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Abstract. The mixing of granular materials is important in many industrial applications. Spout fluidized beds
enhance particle mixing while operating at lower flow rates than conventional fluidized beds. This study em-
ploys CFD-DEM simulations to compare mixing across different regimes of single-, double-, and triple-spout
fluidized beds. We compare the averaged solid volume fraction and velocity fields and analyse particle mixing
using a collection of mixing indices. Our results indicate that distance-based mixing indices provide clearer in-
sights into mixing dynamics than grid- or contact-based methods. Mixing performance generally improves with
increasing bed dynamics. Additionally, vertical mixing is found to be effective due to the dominant circulation
patterns in the bed.

1 Introduction

Spout fluidized beds combine the benefits of fluidized and
spouted beds, enhancing particle circulation and mixing
while needing less flow to fluidize particles. These advan-
tages make them suitable for processes like gasification,
chemical looping combustion, and pyrolysis [1].

One of the most popular modelling approaches used
to simulate spout fluidized beds is computational fluid
dynamics coupled with discrete element method (CFD-
DEM), where the fluid phase is described by an Eu-
lerian and particles by a Lagrangian framework [2, 3].
Compared to continuum models like the two-fluid model
(TFM), CFD-DEM is computationally expensive, but it
offers unique information about each particle’s trajectory
(translational and rotational).

In addition to modelling studies, spout fluidized beds
have been investigated experimentally. For instance, Link
et al. [4] extracted a flow regime map for a 3D single-
spout fluidized bed measuring the pressure drop fluctu-
ations. Their flow regime map is based on the dimen-
sionless parameters usp/umf and ubg/umf, representing the
spout and background gas velocities normalized by the
minimum fluidization velocity.

In another study, van Buijtenen et al. [5] proposed a
regime map for triple-spout fluidized beds based on pres-
sure fluctuation measurements and visual observation. In
these beds the flow regime can be determined by the inter-
action between the spouts, which is controlled by dimen-
sionless parameters usp/umf and ubg/umf.

The particle information available from CFD-DEM
simulations can be adopted to evaluate the particle circu-
lation time [6] and mixing of the particles in spout flu-
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idized beds [3]. For instance, Hoorijani et al. [3] quan-
tified the mixing in three flow regimes of a single-spout
fluidized bed, including jet-in-fluidized bed, spouting-
with-aeration, and intermediate/spout-fluidization using
the Lacey index. They found that the mixing rate is
higher in jet-in-fluidization and spouting-with-aeration
regimes. To date, to our knowledge no modelling study
has quantitatively analysed mixing behaviour across dif-
ferent double- and triple-spout fluidized bed regimes. This
study compares different flow regimes, the spout fluidized
beds’ solids volume fraction and flow velocity, and mixing
via three indices: Lacey index, contact number ratio and
nearest neighbour method.

2 Simulation setup

The details of the CFD-DEM equations are provided in
[2], and validated against the experimental data of van
Buijtenen et al. [5] for the cases S2, D2, and T3 [2].
The Geldart D particles used in the simulations have a di-
ameter of 0.003 m and a density of 2505 kg m−3, with
other particle properties provided in [2]. A grid spacing
of 0.005 m was adopted in the simulations. The details
of the single- and multiple-spout fluidized bed geometries
(bed height, width, depth), ubg, usp, and number of par-
ticles (Np) are summarized in Table 1. In the case of
single-spout fluidized bed, the three regimes are: interme-
diate (S1), spout-fluidization (S2), and jet-in-fluidized-bed
(S3). In the case of double-spout fluidized bed, the three
regimes are: multiple-spouts (D1), multiple-interacting-
spouts (D2), and multiple-jets-in-fluidized-bed (D3). In
the case of triple-spout fluidized bed, the five regimes are:
multiple-spouts (T1), multiple-interacting-spouts (T2),
multiple-jets-in-fluidized-bed (T3), alternating-two-spout-
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contraction (T4), and contracted-spouts-with-periodic-
channel-blocking (T5).

Table 1. Geometrical and simulation details of the beds.

3 Comparison of the spout fluidized beds

Before comparing the mixing behaviour of the regimes in
single-, double-, and triple- spout fluidized beds, we first
compare their continuous flow fields to get a better under-
standing of their flow pattern and dynamic behaviour.

3.1 Continuous flow fields

To obtain the continuous fields of solid volume fraction (ϕ)
and the solid velocity magnitude (v), we use the discrete to
continuum mapping of MercuryCG [7]. We use spatial
averaging along the depth, and temporal averaging after
the steady state is reached. We compare ϕ and v fields of
the regimes in the three spout fluidized beds.

Figure 1 shows ϕ in the three regimes of the single
spout fluidized bed. The bed height increases and the
regimes become more diluted as ubg increases from S1 to
S3 (see Table 1). In regime S1, ϕ is low in the centre and
above 0.5 elsewhere, which indicates that only the centre
of the bed is fluidized. The patterns at the corners (ϕ ≥ 0.7)
indicate two dead zones where the particles stagnate. In
regime S2, there are no such artifacts. However, the bed is
still denser at the corners. In regime S3, the corners also
become more diluted, with ϕ being around 0.4.

Figure 1. Solid volume fraction (ϕ) in the single-spout regimes.

Figure 2 shows ϕ in the three regimes of the double-
spout fluidized bed. The bed height increases and the bed
becomes more diluted, especially the centre section, as ubg
increases from D1 to D3. In regime D1, the shapes of the
two spouts are distinct, with ϕ being low only above the

spouts. Artifacts are still indicating dead zones in the cor-
ners and between the two spouts, but their size is smaller
compared to S1. In regimes D2 and D3, the bed is more
dilute, ϕ is higher along the side walls. In regime D2, ϕ
is higher at the centre bottom, whereas in regime D3 it is
low, but still around 0.5 at the walls. This indicates that
the spouts are increasingly interacting in regimes D2 and
D3.

Figure 2. Solid volume fraction (ϕ) in the double-spout regimes.

Figure 3 shows ϕ in the five regimes of the triple-spout
fluidized bed. As before, with increasing ubg, the bed be-
comes more diluted. Regimes T2, T3, and T5, become in-
creasingly dilute in the centre with ϕ higher along the side
walls. In regime T1, the shape of the three spouts are dis-
tinct with ϕ being low only above the spouts and ϕ ≥ 0.7
indicating stagnant zones between them. Smaller stagnant
zones are also observable in regime T4.

Figure 3. Solid volume fraction (ϕ) in the triple-spout regimes.

Figure 4 shows v with streamlines in the three regimes
of the single-spout fluidized bed. In regime S1, the veloc-
ity at the centre of the bed is moderate, the corner zones
have practically zero velocity. In regime S2, the veloc-
ity at the centre is higher, the area of stagnant zones is
decreased. A clear circulating pattern is formed with par-
ticles falling back at the sides of the top portion of the
bed. In regime S3, the circulating pattern is intensified
with higher v in most of the bed. Particles are moving
downward along the side walls as part of the overall circu-
lation.

Figure 5 shows v with streamlines in the three regimes
of the double-spout fluidized bed. In regime D1, the ve-
locity above the two spouts is moderate, and close to zero

Figure 4. Solid velocity magnitude (v) with streamlines in the
single-spout regimes.

in the corners and between the two spouts. Four weak
circulating patterns are formed on both sides of the two
spouts. In regimes D2 and D3, the velocities are higher,
and with interacting spouts two clear circulating patterns
are formed, with higher v for D3.

Figure 5. Solid velocity magnitude (v) with streamlines in the
double-spout regimes.

Figure 6 shows v with streamlines in the five regimes
of the triple-spout fluidized bed. In regime T1, v above the
spouts is moderate. Some circulating patterns are present
but not clearly developed. In regimes T2 and T4, the ve-
locities are larger and circulating patterns are formed. In
regimes T3 and T5, with even higher velocities and inter-
acting spouts, clear circulating patterns are formed. Par-
ticles are moving rapidly upward in the centre and down-
ward along the side walls as part of the circulation.

3.2 Mixing behaviour

To compare the mixing behaviour of the regimes in verti-
cal direction (see Figure 7) we evaluated a collection of 17
mixing indices but highlight only a few representative ex-
amples. For a detailed description of these indices refer to
our previous article [8]. We show one mixing index from
grid-, contact-, and distance-based methods evaluated in
each regime with vertical mixing.

Figure 8 shows the Lacey index, a grid-based mix-
ing index, evaluated in each regime of the spout fluidized

Figure 6. Solid velocity magnitude (v) with streamlines in the
triple-spout regimes.

Figure 7. Snapshots of the mixing process in the spout fluidized
beds: in regime D1 (a) at the initial state and (b) after 5 s; in
regime T4 (c) at the initial state and (d) after 5 s.

beds. The mixing curves show some general trends be-
tween the regimes, with some stagnant zones (S1, D1, and
T1). However, they become very noisy in the more dy-
namic regimes (e.g. D2, D3, T2 and above). This aligns
with the recommendation that the Lacey index is not well
suited for mixing evaluation in such loose systems as flu-
idized beds, with the main reason being that the lowest
density cells in the inhomogeneous solid fraction in the
grids creates artefacts in the cell statistics [8].

Figure 8. Mixing evaluated with Lacey index in each regime of
the three-spout fluidized beds.

Figure 9 shows the contact number ratio, a contact-
based mixing index, evaluated in each regime of the spout
fluidized beds. The mixing curves are less noisy compared
to Figure 8 and differences become visible between the
regimes. However the more dynamic regimes with fewer
particles (e.g. S1, S2) still have significant noise. There-
fore contact-based indices are still not ideal for mixing
evaluation in this system, which can be explained mainly
by too little contacts between particles in the loosely
packed regions [8].

Figure 10 shows the nearest neighbour method, a
distance-based mixing index, evaluated in each regime of
the spout fluidized beds. These curves provide a clear
insight due to less noise, as distance-based methods are
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contraction (T4), and contracted-spouts-with-periodic-
channel-blocking (T5).

Table 1. Geometrical and simulation details of the beds.
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with higher v in most of the bed. Particles are moving
downward along the side walls as part of the overall circu-
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locity above the two spouts is moderate, and close to zero

Figure 4. Solid velocity magnitude (v) with streamlines in the
single-spout regimes.

in the corners and between the two spouts. Four weak
circulating patterns are formed on both sides of the two
spouts. In regimes D2 and D3, the velocities are higher,
and with interacting spouts two clear circulating patterns
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Figure 6 shows v with streamlines in the five regimes
of the triple-spout fluidized bed. In regime T1, v above the
spouts is moderate. Some circulating patterns are present
but not clearly developed. In regimes T2 and T4, the ve-
locities are larger and circulating patterns are formed. In
regimes T3 and T5, with even higher velocities and inter-
acting spouts, clear circulating patterns are formed. Par-
ticles are moving rapidly upward in the centre and down-
ward along the side walls as part of the circulation.

3.2 Mixing behaviour

To compare the mixing behaviour of the regimes in verti-
cal direction (see Figure 7) we evaluated a collection of 17
mixing indices but highlight only a few representative ex-
amples. For a detailed description of these indices refer to
our previous article [8]. We show one mixing index from
grid-, contact-, and distance-based methods evaluated in
each regime with vertical mixing.

Figure 8 shows the Lacey index, a grid-based mix-
ing index, evaluated in each regime of the spout fluidized
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Figure 7. Snapshots of the mixing process in the spout fluidized
beds: in regime D1 (a) at the initial state and (b) after 5 s; in
regime T4 (c) at the initial state and (d) after 5 s.

beds. The mixing curves show some general trends be-
tween the regimes, with some stagnant zones (S1, D1, and
T1). However, they become very noisy in the more dy-
namic regimes (e.g. D2, D3, T2 and above). This aligns
with the recommendation that the Lacey index is not well
suited for mixing evaluation in such loose systems as flu-
idized beds, with the main reason being that the lowest
density cells in the inhomogeneous solid fraction in the
grids creates artefacts in the cell statistics [8].

Figure 8. Mixing evaluated with Lacey index in each regime of
the three-spout fluidized beds.

Figure 9 shows the contact number ratio, a contact-
based mixing index, evaluated in each regime of the spout
fluidized beds. The mixing curves are less noisy compared
to Figure 8 and differences become visible between the
regimes. However the more dynamic regimes with fewer
particles (e.g. S1, S2) still have significant noise. There-
fore contact-based indices are still not ideal for mixing
evaluation in this system, which can be explained mainly
by too little contacts between particles in the loosely
packed regions [8].

Figure 10 shows the nearest neighbour method, a
distance-based mixing index, evaluated in each regime of
the spout fluidized beds. These curves provide a clear
insight due to less noise, as distance-based methods are
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Figure 9. Mixing evaluated with contact number ratio in each
regime of the three-spout fluidized beds.

suitable for mixing evaluation in fluidized beds, since they
are not sensitive to loosely packed regions [8]. The curve
of regimes S1, D1, and T1 converge to values below 0.9
due to the stagnant zones at the corners. This reduces the
overall mixedness of the system, since the particles do not
move and therefore do not mix in these zones. Regime S3
converges to 1 sooner than S2, which corresponds to in-
creased mixing in the more dynamic regime. This aligns
well with experimental studies where an improved mix-
ing in the more dynamic regime with increased ubg was
also observed [9]. The trend of the index from S1 through
D1 and T1 to T4 means that the stagnant zones relative
size compared to the whole system is smaller than in S1.
Regimes T2 and T3 show increased mixing with increas-
ing ubg. The difference between regimes T3 and T5 is
minor, signalling that higher usp can also increase mixing
when ubg is lower.

Figure 10. Mixing evaluated with nearest neighbour method in
each regime of the three-spout fluidized beds.

4 Conclusion and outlook

Spout fluidized beds are effective for particle mixing, with
the mixing behaviour influenced by the dynamics of the
bed. Our analysis highlights that distance-based mix-
ing indices (e.g. Nearest neighbour method) are suitable
for evaluating mixing in fluidized beds, better than grid-
and contact-based methods, which have poor statistics in
highly dynamic dilute regimes. Mixing performance gen-
erally improves with increased bed dynamics, as higher
ubg and usp enhance particle circulation. However, beyond
a limit, a further increase does not lead to significant im-
provements in mixing. Additionally, mixing in vertical di-
rection is found to be effective due to the circulation pat-
terns within the bed, which promote rapid particle redistri-
bution along the vertical axis with more limited exchange

in the horizontal direction. Future studies could focus on
comparing the mixing indices in 3D spout fluidized beds
allowing for upscaling.
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