser 
Induced Fluorescence (PLIF) and refractive index 
matching (RIM) (Dijskman, 2012; Philippe, 2013). 

The present study focuses on the steady state re-
gime of localized fluidization induced by an upward 
liquid flow within an immersed granular bed by 
means of laboratory experiments using combined 
PLIF and RIM optical techniques. The experimental 

setup allowed several parameters to be systematical-
ly studied, including fluid injection flow rates, parti-
cle sizes from 3 mm to 11 mm, initial bed heights up 
to 250 mm, and different diameters for the injection 
port from 10 mm to 40 mm. This broader range of 
control parameters permits the extension and im-
provement of previous findings on this specific issue 
(Zoueshtiagh, 2007; Philippe, 2013). 

2 EXPERIMENTS 

2.1 Optical techniques and adapted materials  
As previously mentioned, the techniques used to al-
low direct visualization through a granular bed are 
Planar Laser Induced Fluorescence (PLIF) combined 
with Refractive Index matching (RIM). Briefly, RIM 
relies on the choice of a liquid phase having the 
same refractive index as the transparent solid phase. 
Adding a fluorescent dye to the liquid, PLIF consists 
of illuminating a specific 2D area and filtering the 
scattered light to recover only the fluoresced light 
(i.e. re-emitted with a wavelength shift) which is lo-
cated exclusively in the liquid phase. Consequently, 
a resulting picture typically represents dark particles 
on a bright background with good contrast (see Fig-
ure 2). 

Here, the solid phase is made of borosilicate 
spherical glass beads (Sigmund-Lindner) with diam-
eters 3, 5, 7 or 10 mm and density 2230 kg/m3. Some 
additional experiments were carried out with acrylic 
beads (Glen Mills) with diameter 11 mm and density 
1300 kg/m3. The liquid phase is a mixture of 90% 
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light mineral oil (Sigma Aldrich) and 10% immer-
sion oil “type A” (Cargille), chosen to reach the 
same refractive index as the borosilicate beads which 
is approximately 1.472 at 23 °c as provided by the 
manufacturer and confirmed by measurement of the 
oil mixture’s refractive index with a refractometer 
(Master RI, Atago). The density of the liquid is 840 
kg/m3 and, by rheometer measurements, the dynam-
ical viscosity is found to be approximately 
(28±2).10-3 kg/m/s in the range of temperature expe-
rienced during the different experimental series, 
namely 22-25 °c. It is worth noting that the acrylic 
beads have a different refractive index, 1.498 ac-
cording to supplier’s data, and that the RIM condi-
tion is not fulfilled giving rise to blurred images. But 
the contrast remains high enough for identify the dif-
ferent states of fluidization within the bed without 
changing the liquid’s composition, and consequently 
its viscosity, which was not desired. 

For PLIF requirements, Red Nile dye (Fluka) is 
used in very small concentration to make the liquid 
phase fluorescent, in combination with the use of 
two planar lasers (PL 532 nm, 100 mW, 60 ° fan an-
gle, Coherent) and an optical high-pass filter at 580 
nm. The laser sheets inside the index-matched medi-
um are estimated to be less than 0.5 mm thick and 
have a uniform light angular distribution. The imag-
es finally obtained are recorded at 50 fps by a fast 
camera (FastCam SA3, Photron), positioned perpen-
dicular to the plane formed by the two laser sheets 
fixed on each side of the cell. The camera is mount-
ed with a Nikon lens (1:1.4G, 50 mm). 

2.2 Experimental device and preparation protocol 
A sketch of the experimental device is presented in 
Figure 1. The cell is a rectangular Plexiglas box with 
the following internal dimensions: width = 10 cm, 
height = 30 cm and length = 20 cm. The granular 
bed is placed directly on top of a horizontal metallic 
2 mm mesh plate which is positioned just over a re-
placeable injection port. The liquid is supplied from 
a reservoir to the cell through the injection port by a 
gear pump: a pump (Viking GG 4195) was used for 
all the experiments except with the 3 mm particles 
which needed significantly smaller flow rates and for 
which another pump (Verder VG 540) was used. An 
overflow set-up, connected back to the reservoir, is 
used at the top of the cell to ensure a constant pres-
sure head.  

For each experiment, a given quantity of beads of 
the same diameter is poured in the empty cell before 
the liquid is slowly pumped in the cell until the over-
flow condition is reached. Then the pump is stopped 
and 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. From the measurement of the initial bed’s 

height H0, the mean bed’s solid volume fraction is 
estimated to φ = 0.61±0.01 for all bead diameters. 

 
 

Figure 1. Sketch of the experimental device (only one laser 
sheet shown for clarity). 1: Gear pump. 2: Injection port. 3: 
Metallic mesh plate. 4. Planar lasers. 5: Over-flow set-up. 6: 
Reservoir. 

 
2.3 Parameters under study 
For a given configuration including bed height, in-
jection size and particle characteristics, the flow rate 
primarily determines the state of the granular medi-
um regarding fluidization. To this end, the experi-
ments were carried out as follows: flow rate is pro-
gressively increased by steps with typical increments 
of 0.5 Hz for the Verder pump and 0.3 Hz for the 
Viking pump. At each new step and according to the 
dynamical evolution, a single image or a longer se-
quence was recorded to determine the bed’s steady 
behavior. As already described elsewhere (Philippe, 
2013) and also shown in Figure 2, the steady state of 
the bed is successively static (no particle motion), 
fluidized inside a cavity (particles mobilized only in 
a limited area above injection), and finally fluidized 
inside a chimney (fluidized zone extending from the 
bottom to the top of the bed). In the following, par-
ticular attention will be paid to the critical flow rate 
needed to first achieve chimney fluidization which 
will be noted Qch. Once the fluidized chimney was 
clearly reached, the behavior of the bed is observed 
during a subsequent defluidization sequence with the 
flow rate being decreased back by similar incremen-
tal steps. 

Several parameters of the present configuration 
are under study, allowing for a systematic analysis of 
their relative influences based on approximately one 
hundred individual experiments. The particles used 
have diameters equal to 3 mm, 5 mm, 7 mm or 10 
mm for the borosilicate glass spheres, and 11 mm for 
the acrylic ones. As already mentioned, the densities 
of these two types of particles are significantly dif-
ferent in order to test also this influence. For some 
diameters (3 mm, 7 mm and 10 mm), both polished 
and matte surface finishes have also been tested. The 



injection port diameter D can be 10 mm, 20 mm, 30 
mm or 40 mm. For each particle diameter and injec-
tion port configuration, the initial bed height H was 
varied from 40 mm to 250 mm. Then, as already ex-
plained, the different states regarding fluidization 
were studied by sequences of incremental increase 
and decrease of the flow rate. 

 

 
Figure 2. Pictures for the different steady states for a 100 mm 
height bed of 3 mm glass beads with an injection port of 10 
mm. (a) Static bed; (b) Fluidized cavity; (c) Fluidized chimney. 

3 RESULTS ANALYSIS 

3.1 Phase diagrams 
The classification of the bed’s dynamical regime 
versus potentially fluidizing upward fluid can be an-
alyzed in phase diagrams with bed height H in ab-
scissa and flow-rate Q in ordinate as already present-
ed by Philippe (2013). As shown in Figure 3, there 
are four different domains: (i) Static regime; (ii) Po-

tential fluidization for the range of flow rates where 
the bed was static during fluidization sequence but 
remained fluidized during flow-rate decrease se-
quence after previous fluidization; (iii) Definite flu-
idization when a fluidized cavity is observed what-
ever the recent memory; (iv) Fluidized chimney. The 
critical flow rate Qch needed to move from domain 
(iii) to domain (iv) will be analyzed more specifical-
ly in section 3.3. 

 

Figure 3. A typical phase diagram obtained for glass beads of 
diameter 7 mm and with an injection diameter of 10 mm. The 
four different steady states are observed: (i) Static bed (white 
squares); (ii) Potential fluidized cavity (light grey circles); (iii) 
Definite fluidized cavity (dark grey circles); (iv) Fluidized 
chimney (black up triangles). 

 
Comparing phase diagrams for each size of parti-

cles, a very similar behavior is obtained, although at 
different ranges of flow rates. As will be discussed 
later in section 3.3, the lower frontier of domain (iv) 
is first almost linear for small heights, typically less 
than approximately 100mm, before progressively 
saturating with larger heights. The linear behavior 
has been previously observed by Zoueshtiagh (2007) 
and Philippe (2013) but this is not the case for the 
saturation effect. It was found also that a definite flu-
idized cavity is not always observed, when either the 
particle diameter or the bed height is too small. In 
this case, the domain (ii) does not exist and the fron-
tier is directly from domain (i) to domain (iii) (not 
shown in this graph). It is to note finally that only a 



weak influence of the diameter of the injection port 
is noticeable, more particularly at small heights and 
small particle diameter where the domain (ii) of po-
tential fluidization gets somewhat broader for larger 
injection size.  

3.2 Hysteresis effect 
During a fluidization-defluidization sequence, the 
measurement of the bed’s height H and, when pre-
sent, of the fluidized cavity hf, is of great interest. 
These can be measured for each steady state reached 
at a given flow rate. The fluidized cavity is evaluated 
from image post-processing based on the standard 
deviation calculation that allows discriminating ac-
curately between static and fluidized zones. A typi-
cal plot is presented in Figure 4, showing chimney 
formation when hf intersects H, and confirms the 
hysteresis behavior already observed and discussed 
by Philippe (2013): the range of flow rate where a 
fluidized cavity exists is drastically enlarged during 
the defluidization phase with almost a linear rela-
tionship between hf and Q, independently of the ini-
tial bed’s height. This explains the distinction made 
previously between domains (ii) and (iii). 

 

Figure 4. Plot of the bed’s height H (squares) and fluidized 
height hf (circles) versus flow rate Q during fluidization (solid 
symbols) and defluidization (open crossed symbols) sequences 
for particles of diameter 5 mm, an injection diameter of 10 mm 
and for two initial bed’s height: H ≈ 100 mm (blue symbols) 
and H ≈ 200 mm (black symbols). 

 
When analyzing more specifically the influence 

of the different parameters on this hysteresis behav-
ior, the main effect is due to the injection diameter 
since, as can be seen in Figure 5, the fluidized cavity 
exists in a significantly reduced domain when the in-
jection diameter increases from 10 to 40 mm and, for 
a same flow rate, the fluidized height is decreased 
with an increase in the injection diameter. This effect 
is most probably due to the fact that, in the vicinity 
of fluid injection, a smaller injection port develops a 

larger fluid velocity for a same flow rate and can 
thus sustain a larger fluidized cavity. 

 

Figure 5. Plot of the bed’s height H (squares) and fluidized 
height hf (circles) versus flow rate Q during fluidization (solid 
symbols) and defluidization (open crossed symbols) sequences 
for particles of diameter 5 mm, an initial bed of approximate 
height 200 mm and for two injection diameter: D = 10 mm 
(black symbols) and D = 40 mm (grey symbols). 

3.3 Critical flow rate for fluidized chimney 
In the more usual situation of a homogenous flow, 
minimum fluidization velocity is a very important 
parameter to be considered in the design of fluidized 
beds and can be related here to the critical flow rate 
Qch needed to reach chimney fluidization. 

The influences of the bed’s height H, the particle 
diameter d and the injection diameter D can be ana-
lyzed from Figure 6 whereas the influence of density 
and surface finish are examined in Figure 7 and Fig-
ure 8 respectively. 

 

Figure 6. Critical flow rate Qch versus bed’s height H for boro-
silicate glass beads of diameter 3 mm (squares), 5 mm (circles), 
7 mm (up triangles) and 10 mm (down triangles) for injection 
diameters of 10 mm (black symbols) and 40 mm (grey sym-
bols). 



As can be seen in Figure 6, more clearly than from 
the phase diagrams, that the critical flow rate at flu-
idized chimney onset is first almost linear with bed’s 
height (see also Figures 7 and 8) before progressive-
ly saturating to an almost constant value. Qualita-
tively, the reason for this saturation is the fact that, 
when height is increased, the porous flow in the par-
ticle bed gets closer to a homogeneous and uniform 
flow in which case minimum fluidization velocity is 
known to be independent of height, as will be dis-
cussed later in section 4. 

When the particle size is changed, no qualitative 
modification is observed but there is a quantitative 
increase of the critical flow rate with the diameter 
due to a significant variation of the permeability. 
In Figure 6, it can be also noted a small increase of 
the critical flow rate for a larger injection diameter 
D. This effect appears more apparent for small bed’s 
heights and becomes almost negligible beyond ap-
proximately 150 mm.   

The influence of particle density is visible in Fig-
ure 7 where two series of experiments with beads of 
different densities, namely 2230 kg/m3 for borosili-
cate glass beads and 1300 kg/m3 for acrylic beads, 
but having almost the same diameter (d = 10 mm for 
borosilicate beads and d = 11 mm for acrylic beads). 
Obviously, the bed with the lighter particles requires 
smaller flow rate for chimney fluidization as ex-
pected since fluidization is reached when the hydro-
dynamic force can counterbalance the buoyant 
weight of the solid phase. 

 

Figure 7. Critical flow rate Qch versus bed’s height H with an 
injection diameter of 10 mm for borosilicate glass beads with 
diameter of 10 mm (triangles) and for acrylic beads with diame-
ter of 11 mm (lozenges). 

 
Figure 8 shows the effect of particles roughness 

on the critical flow rate at onset of chimney fluidiza-
tion. It seems that the rougher matte particles need a 
significantly larger flow rate to fluidize. This can be 
understood by the effect of friction, which will be 
higher for the rougher particles. Indeed, friction in-
duces an additional force, both within the particles 
and at the walls, to be counterbalanced for fluidiza-

tion condition (Jackson, 2000). Conversely, the 
defluidization sequence presents no dependence on 
friction as expected (not shown on the graph). 

 

 Figure 8. Critical flow rate Qch versus bed’s height H with an 
injection diameter of 10 mm for borosilicate glass beads, pol-
ished (solid symbols) or matte (open symbols) of diameter 3 
mm (squares), 7 mm (up triangles) and 10 mm (down trian-
gles). 

4 THEORETICAL MODEL 

To develop a model able to account for chimney flu-
idization induced by a finite size flow injection, it is 
first necessary to provide some theoretical basic 
principles on homogeneous fluidization. This is the 
process where fluidization occurs uniformly in a 
granular bed under the action of a homogeneous as-
cending fluid flow. Then a simple model can be con-
structed for the present situation where fluid injec-
tion is restricted to a finite extent.  

4.1 Homogeneous fluidization 
It is well known that, at homogeneous fluidization 
threshold, the force exerted by the fluid flow is high 
enough to counterbalance the buoyant weight of the 
particle bed. In terms of pressure drop, this condition 
simply reads: 

( )* gHs lP ρ ρφ −∆ =  (1) 

Where 𝜌𝜌s and 𝜌𝜌𝑙𝑙 are the densities of respectively 
the solid and liquid phases, 𝜙𝜙 is the solid volume 
fraction, 𝑔𝑔 is the gravity and H is the bed’s height. 

 
And in terms of critical velocity, assuming that Dar-
cy law can be used and considering the Carman-
Kozeny relation expressed for permeability of a 
sphere packing (Bear, 1972), one gets:  

( ) ( ) 231
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Where S stands for the cross-section area of the 
porous bed. 
 
This expression can also be written considering di-
mensionless numbers by introducing the Reynolds 
(𝑅𝑅𝑒𝑒) and Archimedes (𝐴𝐴𝑟𝑟) numbers as follows:  

QdlRe
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=  and 
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One gets finally for the critical Reynolds number:  
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4.2 Chimney fluidization 
A model for chimney fluidization has been previous-
ly proposed by Zoueshtiagh (2007) and further de-
veloped by Philippe (2013) considering that the fluid 
flow through the porous bed can be separated into 
two parts: a flow in a porous medium of height H 
emerging from a point source and an additional flow 
restricted to a cylindrical zone where the fluidization 
occurs. It is then assumed that homogeneous fluidi-
zation condition holds in the cylinder. 

Our model is slightly different and considers the 
real fluid flow in the porous bed of height H and 
cross section area S with a finite injection port of di-
ameter D. The fluidization is still assumed to occur 
inside an approximately cylindrical chimney whose 
cross-section area and radius are respectively noted 
σ and r. As in the previous model, the flow inside 
the chimney is supposed to be parallel and homoge-
neous and the corresponding flow rate is noted q. As 
a consequence, the condition for chimney fluidiza-
tion is met for an average critical chimney velocity 
qc/σ that satisfies Equation (2). Note that solid fric-
tion is not included in the model which could not 
explain the effect observed in Figure 8. 

It is necessary then to relate this critical velocity 
inside the chimney to the critical value at chimney 
fluidization onset of the whole flow rate transiting 
through the injection port: Qch. To this end, a dimen-
sionless critical flow rate is introduced as follows 
and using the expression of Uc given in Equation (2):  

( ), , ,ch

c

Q f H D d
SU

σ=  (5) 

This quantity evaluates the difference between the 
mean fluid velocity located in the central chimney of 
section σ and the average velocity considering a ho-
mogeneous porous flow with a cross-section S at the 
top exit of the porous bed. It is a priori a function f 
of the height of the bed (𝐻𝐻), the cross-section area of 
the cylindrical fluidized section (σ), the injection 
port diameter (𝐷𝐷) and the particle diameter (𝑑𝑑). It 
can be also easily inferred that f converges to 1 at 

large bed’s height since the flow gets more and more 
homogeneous throughout the whole medium. 

A good estimate for f is obtained using 3D CFD 
calculations performed using the commercial soft-
ware Fluent ANSYS. These calculations used the 
exact same geometry as in our experiments with an 
injection diameter D being either 10 or 40 mm and 
considering values of permeability calculated by 
Carman-Kozeny expression from the particle diame-
ter (3, 5, 7, 10 or 11 mm). For each calculation the 
flow rate 𝑄𝑄 is taken equal to the value measured in 
the experiments and four different values of the 
chimney radius r have been used: 5, 10, 20 and 30 
mm. From these results it can be concluded that f is 
primarily dependent on the bed’s height H within 
this range of parameters. It is only very weakly in-
fluenced by the chimney radius, particle diameter 
and injection size. Consequently, the following ap-
proximate expression can be proposed with good ac-
curacy:  

( )
*

1 exp Hf H
H

α  
 = − −    

 (6) 

Where 𝛼𝛼 and 𝐻𝐻∗ are almost equal to 5/3 and 70 
mm respectively for the geometry used. 

Note that from the CFD results it is also possible 
to confirm that the Reynolds number remains small-
er than 10 (see also Figure 10) and consequently that 
Darcy relation is always valid in our experimental 
conditions (Bear, 1972). 
 

Figure 9. Dimensionless critical flow rate Qch/SUc as a function 
of bed’s height H. All the data from the present study are plot-
ted together with the previous data by Philippe (2013). Solid 
and open symbols are for polished and matte particles respec-
tively. The solid line stands for the empirical expression from 
CFD calculations given in Equation (6). 
 

From Equations (2) and (5), the function 𝑓𝑓(𝐻𝐻) can 
be computed directly from all the values measured 
for the critical flow rate Qch and compared to the 
CFD prediction approximately given by Equation 
(6). This confrontation is made in Figure 9 and, as 



can be seen, although some scattering are observed, 
a rather good agreement is reached with an almost 
collapse of all the data, including the ones from a 
previous study (Philippe, 2013). The saturation of 
the critical flow rate with bed’s height is also well 
understood and modeled. 

 
Another way to test the validity of the model is to 
plot the experimental values of the critical Reynolds 
number at the onset of chimney fluidization denoted 
Rech against its theoretical expression:  

( )
( )31
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Where the value 𝑓𝑓(𝐻𝐻) is calculated from the em-
pirical relation in Equation (6). 
As shown in Figure 10, a satisfactory agreement is 
obtained between experiments and theory for all our 
data and also for the previous ones in Philippe 
(2013), validating thus our model. 
 

Figure 10. Experimental versus theoretical value of the critical 
Reynolds number Rech at chimney fluidization onset. All the da-
ta from the present study are plotted together the previous data 
by Philippe (2013). Solid and open symbols are for polished 
and matte particles respectively. The solid line stands for equal 
values between experiments and theory. 

5 CONCLUSION 

The steady state of the particle bed subjected to an 
ascending fluid flow from a finite size injection can 
be classified as static, fluidized within a cavity and 
fluidized within a chimney. No qualitative change 
are observed when bed height, particle characteris-
tics (diameter, density, surface finish), or injection 
size are varied in a wide range compared to previous 
studies on this specific configuration (Zoueshtiagh, 
2007; Philippe, 2013).  
Nonetheless, some significant quantitative changes 
can be noted and, for most of them, they can be very 
satisfactorily explained by a new model, partially 
based on some CFD calculation results. In particular, 
the model can describe the progressive saturation 
with bed’s height of the critical flow rate at chimney 
fluidization onset. This effect is due to the radial ex-
pansion of the porous fluid flow which provides a 
more homogeneous and uniform flow when the bed 
height gets higher. 
The present extensive parametric study allowed to 
significantly extend the previous findings on local-
ized fluidization within a granular bed and proposed 
an original model for chimney fluidization onset.  
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