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a b s t r a c t

Liquid-solid fluidisation is frequently encountered in drinking water treatment processes, for instance in
seeded crystallisation softening processes. For modest superficial fluid velocities, liquid–solid fluidisation
systems are generally considered to be homogeneous, as reported in literature. However, during fluidis-
ation experiments with calcite grains, open spaces of water can be observed between the fluidised par-
ticles, even at relatively low fluid velocities. Moreover, significant heterogeneous particle–fluid patterns
are detected at higher fluid velocities. Such heterogeneous behaviour can beneficially or adversely affect
the chemical crystallisation efficiency. To obtain information about voids in bulk regions, complementary
Computational Fluid Dynamics - Discrete Element Method (CFD-DEM) simulations were performed and
compared with the experimental results for validation. Simulations were performed using different water
inlet velocities and fractionised calcite granules obtained from full-scale reactors. Here, the results are
analysed using the bed height, voidage and pressure drop of the system. Furthermore, images of the
experiments and simulations are visually compared for the formation of voids. The simulations showed
distinct differences in void fraction in the cross-section of the column. It is shown that throughout the
range of considered water velocities, heterogeneous behaviour exists and cannot be neglected. The
heterogeneity and onset of fluidisation behaviour obtained from the simulations and experimental obser-
vations were compared and found to agree reasonably well.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Liquid-solid fluidisation applied in drinking water softening
processes

Water softening is an important process in water treatment
(Crittenden et al., 2012). The removal of calcium carbonate has
multiple benefits, for example to counteract limescale (Beeftink
et al., 2021); (Kramer et al., 2020b). The softening process is fre-
quently performed using liquid–solid fluidised (LSF) bed reactors
(Fig. 1) (Graveland et al., 1983). In the Netherlands, more than
400 million m3 water is softened annually in drinking water treat-
ment plants employing fluidised bed pellet reactors (Hofman et al.,
2007). By adding caustic soda, supersaturated conditions are cre-
ated. Calcium carbonate crystallisation takes place on the surface
of calcite grains, which then grow. Pellets are extracted from the
reactor when a defined grain size threshold is exceeded. Larger
particles will migrate to the lower region of the reactor bed and,
depending on the flow conditions, a stratified bed with a certain
particle size profile will evolve. In these softening reactors, sand
is generally used as seeding material and calcite pellets are pro-
duced as a by-product (van Dijk andWilms, 1991). To improve sus-
tainability, pure calcite can be used as seeding material, while full-
grown calcite pellets, extracted from the reactor, can be dried,
grained and sieved and re-used as seeding material (Schetters
et al., 2015).
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Nomenclatures

Ar Archimedes number [-]
C Column length [m]
D Inner column or cylinder vessel diameter [m]
dp Particle diameter [m]
ep Particle coefficient of restitution [-]
Fr Froude number [-]
g Gravitational acceleration [m/s2]
L Fluid bed height [m]
mp Total particle mass [kg]
DP=L Pressure drop/head loss [kPa/m]
DPmax Total maximum differential pressure over the bed [kPa]
r Radial coordinate [m]
St Stokes number [-]
vmf Minimum fluidisation velocity [m/s]
vs Linear superficial velocity or empty tube fluidisation

velocity [m/s]
v t Terminal settling velocity [m/s]
T Temperature [�C]
V Volume [m3]
Yp Particle Young’s modulus [MPa]
z Axial coordinate [m]

Greek symbols
Dt Time step [s]
Dx Cell size [m]
e Voidage of the system [-]

be Voidage, integration variable [-]
gf Fluid dynamic viscosity [Pa∙s]
lp Particle coefficient of friction [-]
mp Particle Poisson ratio [-]
qf Fluid density [kg/m3]
qp Particle density [kg/m3]
rp Particle diameter standard deviation [m]
re Voidage standard deviation [-]
/m Time-averaged vertical solid mass flux [kg/(m2s)]

Abbreviations
ARE average relative error
CCCP calcium carbonate crystallisation potential
CDF cumulative distribution function
CFD computational fluid dynamics
DEM discrete element method
GSF gas–solid fluidisation
HU-ILC University of Applied Sciences Utrecht, Institute for Life

Science and Chemistry
LSF liquid–solid fluidisation
PDF probability density function
QMUL Queen Mary University of London
SSA specific surface area

Fig. 1. Full-scale pellet softening reactors located at Waternet (Amsterdam, the
Netherlands). The unit consists of 12 Amsterdam reactors with reactor diame-
terD = 3.0 m (van der Veen and Graveland, 1988).
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For optimal process conditions, i.e. fast calcium carbonate crys-
tallisation (van Schagen, 2009), a large specific surface area (SSA),
and therefore small particles, in the fluidised bed is required
(Kramer et al., 2020b). Because of the importance of the grain size
and subsequent stratification effects, the fluidisation behaviour of
these LSF bed reactors must be studied closely. Due to the need
to ensure a continuous production of reliable drinking water,
experiments in this field are restricted to pilot-scale set-ups. Com-
plementary to these experiments, numerical simulations are used
as a reliable tool to gain insight into these processes. Such simula-
tions offer a more detailed view of the fluidisation behaviour inside
the reactor without the need for elaborate experimental methods.
2

1.2. Fluidisation quality

Homogeneous fluidisation can be defined as a fluidised state in
which solid particles are uniformly dispersed throughout the fluid
without observable bubbles (Yang, 2003). The average distance
between particles remains relatively constant, such that there is
a consistent distribution of neighbour particles around each given
particle (Gibilaro, 2001). Mainly, no bubbles or voids are present in
homogeneous fluidisation (Grace et al., 2020).

Heterogeneous fluidisation, in contrast, includes any state other
than homogeneous. It can be chaotic or non-uniform, it can have
bubbles or particles moving in bulk in different directions, and it
can have particles moving randomly without maintaining a fixed
distance to other particles. Both homogeneous and heterogeneous
fluidisation are affected by increasing flow rate and varying parti-
cle properties. Fluidisation quality has been studied in great detail
for gas–solid fluidisation (GSF) where bubbles play an important
role. In LSF, bubbles or voids are pockets of fluid created during flu-
idisation. Some particles will get closer together to allow for large
gaps with little or no particles. The presence of these gaps is one of
the main indications of heterogeneous fluidisation (Geldart, 1973).

Homogeneous fluidisation for uniform particles was observed
by Wilhelm and Kwauk (1948) who proposed a simplified classifi-
cation and empirical criterion for the transition between a state of
particulate or idealised fluidisation with complete homogeneity
and a state of aggregative or heterogeneous fluidisation (Liu
et al., 1996). Goossens (1998) proposed a relatively simple indus-
trial tool to classify and predict the fluidisation behaviour of any
given fluid-particle system, based upon the dimensionless Archi-

medes number Ar ¼ gdp
3qf qp=qf � 1

��� ���=tf 2, where gravitational

and inertial forces are considered, and taking into consideration a
representative particle diameter and related shape factor.

It is widely accepted that fluidisation flow for GSF is heteroge-
neous or aggregative, while LSF is mainly homogeneous or partic-
ulate, implying that the particles are assumed to be uniformly
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distributed (Ruckenstein, 1964); (Davidson et al., 1985);
(Jamialahmadi and Miiller-Steinhagen, 1992); (Yang, 2003);
(Crowe and Group, 2006); (Albright, 2009); (Wang et al., 2016);
(Michaelide et al., 2017). This assumption has formed the basis
of many publications. For example, Richardson and Zaki (1954) sta-
ted that measuring sedimentation would be similar to fluidisation
due to the fact that in fluidisation the particles do not undergo any
net movement and velocity is only due to the continuous upward
movement of fluid, suggesting that the fluidisation reaches an
equilibrium. Oke et al. (2015) assumed the Richardson-Zaki equa-
tion to be correct, implying that homogeneous flow dominates for
their numerical calculations. This highlights the large influence
that these older publications continue to have. According to Di
Felice (1995), the main or prevalent regime is homogeneous in
LSF, whereas GSF is described to have many regimes and transition
states. Zheng et al. (1999) stated that the flow in a liquid–solid cir-
culating fluidised bed has higher uniformity than is the case for a
gas–solid bed and that only some non-uniformity can be seen,
implying that the flow is mainly homogeneous. Liu et al. (2013)
described LSF as pseudo-homogeneous for higher viscosity liquids.
Tsuchiya et al. (1997) stated that LSF sometimes demonstrates
heterogeneous behaviour, albeit mainly homogeneous. According
to Batchelor (1988), the conditions for instability of LSF are more
complicated compared to GSF. Batchelor described experiments
trying to find relationships between flow rate and other variables
and found that a non-uniform fluidised bed contains two depen-
dent variables; the local mean particle velocity and the local parti-
cle concentration. Batchelor also showed that instability occurs
when the particle Froude number Fr ¼ v s=

ffiffiffiffiffiffiffiffi
gdp

p
(ratio of inertial

to gravity forces) exceeds a critical value (Wilhelm and Kwauk,
1948). A transition occurs from smooth homogeneous fluidisation
to heterogeneous or aggregative (bubbling) fluidisation at a Fr � 1.
Fazle Hussain (1986) found that the instabilities of local turbulent
flows cause the formation of vortices and coherent structures.
Based on a stability map proposed by Gibilaro et al. (1986) and
updated later (Gibilaro, 2001), the transition for LSF in ambient
water from particulate to aggregate fluidisation depends on both
the density and the size of the suspended particles; for a lower par-
ticle density, a larger size is necessary for a transition to occur.

While the majority of researchers have used optical methods to
investigate LSF, a small number of computational studies is avail-
able too. For example, Ghatage et al. (2014) conducted an extensive
literature review on the stability analysis of LSF and studied the
transition from homogeneous to heterogeneous regimes with
Computational Fluid Dynamics - Discrete Element Method (CFD-
DEM) simulations and experiments. This study highlighted that
the transition conditions for LSF could be obtained experimentally
by observing the behaviour of the (classification) velocity of a sin-
gle foreign particle at different superficial liquid velocities.
1.3. Full-scale experience and reactor performance

The fluidisation quality of softening processes at Waternet, the
water utility of Amsterdam and surroundings, was observed visu-
ally during full-scale operational conditions and considered to be
moderately heterogeneous. It is currently unknown to which
extent such heterogeneous behaviour affects the chemical crys-
tallisation efficiency, either negatively or positively, as there are
many effects to consider. In addition, carryover at the reactor efflu-
ent was detected, a process which adversely affects the calcium
carbonate crystallisation potential (CCCP), a quality performance
index for the water softening process (Rietveld, 2005).

The cylindrical pellet softening reactor (Amsterdam reactor) (van
der Veen and Graveland, 1988) is based on well-mixed water, caus-
tic soda and particular material in the lowest region of the reactor
3

(continuously ideally stirred-tank reactor principle) and a continu-
ous flowing system of cylindrical geometry (plug flow reactor prin-
ciple) in upward direction. The rate of crystallisation is strongly
dependent on the rate of mass transfer of the reactants to the crys-
tallisation surface. As a consequence, the degree of heterogeneity is
also important since bubbles cause bypass and liquid backflow,
typically detrimental to the conversion.

The main advantage of seeded crystallisation employed in this
reactor is that CaCO3 precipitates onto the surface of grains instead
of creating spontaneous unwanted precipitation in the liquid
(Burhenne et al., 2017). The SSA of the seeding material is an
important parameter for the softening process, as it influences
the calcium carbonate kinetics significantly (van Dijk and Wilms,
1991); (van Schagen, 2009). The chemical performance of the
seeded crystallisation is based on the growth rate of the seeding
calcite particles (Hu et al., 2017) and the growth rate of the seeding
material particle depends on the mass transfer of the reactants to
the surface of the pellet and the reaction of crystallisation (Tai
et al., 2006).

The imposed SSA which is exposed for crystallisation varies
through time and space. Larger open water spaces might increase
the probability of spontaneous precipitation, while a heteroge-
neous flow regime could have a positive effect on the dispersion
of chemical reactants in the water phase due to vigorous agitation
of the particles in contact with the fluid. It is unclear how the crys-
tallisation proceeds in the presence of unsteady local voids during
fluidisation. These combined factors mean that it is difficult to pre-
dict the influence of heterogeneous fluidisation on the reactor per-
formance a priori. For this reason, a scaled pilot experimental set-
up was designed to investigate the hydraulic behaviour of the pel-
let softening process, and a CFD-DEM model was developed to
study the degree of unsteady liquid–solid behaviour in LSF
systems.
1.4. Aims

The aim of the current work is to demonstrate the importance
of heterogeneous behaviour in LSF beds with calcite pellets in
water. To this end, the instability of the local voidage and the over-
all transport of particles are used as indicators. Numerical mod-
elling is applied using a suitable CFD-DEM model, and results are
compared with reliable expansion data obtained from experi-
ments. Additionally, quasi 2D images of inhomogeneities in the
expanded beds are presented, taken from experiments as well as
simulations. Lastly, the CFD-DEM model is used to explore the
three-dimensional flow phenomena inside the LSF bed.
2. Materials and methods

2.1. Simulations

The simulations in this work were conducted using the model
described in detail by Nijssen et al. (2020). This model couples
Computational Fluid Dynamics and the Discrete Element Method,
allowing for the simultaneous description of the water phase and
the suspended particles. This work employs the unresolved CFD-
DEM methodology, which resolves the fluid flow at a length scale
larger than the particles. This allows for the simulation of a large
number of particles (/ 106), but requires interaction models to
evaluate the force exerted by the fluid on the particles and vice
versa. The model proposed by Nijssen et al. is especially suited
for simulation of LSF beds as it includes closures for the drag and
lift as well as virtual mass and Basset forces. The addition of the
Basset force is a significant improvement of the classical drag-
only CFD-DEM approach, which is better suited for gas–solid sys-
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tems (Nijssen et al., 2020). For a complete description of the model,
the reader is referred to the original work.

The parameters and settings used in the simulations are sum-
marised in Table 1. The fluid properties are taken at 20 �C, the same
temperature at which the experiments were conducted. The coef-
ficients of friction and restitution were estimated based on the
experiments using glass spheres as performed by Joseph and

Hunt (2004) and the Stokes number St ¼ dpqfv= 9gf

� �
. Using the

liquid velocity as the typical collision velocity, the Stokes number
was found to lie in the range of 10–60. Typical values were chosen
for the Young’s modulus and Poisson ratio, as they have a negligi-
ble influence on the results (Blais and Bertrand, 2017).

2.2. Experimental set-up

Expansion experiments for several materials were carried out at
three locations: in Waternet’s Weesperkarspel drinking water pilot
plant located in Amsterdam, the Netherlands (Fig. 2a); at the Insti-
tute for Life Science and Chemistry of University of Applied
Sciences Utrecht (HU-ILC), the Netherlands (Fig. 2b); and at Queen
Mary University of London (QMUL), United Kingdom (Fig. 2c).
Information about the expansion columns, fluidisation expansion
experiments and standard operating procedures can be found in
the Supplementary Material (Section 2).

The set-up (Fig. 3) consisted of a 4 m transparent PVC pipe with
an inner diameter of 57 mm. The expansion set-up has two main
circuits in which water flows: the expansion circuit and the tem-
perature conditioning circuit. In the expansion circuit, a pump
takes water from a reservoir and feeds it to the expansion column
with an adjustable water flow. The flow rate entering the system
can be controlled by opening and closing a valve in combination
with an installed flow meter. The pressure drop was measured
with a differential pressure sensor. The temperature conditioning
circuit was used to deliver a desired temperature to the expansion
circuit to perform expansion experiments at different tempera-
tures. The circuit consists of a pump that feeds water into an inte-
grated heating or cooling unit. Particles are fluidised in a
cylindrical tube. Locally produced drinking water was used for
the experiments.

For this research, we examined calcite pellets (100% CaCO3)
applied in drinking water softening. Polydisperse calcite pellets
were dried, sieved and fractionated in order to acquire more uni-
formly dispersed samples. Photographic material and standard
operating procedure are included in the Supplementary Material
(Sections 1 and 2).
Table 1
Parameters and settings used in simulations. Fluid properties are taken at 20 �C;
coefficients of friction and restitution are based on the work of Joseph and Hunt
(2004).

Variable Symbol Value Unit

Column diameter D 0.057 [m]
Column length C 2.0 [m]
CFD cell size Dx 4.65 [mm]
CFD time step DtCFD 10�3 [s]
DEM time step DtDEM 10�5 [s]
Fluid density qf 998.20 [kg/m3]
Fluid dynamic viscosity gf 1.005∙10�3 [Pa∙s]
Particle diameter (mean) dp

� �
1.55 [mm]

Particle diameter (standard deviation) rp 0.16 [mm]
Particle density qp 2575 [kg/m3]
Total particle mass mp 0.87 [kg]
Particle Young’s modulus Yp 5.0 [MPa]
Particle Poisson ratio mp 0.45 [-]
Particle coefficient of restitution ep 0.3 [-]
Particle coefficient of friction lp 0.05 [-]
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2.3. Camera experiments

In this study, we used a Chronos 1.4 high-speed camera to make
video recordings of the collective motion of calcite pellets (1.4 <
dp < 1.7 mm) in the expansion column at different flow rates. This
camera is capable of capturing images at a rate of 1.4 gigapixel per
second (Kramer et al., 2020a).Wevaried the superficial fluidvelocity
between 15 and 87 mm/s (corresponding to bed voidages between
0.42 and 0.78) and used recording rates increasing from 10 to 1200
fps, as shown in Table 2. In addition, video recordings were made
with a Canon LEGRIA HF G25 (1920� 1080 pixels at 25 fps) for var-
ious flow rates. Besides the (1.4 < dp < 1.7 mm) pellets, (0.8 <
dp < 0.9 mm) pellets were also recorded (Kramer et al., 2020d).
3. Results and discussion

3.1. Expansion experiments

Fluidisation characteristics were measured for calcite pellets
(1.4 < dp < 1.7 mm, qp = 2,575 kg/m3) at 20 �C for five different
superficial fluid velocities. Some experiments were executed in du-
plo or triplo, as shown in Table 2. Additionally, videos were made
for two types of calcite pellets: Geldart’s type D (1.4 <
dp < 1.7 mm) and Geldart’s type B (0.8 < dp < 0.9 mm) (Geldart,
1973). For validation purposes, additional expansion characteris-
tics were acquired for varying temperatures and flow rates. The
experimental data is included in full in the Supplementary Material
(Section 7).

3.2. Fluidisation characterisation observations

During the fluidisation experiments with calcite grains, open
spaces and voids of water were observed between the fluidised
particles (Fig. 4), even at relatively low fluid velocities in the vicin-
ity of minimum fluidisation. These voids were found to increase in
size when the fluid flow increased (Kramer et al., 2020c).

Voids are formed when the pathway between clusters of parti-
cles is of lesser resistance than the assumed homogeneous fluidis-
ation state, resulting in a lower energy dissipation. A liquid–solid
fluidised bed may appear homogeneous when observed on a larger
scale, but locally the fluid flow distribution through the bed may
notbe completely uniform. These inhomogeneities appear in the
form of bubbles, travelling waves or particle clusters (parvoids)
depending on the systems physical parameters (Hassett, 1961).

Moreover, significant heterogeneous particle–fluid patterns
were detected at higher fluid velocities. The observed voids
behaved like bubbly waves (Verloop and Heertjes, 1970) and
moved up the bed with a certain wave velocity and frequency.
Around these voids, clusters of particles were formed, which had
a tendency to linger as a group and show decreased hindered set-
tling. After individual particles broke loose from the particle train
and start settling vertically, the remaining particles followed suc-
cessively. For relatively high fluid velocities, recirculation patterns
were observed where particles tended to show both upward and
downward flow. At these high fluid velocities, the voids were more
equidistantly distributed in the bed. In the vicinity of the column
walls, the bed voidage was slightly higher compared to the bulk
of the fluidised bed, which consequently implies a slightly different
hydrodynamic flow pattern, as confirmed by (Loeffler, 1953).
According to the transition model for LSF by Gibilaro et al.
(1986), the considered 1.4–1.7 mm calcite pellets should belong
to the fully particulate (homogeneous) region, not to the aggregate
region nor to the particulate and aggregate regions. In contrast to
the transition model, a homogeneous state for these examined par-
ticles was not observed in experiments.



Fig. 2. Photographs of the expansion columns located at Waternet (a), University of Applied Sciences Utrecht (b) and Queen Mary University of London (c). Additional
information about the set-ups and operating procedure is provided in the Supplementary Material (Section 2).

Fig. 3. Schematic representation of the experimental set-up, showing the cylindrical column, the main expansion circuit (blue) and the temperature conditioning circuit
(red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Experimental and numerical results for 1.4–1.7 mm calcite pellets in water at 20 �C.

Nr. Superficial fluid
velocity

Ratio superficial to terminal
selling velocity

Bed voidage
numerical

Bed voidage
experimental

Pressure drop
numerical

Pressure drop
experimental

Frame
rate

[#] [mm/s] [-] [-] [-] [kPa] [kPa] [fps]

1,2,3 15 0.015 0.38 0.42 2.06 2.08 10
4,5 30 0.030 0.48 0.54 2.07 2.08 10
6,7,8 61 0.061 0.59 0.68 2.10 2.08 400
9 87 0.087 0.70 0.78 2.15 2.08 600
10 142 0.142 0.89 0.91 2.16 2.08 1200
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Fig. 4. Sequence of 1.4–1.7 mm calcite pellets in a 57 mm column. Dark zones are caused by local pockets of water, vs= 25 mm/s, eh i = 0.50, average interstitial fluid velocity
50 mm/s. White lines represent the progression of waves of voids moving up at 50 mm/s. The time interval between images is 0.17 s, corresponding to 8.5 mm or 5.5 particle
diameters. The wave progression can be seen more clearly on the provided video material (Kramer, 2020); (Kramer et al., 2020a); (Kramer et al., 2020d).
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3.3. Simulation results and discussion

The mean bed voidage for calcite pellets fraction 1.4 < dp

[mm] < 1.7 was predicted on the basis of the CFD-DEM simulations
carried out by Nijssen et al. (2020) and compared with the exper-
imentally determined voidages (Kramer et al., 2020c). In addition,
the voidages were estimated with the popular model developed by
Richardson and Zaki (1954) and an empirical model proposed by
Kramer et al. (2020b).

The results presented in Fig. 5 show that the CFD-DEM model
under-predicts the voidage by a relative error of up to 10%, espe-
cially at intermediate flow rates. The voidage prediction for the
Richardson-Zaki model has the largest discrepancy compared to
the experimentally measured values, while the empirical model
proposed by Kramer et al. shows the smallest deviation. The latter
may not come as a surprise, since this data-driven model was cal-
ibrated for a variety of calcite pellet fractions.

Table 2 shows the basic bed characteristics obtained from the
CFD-DEM simulations. The authors believe that the discrepancy
with the experimental values in Table 2 is mainly caused by the
non-spherical shape of the particles (Dharmarajah, 1982). Pho-
tographs of the calcite pellets are included in the Supplementary
Material (Section 1). Analysis of these images has indicated that
Fig. 5. Experimentally measured mean voidage (circles), mean voidage predicted
by CFD-DEM simulations (squares) (Nijssen et al., 2020) (ARE = 10%), empirical
data-driven model (purple line) (Kramer et al., 2020b) (ARE = 2%), and a popular
model (amber line) (Richardson and Zaki, 1954) (ARE = 15%) for calcite pellets range
1.4 < dp [mm] < 1.7. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the particle sphericity can be as low as 0.75. This aspect was not
accounted for in the simulations. Nevertheless, the trend of the
expansion is captured accurately, and analysis of the simulation
results yields valuable insight into the bed behaviour.

Fig. 6 shows an instantaneous CFD-DEM snapshot of the bed
voidage in a cross-section through the centre of the bed, and
Fig. 6. Instantaneous cross-sectional voidage snapshots for increasing superficial
liquid velocity (15, 30, 61, 87 and 142 mm/s, respectively). Videos of the simulation
can be assessed at: (Kramer and Nijssen, 2021).



Fig. 8. Time-averaged vertical solid mass flux at different superficial liquid velocity,
measured at z ¼ L=2.

Table 3
Time-averaged vertical mass flux at the bed centre and corresponding standard
deviation, measured at z ¼ L=2.

Superficial fluid
velocity

Mean solid mass
flux

Solid mass flux standard
deviation

[mm/s] [10�3 kg/(m2s)] [10�3 kg/(m2s)]

15 �3.56 0.23
30 21.9 12.6
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Fig. 7 shows the particle distribution (particles coloured by size) as
viewed from the outside. The bed appears to be homogeneous
when the particles are observed from outside the bed (Fig. 7). How-
ever, Fig. 6 shows the appearance of discrete water pockets at
lower superficial liquid velocity, which transform into more com-
plex structures at higher velocities. At the highest flow rate, the
bed is composed of thin, interwoven particle-dense and dilute
regions. Furthermore, it can be seen that only at high fluid velocity
stratification of the bed is obtained. This indicates mobility of the
particles but an absence of a large-scale mixing pattern. Separation
of the smallest particles is observed at the lowest velocity, but
stratification of the entire bed is not found.

The time-averaged solidmass fluxwas obtained fromeach simu-
lation and is shown in Fig. 8. This figure shows the vertical flux
through a horizontal plane at height z ¼ L=2. A weak overall solids
circulation exists at intermediate velocity, which was also observed
in the experiments. Depending on the superficial fluid velocity,
upward particle movement can occur through the bed centre or
along the walls. This indicates that the circulation pattern is rather
unstable and might be highly susceptible to changes in the initial
bed configuration or the liquid distribution. The unstable circulation
is confirmed by standard deviations reported in Table 3, whichwere
calculated at the centre of the bed. Above the lowest fluid velocity,
the standard deviation is of the same order as the mean solid mass
flux, indicating a widely varying solids movement.

The strongest circulation can be found at v s = 30 mm/s, corre-
sponding to water pockets moving up through the centre of the
Fig. 7. Instantaneous snapshots of particle distribution for increasing superficial
liquid velocity (15, 30, 61, 87 and 142 mm/s, respectively). Colours indicate particle
size.

61 �8.42 25.3
87 16.0 16.2
142 2.72 4.89
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bed, as observed in Fig. 6. At the highest liquid velocity, approach-
ing the particle terminal settling velocity (200 < v t [mm/s] h2 3 5),
the time-averaged solids circulation vanishes. As can be seen from
the standard deviation in Table 3, the fluctuating component per-
sists. This lack of large-scale solids mixing combined with particle
mobility allows for the stratification at high velocity as represented
in Fig. 7.

A visual comparison of void development in experiments and
simulations with increasing fluid velocity is shown in Fig. 9. At
vs ¼30 mm/s (Fig. 9c and d) the simulations predict large singular
voids, while experiments show more numerous smaller pockets of
water. At higher fluid flows, the particle structure opens up further
and voids merge into larger structures. This was captured both in
experiments and in simulations. As the fluid motion is not resolved
at the particle scale in the CFD-DEM method, prediction of the
actual void shape is precarious. Still, a qualitative comparison of
void size holds very well, especially at higher liquid velocities.

To further quantify the influence of the observed voids on the
operational efficiency of the LSF bed reactor, the probability den-
sity function (PDF, (Eq. (1)) of the local voidage and its derived
cumulative distribution function (CDF, Eq. (2)) were evaluated. In
the equations below, V eð Þde denotes the total volume of cells hav-
ing void fraction between e and eþ de. Furthermore, a distinction
has been made between the layer of cells bordering the reactor
wall and those in the core of the reactor.

PDF eð Þde ¼ V eð ÞdeR 1
0 V eð Þdbe ð1Þ

CDF eð Þ ¼
Z e

0
PDF be� 	

dbe ð2Þ

eh i ¼
Z 1

0
PDF be� 	 � bedbe ð3Þ



Fig. 9. Visual comparison between experiments (left) and simulations (right), showing void development with increasing superficial liquid velocity (15, 30, 61, 87 and
142 mm/s, respectively).
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Fig. 12. Comparison of voidage probability density functions for large particles
( dp
� �

= 1.55 mm, rp = 0.16 mm, vs = 61 mm/s) and small particles ( dp
� �

= 0.9 mm,
rp = 0.08 mm, vs = 30 mm/s) at similar mean voidage. Dashed lines indicate mean
voidage; dotted lines mark the range of voidages comprising 95% of the bed volume.
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r2
e ¼

Z 1

0
PDF be� 	 � be � eh i� 	2

dbe ð4Þ

Byway of illustration, Fig. 10 shows the voidage PDF for the sim-
ulation with v s = 30mm/s. The results obtained at other fluid veloc-
ities are included in the Supplementary Material (Section 4). The
dashed lines indicate themean voidage (Eq. (3)) in thewall and core
regions, while the dotted lines indicate the range of voidage encom-
passing 95%of thebed volume (CDF eð Þ =2.5% and97.5%). Clearly, the
void fraction distribution is not symmetrical, showing a peak at low
voidage with a long tail reaching up to 90% liquid volume. This indi-
cates the presence of high-voidage water bubbles in a denser emul-
sion phase. The broad distributionmeans that themean bed voidage
is not an adequate parameter to describe the LSF bed state, as a range
of voidages should be considered instead.

Lastly, the voidage in the vicinity of the reactor walls was found
to be up to 5% higher than in the bulk of the bed. This indicates an
intrinsic limitation of optical voidage measurements in LSF bed
experiments. The liquid volume fraction measured close to the
wall is not representative of that in the core of the reactor. Simula-
tions offer an advantage, as they provide full 3D void fraction infor-
mation without the need for expensive measurement techniques,
such as x-ray tomography, electrical capacitance tomography or
optical probing.
Fig. 10. Voidage probability density function obtained at vs = 30 mm/s. Dashed
lines indicate mean voidage; dotted lines mark the range of voidages comprising
95% of the bed volume.

Fig. 11. LSF bed expansion behaviour with increasing superficial liquid velocity.
Symbols indicate mean voidage, error bars signify the range of voidages comprising
95% of the bed volume. Minimum fluidisation velocities: vmf = 13.6 mm/s for
dp = 1.4 mm and vmf = 17.2 mm/s for dp = 1.7 mm calcite pellets.
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The heterogeneity of the bed observed in the simulations is
summarised in Fig. 11. Symbols show the mean voidage plotted
against superficial fluid velocity, while the error bars indicate the
range of voidages comprising 95% of the bed volume. Interestingly,
heterogeneity shows to be most pronounced slightly above the
onset of fluidisation (Fig. 11). At higher velocity, the range of
observed voidages narrows as the discrete bubbles transform into
more complex structures.

In order to show the influence of particle size on the bed hetero-
geneity, a simulation was repeated using smaller particles
dp
� �

= 0.9 mm, rp = 0.08 mm, v s = 30 mm/s. The obtained voidage
PDF is shown in Fig. 12 and compared with previous results at
vs = 61 mm/s. These two simulations are compared in view of their
similar expansion, i.e. mean voidage. However, the range of
observed voidages is much narrower using smaller particles. This
clearly indicates that larger particles favour a more heterogeneous
bed configuration, as was previously shown by Di Felice (1995). In
addition to being narrower, the distribution obtained from smaller
particles is also more symmetric than the distribution found for the
larger particles, indicating a less distinct separation between the
emulsion and bubble phases.
4. Conclusions

In this work, both experiments and simulations were employed
to gain insight into the heterogeneous behaviour of drinking water
softening reactors. In the literature, LSF systems are often consid-
ered to be homogeneous at modest velocities. Nevertheless, in
the experiments with calcite grains, local voids were observed at
relatively low fluid velocities and significant heterogeneous parti-
cle–fluid patterns at higher fluid velocities. A CFD-DEM simulation
model was used, and its results compared with expansion mea-
surements and high-speed videos and images. From this combina-
tion of experiments and simulations, it was concluded that
homogeneous fluidisation virtually does not occur.

In the literature, fluidisation behaviour is usually investigated
either through experimental work or numerical modelling. Consid-
ering their respective advantages and disadvantages, the combina-
tion of a numerical model and experiments proved to be a highly
effective way to investigate this complex system. Experiments
were needed to measure bed expansion, i.e. mean voidage, and to
observe fluidisation features and patterns from the outside of the
reactor (quasi 2D). The simulations made it possible to explore
the fluidisation features and patterns even further, allowing mea-
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surements throughout the entire bed (3D). This has yielded impor-
tant new insights into LSF behaviour.

The heterogeneity and onset of fluidisation behaviour obtained
from the simulations and experimental observations were com-
pared and found to agree reasonably well. The simulations showed
distinct differences in void fraction in the cross-section of the col-
umns. The voidage in the vicinity of the wall was not representa-
tive of that in the core of the reactor. Furthermore, the voidage
distribution in the fluidised bed was found to be broadest at inter-
mediate velocity. This information is of paramount importance for
the chemical performance of the water softening reactor. Lastly,
the solids circulation was investigated by measuring the solids
flux. The circulation pattern was found to be unstable and prone
to inversion. As expected, the solids flux vanished as the liquid
velocity approached the particle terminal velocity.
5. Recommendations

It has been shown that CFD-DEM simulations are an effective
and reliable tool for the analysis of LSF bed reactors. Using this
method, much can be learned about liquid–solid fluidisation beha-
viour. The influence of particle shape and size distribution, liquid
properties, as well as reactor scale are all subjects of major interest
to which this method can be applied. The accuracy of the method
can be improved further through the application of a sphericity
correction to the interaction forces, as was discussed by Mema
and Padding (2021). Unfortunately, such a correction is not yet
available for the unsteady interaction forces. Additionally, a more
elaborate model for the kinetic energy dissipation during
immersed collisions and influence of lubrication forces will greatly
benefit the accuracy of the method.

In this research, unsteady behaviour was observed in LSF bed. It
is recommended to conduct future research to better define and
quantify the degree of heterogeneity, i.e. improve the fluidisation
quality definitions and terms related to the fluid and particle
properties.

We have enabled future numerical and experimental studies to
investigate the impact of these properties on reactor performance
in full-scale treatment processes such as pellet softening. Since it
remains unclear whether heterogeneous behaviour could be bene-
ficial or disadvantageous for chemical crystallisation efficiency in
full-scale pellet-softening reactors, the CFD-DEM method could
be used in future research with the aim to discover optimisation
solutions. To this end, species transfer equations and chemical
reactors can be added to the model to capture the influence of
hydrodynamics and the chemical performance of the reactor.
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