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Powder discharging from a silo provokes an emission of dust. To understand and prevent this source of danger,
3D simulations of a silo discharge were performed using an Euler-Euler approach. The impact of the coupling be-
tween the flow inside the silo and the granular jet in free-fall is analyzed. Results show that the solid mass flow
rate is correctly predicted and that gas back-flowing at the hopper exhaust appears responsible for the formation
of a fluctuating and radially expanding jet. However, the radial expansion of the free-falling jet is underestimated.
Stochastic fluctuations of the particles velocity at the hopper exhaust are introduced to evaluate their effect on
the downstream development of the free-falling jet. These fluctuations are found capable of generating a devel-
opment of the jet similar to that observed experimentally. This suggests that the granular flow conditions at the
hopper exhaust are responsible for the further dispersion of powder.
1. Introduction

Whenmaterials in powder form are handled or packaged, it is inev-
itable that some of them will be dispersed into the surrounding atmo-
sphere. This dispersion can lead to risks of human exposure to dust of
hazardous products, tofire and explosion hazards, and to the deposition
on surfaces. In turn, this depositionmay constitute a secondary cause of
risk due to surface contamination and to possible resuspension. Of the
phases of powdery materials handling, emptying or filling silos and
hoppers are among those that generate the most dust: in that context,
computer modelling may be of great help for two stages of the preven-
tion strategy. First, to shed some light on the physicalmechanisms at the
origin of dust dispersion, which may help finding ways of reducing the
risk at its source, and second to design protective means correctly di-
mensioned to cope with the amount of dispersed dust, which needs to
be predicted.

As explained by Cooper and Arnold [1] andWypych et al. [2], during
the discharge of a silo the dust emission may come either from the im-
pact of the granular jet on a stockpile, releasing the entrained air carry-
ing fugitive particles, or from the spreading of the jet during its fall. This
study focuses on the second mechanism.

In the literature, many experimental studies on the discharge of a
silo were conducted. Some of these were dedicated to the characteriza-
tion of the granular flow inside the silo [3–5] and others on the
quantification and understanding of the mechanisms responsible of
the granular jet spreading [6–11]. These studies showed that the flow
rate of induced air into the stream is one of the key to the granular jet
expansion. A higher induced flow rate means a higher jet expansion,
the air entrained into the core increasing the voidage and reducing the
particle fall velocity of the granular jet. Additionally, it has been ob-
served that the incoming air into the free-falling granular jet may lead
to a lateral instability [12]. Such a lateral instability can be either attrib-
uted to gas-particle or particle-particle interactions. Indeed, Möbius
[13]; Royer et al. [14]; Prado et al. [15] found an instability like the
Rayleigh-Plateau instability observed in the fluid jet. This instability ap-
pears even without air and could be provoked by a cohesion effect
linked to the humidity and particle charge. The authors proposed the in-
troduction of an effective granular surface tension to describe such an
instability [14,16,17]. However, the instability could also find its origin
at the granular flow transition at the opened bottom of the silo, or in
the granularflow inside the silo (non-sphericity of particles,wall rough-
ness, particle-wall interactions or arches formation).

In this study, we performed numerical simulations of the discharge
of powder from a silo as an attempt to clarify themechanisms at the or-
igin of powder jet expansion, with a focus on the coupling between the
flow inside the silo and in the free-fall zone. The numerical simulation of
particle-laden flows can be performed by several approaches. First, the
Euler-Lagrange approach where the fluid flow is represented by the
Direct Numerical Simulation (DNS), or Large Eddy Simulation (LES), of
the Navier-Stokes equations. Another way for representing the fluid is
to solve the Reynolds Average Navier-Stokes (RANS) where a closure
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Fig. 2. Three dimensional (left) and slice view (right) of the mesh (z-axis is along the
central axis of the silo). The mesh contains 414,000 hexahedra cells for the chamber and
17,000 cells for the silo.

Fig. 1. Experimental setup of Ansart et al. [6]. The sign “+”means that the surrounding air
enters inside the domain and “−” means that the flow is going outside the domain.
2. Numerical simulation overview

We consider the setup studied experimentally by Ansart et al. [6],
which is composed of a silo and a dispersion chamber.

The silo consists of an upper cylindrical part (height 600 mm,
diameter 200 mm)which ends at its bottomwith a hopper. This hopper
consists of a downward narrowing conical section (height 190 mm,
half-angle 30, adjustable exhaust diameter). The nozzle penetrates
inside the dispersion chamber by 34.64 mm and the thickness of the
nozzle is 10 mm (see Fig. 3). The dispersion chamber is made of two
parts, the upper part consists of a cylinder (radius 250 mm, height of
500 mm), and the lower part of a parallelepiped volume (section
600 × 600mm2, height 814 mm). A plate (thickness 10 mm), pierced
with a circular hole (diameter 240 mm), is placed 200 mm above the
bottom of the parallelepiped part of the chamber. The region of interest
of the powder discharge is situated above that plate, which prevents
particles reaching the bottom of the chamber from going backward
above the plate. As shown by Fig. 1, the setup presents six air inlets:
two at the top of the silo, two at the middle of the chamber and two
at the bottom of the chamber. At the top of the parallelepiped part,
the area of the two air inlets is 520.51mm2. (See Fig. 2.)

To investigate the dense to dispersed solid-gas flow in the experi-
mental setup of Ansart et al. [6], 3D transient numerical simulations of
the experiment were conducted by means of an Eulerian multi-fluid
modelling approach for gas and solid interaction developed and
implemented by IMFT (Institut de Mécanique des Fluides de Toulouse)
in the NEPTUNE_CFD software, based on the open-source software
Code_Saturne. This software is a multiphase flow solver developed in
the framework of the NEPTUNE project, financially supported by CEA,
EDF, IRSN and Framatome. The numerical solver has been developed
for High Performance Computing [24–26]. The transport equations are
derived by phase ensemble averaging for the continuous phase and in
the framework of the kinetic theory of granular flows [27] for the dis-
persed phase but extended in order to take into account the interstitial
fluid effects and particles-turbulence interactions [28,29]. The

law is needed for the turbulent dispersion. The particles are tracked in-
dividually in a Lagrangian framework and the inter-particle collisions 
are taken into account by a Discrete Element Method (DEM). The sec-
ond approach to numerically simulate a particle-laden flow is the 
Euler-Euler approach, also called Two-Fluid Method (TFM), where 
both phases are treated as continuous phase. In the literature the 
Euler-Lagrange approach has been extensively used for the numerical 
simulations of the silo discharge but only for investigating the flow in-
side the silo [18,19]. Concerning the TFM approach, the numerical sim-
ulation of the granular flow inside the silo is challenging because it 
requires additional closure to take into account the frictional effect. 
Vidyapati and Subramaniam [20] made a quantitative comparison of 
DEM and different constitutive models in TFM. Zhou et al. [21] also did  
such a comparison but with also some experimental data and with an-
other rheology for the frictional stress. For the spreading of the free-
falling granular jet, only a few studies can be found. Uchiyama [22] per-
formed 2D Euler-Lagrange numerical simulation of the experiment con-
ducted by Ogata et al. [9]. More recently, Chu et al. [23] reported 3D  
Euler-Lagrange simulations of the case described by Liu et al. [8].

In all these studies, the coupling between the granular flow inside 
the silo and its consequences on the spreading of the free-falling jet 
was not investigated. To analyze this coupling, 3D Euler-Euler numerical 
simulations with and without a silo were performed. The configuration 
is the well-documented silo discharge experiment made by Ansart et al.
[6]. The details of the geometry and numerical approach are given in 
Section 2. The analysis of the coupling between the granular jet spread-
ing and the granular flow inside the silo is analyzed in Section 3. Finally, 
in Section 4 a stochastic model is proposed for representing the pertur-
bations of the granular flow at the nozzle. Conclusions are drawn in the 
last section.
fluid-particle momentum transfers are taken into account by
the model proposed by Gobin et al. [30]. The turbulence of the gas
phase is computed using the k − ε model and extended for gas-
particle flowby taking into account the reverse coupling terms between
phases [31]. Particle kinetic agitation is treated by the model qp2 − qfp
which solved a transport equation for the particle agitation qp

2 = 1/2
〈up, i′up, i′〉 and for the fluid-particle covariance qfp = 〈up, i′uf, i′〉 (the
prime denote the fluctuating velocities). The model takes into account
the agitation transfer from the gas turbulence to the particulate phase
and the inter-particle collisions). The full description of the mathemat-
ical model can be found in Boëlle et al. [32]; Simonin [29]; Fede et al.
[33]. As explained in the introduction, the particulate flow regime



Fig. 5. Instantaneous fields of particles volume fraction, for simulations without the silo
(left) and with the silo (right). Slice cut of a 3D view.

Fig. 3.Mesh of the nozzle.
passes from quasi-static to dilute flows. Then the frictional effects have
to be taken into account in themodelling approach especially in regions
where the solid phase is dense as in the silo. In the present study, a fric-
tional contribution has been added to the particle kinetic stress tensor in
momentum equation. The model for frictional effects has been pro-
posed by Johnson et al. [34] for the pressure and Srivastava and
Sundaresan [35] for the viscosity details can be found in Bennani et al.
[36]. Basically the frictional pressure is given by

Pfr ¼ F
αp−αp; min
� �r
αp; max−αp
� �s if αp > αp; min

0 if αp ≤ αp; min

8><>:
where F=0.05Pa, r=2, s=5,αp, min=0.5 andαp, max=0.64. The fric-
tional stress tensor is obtained by

Σfr
ij ¼ Pfrδij−

ffiffiffi
2

p
sin ϕð ÞPfr Sijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S : Sþ 8
3
q2p
d2p

r
with dp the particle diameter, qp2 the particle agitation that is computed
by the resolution of a transport equation (see for example Fede et al.
[33]) andϕ=28.5∘ the internal friction angle. The strain rate of deforma-

tion is defined as Sij ¼ ∂Up,i

∂xj
þ ∂Up,j

∂xi
− 2

3
∂Up,k

∂xk
δij with Up, i is themean particle

velocity.We emphasize thatmore sophisticatedmodels exist for the fric-
tional stress tensor as Benyahia [37]; Schneiderbauer et al. [38]; Chialvo
et al. [39]. However, as shown in the next section, such a simple model
leads to good predictions of the solid mass flow rate at the nozzle.
Fig. 4. Flow rate time series for particles (left) and gas (right) at the hopper exhaust obtained f
value of the experimental solid mass flow rate. Flow rates are negative when directed outside
The computational grid used in this study is shown by 2 & 3 where
the silo, the chamber, the plate and the air inlets are represented. The
domain was discretized with 414,000 hexahedral cells for the chamber
and 17,000 cells for the silo. The mesh is locally refined close to the ver-
tical central axis. A mesh-sensitivity analysis has been conducted in
order to have a mesh-independent results.

Numerical simulations were carried out either with or without the
silo. In the first case, the silo is initially filled with a particle volume
fraction of 60% and the particle and air mass flow entering the disper-
sion chamber is computed by the simulation. In the second case (i.e.
without silo), the particle mass flow rate entering the chamber was
set to 1.44g. s−1, according to measurements, and the gas mass flow
rate to 1.44 × 10−3g. s−1 assuming a particle volume fraction of
0.56 at inlet. The main numerical parameters are gathered in Table 1.
An adaptative time-step has been used based on a maximum value of
Fourier number of 10 and a maximum value of the Courant number of
1. It leads to an averaged time-step about 5 × 10−4s.

Air inlets were numerically described as free inlets, meaning zero
normal derivative for the velocities and Dirichlet conditions for the
or simulations with silo. The green horizontal solid line corresponds to the time-averaged
the silo.



Fig. 8. Radial profile of the mean particle volume fraction measured at several distances
from the nozzle. The symboles are the cases without the silo and the lines with the silo.

Fig. 6. Mean axial particle velocity along the central z axis in the chamber. Dashed lines
represent simulations results, the solid line represents the free-fall settling velocity

(
ffiffiffiffiffiffiffiffi
2gz

p
) and symbols correspond to experimental data from Ansart et al. [6].
pressure and solid volume fraction. The stop pressure Pref is imposed ac-
cording to Pin= Pref − 1/2ρfUin

2 where Uin is the gas velocity at the inlet,
and ρf the fluid density. The bottom surface of the domain corresponds
to a free outlet boundary condition for the particulate phase (to avoid
particle accumulation) and is a wall for the gas phase. The gas can
flow out of the domain by the two gas outlets located at the bottom of
the domain for those free outlet boundary conditions are imposed
meaning that zero flux is imposed on all computed variables except
for the pressure that is imposed. As shown by Audard et al. [40], the
wall boundary conditions used in the silo are particularly important
for the correct prediction of the particlemass flow rate at the hopper ex-
haust. On the contrary, wall boundary condition type (slip, friction or
no-slip) used in the chamber does not affect the gas-solidflow in thedo-
main. Consequently, the wall boundary condition in the domain is re-
spectively no-slip for the particulate phase and friction for the gas [33].

Each numerical simulation corresponds to 130 s of physical time.
During the first 50 s, the flowdevelops in thedispersion chamber before
reaching a statistically steady state. Time-averaged statistics are then
computed during the following 80 s of physical time.
Fig. 7. Radial profile of themean axial particle velocitymeasured at several distances from
the nozzle. The symboles are the cases without the silo and the lines with the silo.
3. Effect of flow coupling between the silo and chamber

In this section, simulation results regarding the coupling between
the flow in the silo and in the dispersion chamber are examined. Before
to enter in details of the analysis, it must be emphasized that the gran-
ular flow is critical according to the definition given by Gidaspow [41].
Indeed, we did not observe any effect of the downstream conditions
on the granular flow inside the silo. In fact, the gas solid volume fraction
waves created in the dispersion chamber do not propagates upstream
back inside the silo.

Fig. 4 shows the solid and gas mass flow rates predicted at the hop-
per exhaust. Time-averaged values are reported in Table 2. The particle
mass flow rate is correctly predicted by themodel when the silo is taken
into account (3% variation with respect to the reported experimental
value). As shown by Fig. 4, large fluctuations of solid mass flow rate
reaching circa 30% of mean are predicted by simulations. These
Fig. 9. Representation of the free-fall zone by an hemispherical shape.



Fig. 10. Instantaneous particle volume fraction obtainedwith a perturbation at the hopper
exhaust, for a simulationwithout upstream silo (forcing variance 〈u′2〉≃ 0.004 m2. s−2 and
timescale τ = 4τp). Right view focuses on the region situated at a distance of 0.5 m with
respect to the hopper.

Fig. 13. Axial mean velocity of particle profiles obtained for different forcing variances
〈u′2〉. Particles free fall velocity in vacuum is also represented as a reference.
fluctuations correspond to the perturbations of the granular jet and to
the formation of clusters illustrated by Fig. 5. Whereas the solid mass
flow rate exhibits only negative - however fluctuating - values, the gas
mass flow rate presents both negative and positive values, meaning
that gas sometimes back-flows at the hopper exhaust.

The air mass flow rate Qg
Top entering through the upper inlets of the

silo balances the volumetric losses in the silo due to air and particles
Fig. 11. Mass flow rate of particles leaving the simulated domain by its bottom end, Qou

〈u′2〉 = 0.031 m2. s−2 (c).

Fig. 12. Time series of the gas mass flow rate at the vents, for 〈u′2〉 = 0.004 m2. s−2 (a); 〈u′2〉
middle vents of the chamber and lines correspond to the lower vents.
leaving the silo by the hopper exhaust hence Qg
Top = Qg

Nozzle +
Qp
Nozzleρg/ρp. The gas that backflows at the hopper exhaust disturbs the

flow of particles leaving the silo and probably provokes the solid mass
flow rate fluctuations (similarly to an emptying bottom-up bottle of liq-
uid). Without the silo, the velocity and volume fraction of air and parti-
cles leaving the hopper exhaust are prescribed and constant, no
backflow consequently occurs. In this case, the granular jet in the dis-
persion chamber does not exhibit any perturbation, as shown by
Fig. 5. Fig. 6 shows the mean particle vertical velocity predicted along
the central vertical axis. When the silo is not taken into account in the
modelling, the particle velocity is almost equal to the free-fall velocity
t in kg. s−1. From left to right 〈u′2〉 = 0.004 m2. s−2 (a); 〈u′2〉 = 0.015 m2. s−2 (b);

= 0.015 m2. s−2 (b); 〈u′2〉 = 0.031 m2. s−2 (c). Lines correspond to the



Fig. 14.Radial profiles of particles vertical velocity, normalizedby its value along the central z-axis, for different values of the forcing variance 〈u′2〉. Each sub-figure correspond to a different
z distance to the hopper exit.
of particles in vacuum. When the silo is taken into account, the magni-
tude of the particle velocity is slightly decreased but remains larger
than the one measured experimentally.

Radial profiles of mean vertical particle velocity and solid volume
fraction are shown by Figs. 7 & 8. Compared to experiments, the granu-
lar jet is narrower in simulations and its span is much smaller. Hence,
even if the jet exhibits solid volume fraction fluctuations at the hopper
exhaust when the silo is simulated, these fluctuations are apparently
not sufficient to produce the downstreamwidening of the air and parti-
cle jet in the dispersion chamber.

In this section, we showed that the air and particle flows inside the
dispersion chamber are both conditioned by the upstream flow inside
the silo. The gas back-flowing at the hopper exhaust indeed produces
temporal fluctuations of the particulate mass flow rate leaving the silo.
These fluctuations appear responsible for the lateral spreading of the
particles downstream. These results are in accordance with the
phenomenological description of falling powder jets made by Cooper
and Arnold [1] and later by or Liu et al. [8].

However, even if considering the gas and particle flow in the
upstream silo in our simulations allows reproducing the experimental
particle mass flow rate at the hopper exhaust and a convincing particle
jet destabilization, the numerical simulations with silo still exhibit too
large particle vertical velocity and too small radial expansion of the
granular jet compared to experiments. The expansion of the granular
jet is indeed only slightly enhanced when the silo is taken into account.
The perturbations induced by the gas back-flow do not seem sufficient
to disperse significantly the jet and thus decrease the particles fall
velocity.
Fig. 15. Particle volume fraction normalized by the volume fraction at the inlet for different
forcing variances.
Another possible origin of large destabilization of the gas and parti-
cles velocities and volume fractions at the hopper exhaust could be a
hysteresis phenomenon such as intermittent particles arches and ava-
lanches in the silo. This phenomenon is not taken into account in pres-
ent Eulerian multi-fluid model. To investigate the effect of such
phenomenon, the next section proposes to examine the consequences
of adding a synthetic perturbation at the entrance boundary condition
for particles in simulations without silo.

4. Effect of a perturbation on the dispersion of the granular jet

To represent the fluctuations induced by arches or avalanches at the
exhaust of thehopper, a perturbation is added in the simulationwithout
silo. More precisely the perturbation is added at the inlet boundary con-
dition that is located at the silo nozzle. Basically the perturbation can be
applied on the particle velocity or on the solid volume fraction. In the
present study the perturbation is imposed on the particle velocity and
more precisely it is imposedonly on the radial component of the particle
velocity at the inlet. Tests have been conducted by adding the perturba-
tion also on the vertical component butwithout significant effect on the
granular jet spreading. The nature of the perturbation is also important
and here we have chosen a Langevin scheme because it has a temporal
correlation like probably the phenomena that we try to mimic namely
arches and avalanches.

Using a first order numerical scheme, the perturbation is then im-
posed as

Unþ1
p,r ¼ Un

p,r 1−
Δt
τ

� �
þ bξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2〈u02〉

τ
Δt

s
ð1Þ

whereUp, r is the radial component of the particle velocity at the inlet,Δt
the simulation time-step, τ the integral time scale of the process, 〈u′2〉
the variance of the process andbξ is a randomnumber drawn in a normal
distribution. To use Eq. (1) four parameters are needed: an initial verti-
cal particle velocity, an initial solid volume fraction (these two are
coupled in order to fit the experimental solid mass flow rate) and two
new parameters for the stochastic forcing, namely 〈u′2〉 and τ.

The particle vertical inlet velocity is deduced from the experiment
where only the particle mass flow rate leaving the hopper was
Table 1
Parameters of the numerical simulations.

Air Density, ρf 1.2 kg. m−3

Viscosity, μf 1.85 × 10−5Pa. s
Particles Density, ρp 1000 kg. m−3

Mean diameter, dp 60 μm
Restitution coefficient, ec 0.9
Mass flow rate through the nozzle, m

: 1.44 ×10−3kg. s−1

Geometry Nozzle diameter, D 10 mm



Experiment w/o silo w silo

Nozzle Part. 1.440 1.440 1.482
Air Whole – 1.440 ×10−3 −1.467 ×10−3

Air Upw. – – 0.362 ×10−4

Air Downw. – – −1.483 ×10−3

Air inlet Top – – 3.285 ×10−3

Mid. – 70.12 ×10−3 68.30 ×10−3

Bot. – −71.55 ×10−3 −69.71 ×10−3

Table 2
Time-averaged mass flow rates (in g. s−1) obtained in numerical simulations. The nega-
tive value means that the gas is flowing out, to the dispersion chamber.
measured. Hence the corresponding particle volume fraction and the
particle velocity are not separately known. To set the velocity of parti-
cles entering in the dispersion chamber, we consider that during empty-
ing, arches and/or avalanches may be present. In that case, the particles
velocity at the outlet of the hopper can be reduced with respect to
Beverloo et al. [42] predictions by a factor of typically 2 to 10 [43]. In
that context, Brown and Richards [44] proposed to describe the flow
at the outlet of the hopper by introducing an imaginary free-fall zone.
This zone presents a hemispherical shape (see Fig. 9) of identical diam-
eter than the hopper outlet. From this representation, the velocity of
particles leaving the hopper is determined by assuming that particles
fall freely and isolately through this free-fall zone.

Hence the vertical inlet particle velocity reads

Up,vert ¼
ffiffiffiffiffiffiffiffi
2gh

p
ð2Þ

with h= D/2. In the considered experimental setup, the corresponding
particle vertical velocity at the hopper outlet is Up, vert = 0.313m. s−1.
The particle volume fractionαp, inlet at the hopper outlet is deduced from
the experimental solid mass flow rate, consequently αp, inlet = 0.0585.

As regards the time parameters of the perturbation, three variances
on transverse velocity were investigated, respectively 〈u′2〉= 0.0039,
0.015625 and 0.03125 m2. s−2. These variances correspond to ampli-
tudes of variation of the particles inlet velocity respectively equal to
0.083, 0.15 and 0.25 m. s−1. The timescale τ was set to τ = 4τp where
τp= ρpdp2/18μf is the Stoke's particle response time. This value was cho-
sen because it leads to a perturbation frequency of about 25 Hz, which
corresponds to that observed experimentally [6].

Asfirst results, Fig. 10 shows the instantaneous solid volume fraction
obtained while imposing a stochastic perturbation at the hopper ex-
haust in simulationswithout silo. In contrastwith a similar casewithout
perturbation (Fig. 5, left), the granular jet is destabilized and the forma-
tion of clusters is visible.

4.1. Gas and solid mass flow rate

Fig. 11 shows the time-evolution of the particle mass flow leaving
the simulated domain by its lower end, for each considered variance
of the Langevin perturbating process 〈u′2〉. The temporal standard devi-
ations of these mass flow rates are compared in Table 3. When 〈u′2〉 de-
creases, the standard deviation of themass flow rate of particles exiting
the domain decreases. The time evolution of the gas mass flow rates at
the vents (Fig. 12) follows a behaviour similar to that of the mass flow
rate of exiting particles. For large values of 〈u′2〉, the gas mass flow
Table 3
Standard deviation of the particles mass flow rate at the exit (bottom) of the domain for a
random perturbation of particles inlet velocity generated by a Langevin process.

τ [s] 〈u′2〉 [m2. s−2] σQout
[g. s−1]

4 τp 0.004 0.3465
4 τp 0.015 0.4226
4 τp 0.031 0.476
rate at the vents is not always positive, air either entering or leaving
the dispersion chamber through the vents. In such situations, the varia-
tions of air mass flows at the air inlets are in phase opposition.

4.2. Particle vertical velocity

The mean z-velocity of particles along the central z-axis of the jet of
falling particles is shown on Fig. 13. When the variance of the perturba-
tion decreases, the vertical z-velocity of particles increases. Whichever
the considered variance, all particles vertical velocity profiles along
the central z-axis of the jet are close to the experimental values. In the
case of an intermediate variance (〈u′2〉≃ 0.015 m2. s−2) simulated veloc-
ities match the measurements.

Radial profiles of particles vertical z-velocity at several z positions
are shown on Fig. 14. The best match with experimental measurements
is found for 〈u′2〉=0.004m2. s−2, i.e. for a different value of the param-
eter 〈u′2〉 that led to a match of simulated and measured values of the
central z-velocity. It is apparent however that the destabilization proce-
dure presented in this sectionmakes it possible to reproduce the exper-
imentally observed radial decrease of particles fall velocity, and its
dependence with respect to the distance to the hopper exit. Profiles
close to that measured experimentally by Ansart et al. [6] are indeed
obtained.

4.3. Solid volume fraction

The evolution of the volume fraction normalized by the volume
fraction at the hopper exhaust is shown on Fig. 15. The particle volume
fraction decreases with the distance to the hopper, a higher variance of
the stochastic perturbation process leading to a higher decrease slope of
αp/αp, 0. This traduces the widening effect of the intensity of the initial
perturbation on the development of the particle jet, a higher initial var-
iance leading to a more rapidly diluting jet.

5. Conclusions

The free fall of powder particles discharging from a silo was numer-
ically investigated by means of a two-fluids model. Basing ourselves on
the experimental situation reported Ansart et al. [6], we evaluated the
effect of various modelling strategies on the reproduction of velocity
profiles of falling particles, of the spreading rate of the powder jet and
of the induced air flow rate.

When the granular flow in the upstream silo and its coupling with
the dispersed flow in the free-fall chamber were considered, using the
frictional model proposed by Srivastava and Sundaresan [35]), simula-
tions predicted the correct solid mass flow rate at the hopper exhaust.
In that case, we observed that time-varying instabilities of air and parti-
cle velocity and volume fraction appear at the exhaust of the hopper.
These instabilities are apparently linked with the existence of air inter-
mittently back-flowing from the dispersion chamber into thehopper. As
the particulate jet falls in the chamber, these initial instabilities lead to
the jet radial dispersion, through the apparition of detached particles
clusters: the mean particles jet widens with the fall distance. These ob-
servations are in qualitative accordancewith the experimental results of
Ansart et al. [6], as well as with the phenomenological description of
falling powder jets made by Cooper and Arnold [1] or Liu et al. [8]. How-
ever, the spread angle of the jet is largely underestimated with respect
to measurements.

When the upstream granular flow in the silo is not taken into ac-
count in simulations, themost straightforward simulation strategy con-
sists of assuming that the velocities and volume fraction of particles
entering the dispersion chamber can be simply deduced from the
mass flow rate of discharged particles and from the volume fraction in
the silo. In doing so, we observed a minimal widening of the particle
jet with no time-varying fluctuations. The vertical velocity of particles
along the centerline of the jet is then identical to that of particles falling



freely in vacuum. These results do not correspond to the experimental 
behaviour.

To shed some more light on the phenomenon that could be at the 
origin of the particle jet expansion in the chamber, we proposed to 
add a simple stochastic forcing on the radial velocity of particles enter-
ing the dispersion chamber, for simulations without silo. In order to take 
into account a possible temporal correlation, a Langevin process was 
considered. The characteristic timescale of the process was chosen 
from the experimental data and the sensitivity to the forcing variance 
was investigated. We observed that choosing the proper variance of 
the perturbating process allowed reproducing the expected behaviour 
of the particle jet, in terms of spreading angle, fall velocity and flow 
rate of entrained air. However, all these properties could not be 
reproduced simultaneously with a single value of the forcing variance. 
We may extrapolate that some more sophisticated forcing disturbance 
could lead to the proper development of the air and particle jet.

Generally speaking, these various simulation attempts highlight the 
key role of the granular flow at the hopper exhaust on the further 
dispersion of the jet of particles in the free-fall chamber. Thus, a dense 
and regular flow of particles at the hopper exhaust leads to no disper-
sion and no air entrainment, while an intermittent and dilute flow 
leaving the hopper leads to a particulate jet that widens, entraining 
the surrounding air and dispersing particles.

If the employed frictional model does apparently not reproduce the 
effective instabilities of the powder flow leaving the hopper, it could be 
interesting in further work to evaluate more sophisticated models such 
as those proposed by Jop et al. [45] or Schneiderbauer et al. [38]. How-
ever, these models do not include mechanisms like arches formation 
of avalanches and these phenomena clearly may induce the kind of fluc-
tuations of particles velocity and volume fraction at the hopper exhaust 
that lead to the dispersion of the particle jet in the chamber.
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