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A B S T R A C T   

Liquid-solid fluidisation is frequently encountered in drinking water treatment processes, often to obtain a large 
liquid-solid interfacial surface area. A large surface area is crucial for optimal seeded crystallisation in full-scale 
softening reactors. Due to crystallisation, particles grow and migrate to a lower zone in the reactor which leads to 
a stratified bed. Larger particles adversely affect the surface area. To maintain optimal process conditions in the 
fluidised beds, information is needed about the distribution of particle size, local voidage and available surface 
area, over the reactor height. 

In this work, a sensor is developed to obtain the hydraulic state gradient, based on Archimedes’ principle. A 
cylindrical heavy object is submerged in the fluidised bed and lowered gradually while its weight is measured at 
various heights using a sensitive force measuring device. 

Based on accurate fluidisation experiments with calcite grains, the voidage is determined and a straightfor-
ward empirical model is developed to estimate the particle size as a function of superficial fluid velocity, ki-
nematic viscosity, suspension density, voidage and particle density. The surface area and specific space velocity 
can be estimated accordingly, which represent key performance indicators regarding the hydraulic state of the 
fluidised bed reactor. The prediction error for voidage is 5 ± 2 % and for particle size 9 ± 4 %. 

The newly developed soft sensor is a more time-effective method for obtaining the hydraulic state in full-scale 
liquid-solid fluidised bed reactors.  

Abbreviations: ARE, average relative error; CCCP, calcium carbonate crystallisation potential; CC, crushed calcite; CO, cylindrical object; CP, calcite pellets; DTM, 
data transformation model; GB, glass beads; KPI, key performance indicators; LSF, liquid-solid fluidisation; DTM, data-transformation-model; SSA, specific crys-
tallisation surface area; SSV, specific space velocity; TSA, total surface area. 
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Table 5. Dimensionless numbers.  
Number Equation Equation number 

Reynolds tube 
Re =

ρf vsD
η  

(25) 

Reynolds cylinder 
Reco =

ρf vsDco

η  
(26) 

Stokes 
St =

gdp
2

18η  
(27) 

Reynolds particle 
Rep =

ρf dpvs

η  
(28) 

Densimetric particle Froude Frp =
vs

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(ρp

ρf
− 1
)

gdp

√ (10)  

1. Introduction 

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

Liquid-solid fluidisation is a commonly applied process in drinking 
water treatment processes, often to effectuate a large liquid-solid 
interfacial surface area [1]. In particular, pellet softening, a process 
based on seeded crystallisation in fluidised bed reactors, requires a large 
surface area for crystallisation purposes [2]. Water softening is a 
frequently applied treatment step in drinking water treatment [3]. The 

removal of dissolved calcium from the water has benefits for public 
health, environment, economy and aesthetics. In addition, it counteracts 
limescale [4]. In the Netherlands, more than 400 million m3 water is 
softened annually in drinking water treatment plants using fluidised bed 
pellet reactors [5]. In these reactors, sand is traditionally dosed as 
seeding material. Calcite pellets are produced as a by-product [6]. To 
meet sustainability goals, calcite pellets are dried, grained, sieved and 
re-used as seeding material [7]. By carefully dosing caustic soda, su-
persaturated conditions are created in the fluidised bed [8], leading to 
calcium carbonate crystallisation on the surface of calcite grains. Crys-
tallisation causes particles to grow and to migrate to a lower region in 
the reactor which leads to a stratified bed and a certain particle size 
profile (0.2–2.0 mm) from top to bottom of the bed. Larger particles 
reduce the available surface area which adversely affects the crystal-
lisation efficiency. In addition, too large calcite pellets may cause 
detrimental clogging at the bottom of the reactor, due to a highly 
alkaline environment caused by caustic soda dosage if the superficial 
fluid velocity approaches the minimum fluidisation state. Therefore, 
when a certain particle size threshold is exceeded, calcite pellets are 
extracted from the bottom of the reactors. To maintain optimal process 
conditions i.e. fast calcium carbonate crystallisation in the fluidised 
beds, information is needed about particle size, local voidage and spe-
cific surface area (SSA), over the reactor height [9]. 

Nomenclature 

A1 Surface area of one spherical particle [m2] 
Ac Specific space velocity [s− 1] 
Ai Projected particle area using static image analysis [m2] 
As,r Specific surface area (reactor) [m2/m3] 
As,w Specific surface area (water) [m2/m3] 
A⊥ Cross sectional area of the object perpendicular to the flow 

[m2] 
ci Coefficients [-] 
Cw Drag coefficient [-] 
D Inner column or cylinder vessel diameter [m] 
Dco Diameter cylindrical object [m] 
Dhm Inner column diameter hydrometer [m] 
dp Effective or average or particle equivalent diameter [m] 
Δdp Distance between the centres of two spherical particles [m] 
di Effective size of a sample where i percentage of particles is 

smaller than the particular size [m] 
ds,i Sieve mesh diameter [m] 
E Bed expansion [%] 
fc Correction factor [-] 
Fb Buoyancy force [N] 
Fcol Force caused by particle collisions [N] 
Fd Drag force [N] 
Fg Gravitational force [N] 
Fs Upward strain force [N] 
Frp Densimetric or particle Froude number [-] 
g Local gravitational field of earth equivalent to the free-fall 

acceleration [m/s2] 
ΔL Relative total fluid bed height [m] 
L Fluid bed height [m] 
L0 Fixed bed height [m] 
mg Object mass (in air) [kg] 
mi Single particle mass [kg] 
m Total particle mass [kg] 
mstrain Object mass apparent (mass while submerged in fluidised 

bed) [kg] 
msub Submerged object mass (in water) [kg] 
N Total number experiments [#] 

Np Total number of particles [#] 
Nr Number of reactors [#] 
ΔP/L Pressure drop head loss [kPa/m] 
ΔPmax Total maximum differential pressure over the bed [kPa] 
Qw Water flow [m3/h] 
Rep Reynolds particle number [-] 
Ret Reynolds terminal number [-] 
S Strain / stress [V] 
St Stokes number [-] 
tf Fluid response [s] 
tp Particle response [s] 
T Temperature [◦C] 
vi Interstitial fluid velocity or phase-averaged bulk fluid 

velocity [m/s] 
vs Linear superficial velocity or empty tube fluidisation 

velocity [m/s] 
V Volume [m3] 
Vobject Object volume [m3] 
W Weight of object in air [N] 
Wsub Weight of submerged object in water [N] 
z Height [m] 

Greek symbols 
α Linear heat expansion coefficient [m/mK] 
ε Voidage or voidage of the system [m3/m3] 
ε0 Fixed bed voidage [-] 
ε1 Voidage at situation 1 (with no distorted bed) [-] 
ε2 Voidage at situation 2 (due to constriction caused by the 

object in the bed) [-] 
εmf Voidage at minimum fluidisation [-] 
η Dynamic fluid viscosity [kg/(m s)] 
ηmix Dynamic viscosity of mixture [kg/(m s)] 
ρco Density cylindrical object [kg/m3] 
ρf Fluid density [kg/m3] 
ρmix Suspension density (particles and fluid) [kg/m3] 
ρp Particle density [kg/m3] 
Φ Sphericity: ratio between surface area of the volume 

equivalent sphere and considered particle [-]  
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In full-scale industrial pellet-softening reactors (Fig. 1), the condition 
of the fluidised bed is not available to the operator in real-time. To 
obtain direct particle information, on a frequent basis, laborious manual 
action is necessary, such as particle sampling from the reactor bed, using 
hoses that might be hazardous in terms of water quality i.e. hygiene 
requirements [11]. Moreover, particle samples must be dried, weighted, 
sieved and analysed accordingly, which is time consuming, expensive, 
and only provides delayed information about a small section of the 
reactor. 

Indirect fluidised bed information can also be acquired using online 
sensors [12]. The total pressure drop and bed height can be used to 
estimate the total average bed voidage. More advanced methods are also 
applied on a reactor equipped with a differential pressure measurement 
sensor between heights of 15 and 65 cm in the reactor [13]. Using the 
fact that the hydraulic pressure drop must be equal to the submerged 
weight of the suspended bed material per unit cross-sectional area, the 
local voidage in the reactor zone with the highest supersaturation 
driving force can be estimated. Using hydraulic models such as Ergun 
[14], Carman–Kozeny [15] or van Dijk [6], the local average particle 
size can be estimated [16]. Knowing these values is operationally 
beneficial for determining effectivity, and the point at which particles 
need to be removed. However, the information received is averaged, and 
does not provide a complete description of the hydraulic state. 

1.2. Hydraulic state determination of pellet-softening fluidised beds 

Due to seasonal changes, surface water temperature in the 
Netherlands changes throughout the year between 1 and 20 ◦C. This 
affects the degree of fluidised bed expansion in pellet-softening reactors. 
To maintain optimal process conditions for calcium carbonate crystal-
lisation, sufficient particle surface area must be retained in the fluidised 
bed. Moreover, through a transition from garnet sand as a seeding ma-
terial, to a more sustainable re-use of crushed calcite pellets [7,9], 
particle properties of calcite particles have changed. A consequence, 
however, is that particle size and shape of these granules affect the 
condition and performance of the distinct unit-operation, causing an 
altering degree of expansion and a risk of particle flushing. In addition, 
when calcite pellet erosion occurs, with high turbidity as a result in the 
water phase, the bed height sensor often cannot detect the bed height. 

In practice, it is rather complex to comprehend the overall seeded 
crystallisation softening process that occurs in a stratified bed with a 
variety of large spherical and small highly non-spherical particles with 
different hydraulic behaviour. For this reason, operators have to build 
up significant experience in operations and often use "rules of thumb" 
[17] and experience to control and optimise the process [10,5,18]. 
Additional full-scale considerations to operations can be found in the 

Supplementary material (Section 6). 
Up to this point, it has not been possible to fully determine the real 

time dynamics of the fluidised bed from the outside of a reactor or based 
on overall process variables such as water temperature, flow, bed height 
and total differential pressure. The pellet-softening process has proven 
to be complex and it is not completely understood if multiplicity i.e. 
multiple process states occur. 

For safe water production [19] and optimal process conditions, a 
more flexible process control is needed [20]. With regard to 
pellet-softening this means that an improvement is needed for fast, on-
line determination of the hydraulic state of the fluidised bed in 
pellet-softening reactors. 

The objective of this work is to experimentally measure the force 
acting on a submerged object in a liquid-solid fluidised bed and use this 
information to determine the suspension density and voidage along the 
bed height. The voidage measurement is based on Archimedes’ principle, 
and is compared with the measured bed height and mass-based mean 
voidage. The overall aim of this research is to test the novel developed 
sensor to obtain longitudinal information of the hydraulic state gradient 
in a drinking water pellet-softening reactor, where chemistry and hy-
draulics are inextricably interlinked. 

The approach in this work is a feasibility study to demonstrate that 
the Archimedes-based novel sensor, termed as ‘the Hydrometer’, works 
in a liquid-solid fluidised bed reactor. 

First, an overview is given of the existing scientific literature about 
submerged objects in fluidised beds and its applications. To explore the 
existence of a weight gradient, a preliminary trial was carried out in a 
full-scale reactor. An advanced experimental set-up was been designed 
and constructed to investigate the possibility of measuring the weight 
changes of a submerged object for various heights in the fluidised bed. 

The novelty of this work lies in the combination of classical physics i. 
e. Archimedes’ principle and the translation into particle properties 
which serves as a semi-online sensor to determine the hydraulic state of 
a liquid-solid fluidised bed reactor. 

2. Materials and methods 

Experiments are executed in the experimental set-up with glass beads 
to scrutinise the dimensions of the submerged objects. A series of ex-
periments are performed with a mixture of two sets of fractionised 
calcite grains from a pellet-softening reactor to investigate the possi-
bility to distinguish the transition from one layer to another when the 
object is gradually lowered. Furthermore, two single fractions of calcite 
pellets are used to examine whether the spherically-assumed particle 
size can be predicted using a novel data-driven model based on the 
known particle and fluid properties. A sensibility analysis is conducted 

Fig. 1. Full-scale pellet softening reactors located at Waternet (Amsterdam, The Netherlands) [10].  
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to determine the implications for the data conversion steps i.e. the data- 
transformation-model (DTM). Additionally, key performance indicators 
(KPI) are presented to assess the hydraulic reactor performance. Finally, 
the practical utility in full-scale operation is discussed. 

2.1. Experimental set-up 

An experimental set-up was designed at Waternet and at the Uni-
versity of Applied Sciences Utrecht, the Netherlands (Fig. 3). A trans-
parent 2 m cylindrical PVC column (Fig. 4) with an inner diameter of 
123 mm was used for the fluidisation experiments. The bottom section of 
the column was equipped with a membrane with a mesh of 120 μm; this 
membrane functioned as the base of the bed. The purpose of the mem-
brane distributor was to allow water to flow through the bed with a 
uniform velocity profile across the bed cross section, thereby preventing 
inhomogeneities. Locally produced drinking water was used for the 
experiments. An overflow at the top of the column was used to recir-
culate the water through a buffer vessel and a reservoir. The column was 
mounted in an aluminium frame to accommodate the measuring appa-
ratus and ensure a levelled column. A centrifugal pump with valves 
created an adjustable upward flow that was measured by a calibrated 
flow meter. The flow rate entering the system could be controlled 
through opening and closing a valve in combination with an installed 
flow meter (Bürkert Electro-Magnetic Inductive Flow measurements, 

type 8051). Water temperature could be regulated with a boiler, a 
cooler, and a thermostat by recirculating water through a buffer vessel 
connected to a water reservoir. To measure the particle bed height, a 
metallic measuring tape was secured on the outer wall of the expansion 
column. A schematic overview can be found in Fig. 6. Additional tech-
nical information about materials is given in the supplementary material 
(Section 3). 

2.2. Hydrometer pulley system 

A pulley system driven by a stepper motor was mounted above the 
expansion column to move a cylindrical object vertically through the 
fluidised bed (Fig. 4). A distance encoder was used to measure the 
number of rotations (Fig. 2) which was converted to the longitudinal 
position of the object. A load cell measured the amount of strain in 
voltage which was converted to the weight of the object. The stepper 
motor, distance encoder, and load cell were connected to a I/O hardware 
module (Q.monixx) [21]. The module (Fig. 5) transmitted the data 
stream of and from Gantner GI.Bench data acquisition software envi-
ronment running on a computer. Within the GI.Bench configuration 
[22], hardware controls and data log settings were defined, as well as 
the calibration values for conversion of strain [V] to mass [kg], and 
number of revolutions [#] to distance travelled [m]. The pulley system 
(Fig. 2) is composed of four components to move the object up and down 
the column and log its weight and distance. From left to right, the object 
is attached to a thin, braided fishing line. The line is strung over the first 
pulley, encoded with a step counter, which transmits the number of 
steps from a set zero point to an attached data processor. This relates to 
the area of the column in which the object resides. The line passes under 
the second pulley equipped with a load cell that measures the amount of 
strain in voltage. This strain is directly correlated to the submerged 
weight of the object which is calculated by calibrated values within the 

Fig. 2. Pulley system, from left to right: distance encoder, load cell, support 
pulley, stepper motor. 

Fig. 3. Experimental Set-up.  

Fig. 4. Submerged object.  
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GI.bench software. The line is threaded over the third pulley for support 
and connected to the stepper motor used to move the object up and 
down the column. Additional technical details are provided in the 
Supplementary material (Section 3). 

2.3. Particle selection 

The focus of this research is the development of a novel sensor for 
pellet-softening fluidised bed reactors. For this reason, polydisperse 
calcite pellets (100 % CaCO3) were extracted from full-scale reactors. 
Relatively monodisperse fractions were obtained by sieving pellets 
batches with a AS 200 Retch Laboratory sieve shaker and calibrated US 
mesh sieves regulated by standards such as ISO 3310-1, ISO 565, EN 
933-2 and ASTM E11 [23]. In addition, crushed calcite grains (100 % 
CaCO3 from the Calcite Factory) were used to compose a two-fraction 
mixture. As a reference, spherical glass beads were used (Boom lab). 
Two representative samples from each fraction were scanned and ana-
lysed using ImageJ [24] to validate the particle size and morphological 
properties. The sieved fractions were used to compose three different 
particle beds for the fluidisation experiments. Additional morphological 
particle properties, such as the sphericity, were determined with a 
Retsch Camsizer XT [25]. Additional photos of examined granules are 
given in the Supplementary material (Section 2). Scanning Electron 
Microscope photos of calcite pellets were taken by Dirken et al. [26]. 

2.4. Fluidisation experiments 

A straightforward pilot test was performed in a full-scale pellet- 
softening reactor to discover whether a submerged weight gradient was 
observed and measurable. Fluidisation measurements with glass beads 
were executed in a pilot set-up to analyse the influence of the dimensions 
of the submerged objects at maximum flow rate. Additionally, a series of 

Fig. 5. Data transfer unit.  

Fig. 6. Schematic representation of the experimental set-up. The system has two main circuits in which water flows: the expansion circuit and the temperature 
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 and is measured by a calibrated flow meter. The temperature circuit consists of a pump that 
feeds water into an integrated heating or cooling unit equipped with a thermostat. Particles are fluidised in a cylindrical tube. The object weight and height is 
measured with the hydrometer soft sensor. 

O.J.I. Kramer et al.                                                                                                                                                                                                                             



Journal of Water Process Engineering 42 (2021) 102091

6

fluidisation experiments was performed with different calcite particles 
for various flow rates to measure longitudinal gradients. During these 
fluidisation experiments, the weight loss of the submerged object was 
measured while altering the height of the object. The fluid velocity and 
temperature were logged as well as the bed height. 

2.5. Data transformation model 

The buoyant weight gradient in the fluidised bed can be measured 
with the hydrometer sensor (Fig. 7). The measured strain is converted 
through a calibration curve into weight loss. The pseudo fluid or sus-
pension density is calculated accordingly (explained in Section 3.1). The 
voidage can be derived based on a mass balance (Section 3.2). Since the 
initial particle mass and bed height were carefully measured, the par-
ticle mass, volume and total pressure drop are known (Section 3.4). 
Using this information, the estimated variables can be validated (Section 
3.6). Using a data-driven model, the particles size can be estimated 
(Section 3.7). Combining the voidage and particle size, accordingly the 
reactor key performance indicators can be approximated (Section 3.8). 
Corrections for the influence of the submerged object on the voidage are 
proposed in Section 3.5. 

3. Theoretical hydraulic state determination 

3.1. Suspension density 

Fluidisation is the process of converting a granular material from a 
static solid-like state to a dynamic liquid-like state of a suspended par-
ticulate assembly by introducing upward flowing fluid [27,28]. The 
apparent density of the particle-fluid mixture is larger than the fluid 
density itself. Assuming a homogeneous particle-fluid mixture in a 
fluidised bed [29], the average suspension density ρmix is directly related 
to the fluidised bed voidage ε [30]: 

ε =
(ρp − ρmix)

(ρp − ρf )
(1)  

Where ε is the voidage of the system, ρp the particle density and ρf the 
fluid density. Eq. (1) is valid under homogeneous fluidisation condi-
tions. The average pressure drop ΔP over a vertical length z of the bed 
according to an elementary force balance states: 

ΔP = ρmix gz (2)  

In Eq. (2), fluid and solid wall friction from upward fluid flow is 
neglected when the column diameter is large. The pressure gradient (Eq. 

(2)) is analogous to that in a Newtonian liquid, where the liquid density 
ρf is replaced by the suspension mixture ρmix. The suspension density 
gives rise to a buoyancy force Fb exerted on an object with volume V 
submerged in the suspension analogous to the Archimedean buoyancy 
for a static liquid [31]: 

Fb = ρmix gV (3)  

Eq. (3) is valid if the submerged object size is considerably larger than 
the particle size. 

3.2. Force balance 

In the absence of a surrounding medium, a stationary object sus-
pended on a wire experiences a net zero force (Fg = Fs), given by Eq. (3), 
where Fg is the downward gravitational force, and Fs a measurable up-
ward strain force on the wire. In air these forces are almost equal; in a 
fluidised bed however, the considerable upward buoyancy force Fb 
causes a difference between the dry weight Fg and the apparent weight 
Fs. Another contribution to this weight loss, albeit less dominant, is the 
upward drag force Fd caused by the fluid flow. All together this leads to 
Eq. (4): 

Fs = Fg − Fb − Fd − Fcol (4)  

Where Fcol is related to the surface integral of solid stress over the surface 
area of the object similar to Fd, the surface integral of fluid stress over 
surface area of the object. When there is a strong gradient in solid 
concentration over the object, a higher concentration at the object 
bottom will result in an upward net collision force i.e. Fcol will depend on 
the concentration. The stress depends on the Stokes number. Concerning 
calcite pellets, St = 0.2 ± 0.05 and therefore the collision forces [32] are 
ignored or Fcol = 0. An extensive analysis can be found in the Supple-
mentary material (Section 4). Including other forces such as lift, added 
mass and Basset history forces, leads to considerably more complex 
expressions [33] but these are all negligible and therefore not the focus 
of this research. 

3.3. Suspension density 

Eq. (4) can be transformed into Eq. (5) accordingly: 

mstrain = mg − Vobject mix −
1
2
ρmixvi

2A⊥

g
Cw (5) 

This approach is valid when the Stokes number is sufficiently small, 
such that the particles follow the flow. Combining Eqs. (5) and (1) leads 

Fig. 7. Schematic representation of the data transformation model. Direct strain measurement is converted into weight loss, suspension density and accordingly 
voidage and estimated particle size. Specific surface area based on the reactor and water phase, reactor key performance indicators (Section 3.8) can subsequently 
be calculated. 
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to an explicit equation for the voidage, expressed as: 

ε =

ρp −
mg − mstrain

VDisplaced+
1
2

A⊥
g v2

i Cw

ρp − ρf
(6)  

Eq. (6) may be used on the assumption of a small Stokes number, where 
the apparent liquid mass density in the drag force is ρmix. The drag co-
efficient Cw in Eq. (6) is dependent on the particle-fluid suspension and 
flow velocity. To investigate the relevance of Cw and the hydrodynamic 
forces, the linear flow rate during the experiments was increased up to 
64 mm/s. Even at the highest flow velocity, the hydrodynamic drag term 
(1
2ρmixv2

i A⊥Cw) is rather small compared to the buoyancy term 
(ρmixgVobject), and could therefore be neglected (max 0.16 %), in partic-
ular regarding the operational window (17− 25 mm/s) of full-scale 
pellet-softening reactors. Also, the influence of linear thermal expan-
sion was examined and could be neglected as well (max 0.06 %). Deri-
vations of given equations and tests in an empty column are provided in 
the Supplementary material (Section 4). 

3.4. Total particle mass and differential pressure 

The local voidage can be determined with Eq. (6). The overall 
average voidage of the whole system can be calculated using Eq. (7), 
based on the initial dry particle mass and total observed fluidised bed 
height: 

ε = 1 −
m

π
4D2Lρp

(7) 

In this research, the differential hydraulic pressure over the bed 
height was not measured directly. However, based on the particle mass 
and density it is straightforward to calculate the maximum pressure drop 
indirectly for the fluidised state (Eq. (8)). These values can be validated 
with data from previous research [9]: 

ΔP =
mg
π
4D2

(

1 −
ρf

ρp

)

(8)  

3.5. Submerged object corrections 

3.5.1. Constriction model to compensate velocity and voidage perturbations 
Because the cylindrical object is suspended in the hydrometer tube, 

the superficial fluid velocity will be larger (approximately 3 %–12 %) 
due to the decreased surface area (Figs. 8 and 9 ). This causes a locally 
increased voidage at the height of the object. Therefore, a correction is 
imperative to estimate the voidage for the lower velocity corresponding 
to the undistorted bed. Based on accurate expansion experiments [9] an 
empirical relationship (Voidage Power Function) between the voidage 
and the superficial fluid velocity was derived and used to determine a 
correction for the voidage. 

From expansion experiments for a myriad of granules and expansion 
data provided from literature [34], a general fit parameter is found. 
Subsequently, Eq. (9) can be used to compensate the constriction effects 
caused by the cylindrical object submerged in the fluidised bed: 

ε1 = ε2

(

1 −

(
Dco

Dhm

)2
)1

3

(ε1 < ε2);
(
εmf < ε < 0.95

) (9)  

Where ε1 is the (corrected) voidage at situation 1 with no distorted bed, 
ε2 (uncorrected) at situation 2 where the flow is restricted due to sub-
merged object in the fluidised bed. Dco is the diameter of the cylindrical 
object and Dhm the inner column diameter of the hydrometer. The 
derivation of Eq. (9) is given in the Supplementary material (Section 4). 

3.5.2. The influence of the object dimensions on the prediction accuracy 
To investigate the influence of the object dimensions on the predic-

tion accuracy, the fluidisation quality and the number of particles in the 
vicinity of the object was determined. The Froude number is defined as 
the ratio of inertial to gravity forces [35]. The densimetric particle 
Froude number Frp [36,37,34]; can be used as a proxy for the fluid-
isation quality from smooth homogeneous (particulate) fluidisation to 
heterogeneous or aggregative (bubbling) fluidisation, expressed in Eq. 
(10): 

Frp =
vs

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
ρp
ρf
− 1
)

gdp

√ (10) 

A transition occurs from particulate or smooth homogeneous fluid-
isation to heterogeneous or aggregative (bubbling) fluidisation at Frp = 1 
[38,28,29]; mostly for gas-solid systems, but lower values are also 
proposed: Frp < 0.13 [39]. In general, the transition from a homoge-
neous to a heterogeneous state is gradual. 

The validity of the suspension mixture density ρmix depends on the 
number of rigid particles around the submerged object. The estimate of 
the number of particles in a layer around the submerged object is based 
on the assumption that the particles are spherical and equidistant. The 
average distance between the centres of two spherical particles Δdp in 
fluidised state can be calculated with Eq. (11): 

Δdp = dp

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅π
(1 − ε) 3

̅̅̅
2

√3

√

(11) 
Fig. 8. Constriction model: schematic overview of a cylindrical object sub-
merged in a fluidised bed. 

Fig. 9. Largest cylindrical object.  
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If the layer around the object is ξ particles thick, the number of 
particles Np around the submerged object can be calculated with Eq. 
(12): 

Np =

(
Lco

Δdp
+ 2ξ − 1

)(

π
(

Dco

Δdp
+ 2ξ

)

− 1
)

(12) 

Derivations can be found in the Supplementary material (Section 4). 

3.6. Discretisation modelling 

3.6.1. Bed height 
The fluidised bed in the column can be subdivided into segments. By 

gradually lowering the submerged object, for every measurement, the 
position, weight loss and accordingly the voidage (Eq. (6)) can be 
determined. This way, the gradient in the particle bed can be obtained. 
In principle, two constraints apply to the segment heights and local 
voidage values: first, the sum of N segment heights should be equal to 
the total bed height L (Eq. (13)), and second, the total solid mass should 
be conserved (Eq. (14)): 

L =
∑N

i=1
δzi (13)  

∑N

i=1
(1 − εi)δzi = L0(1 − ε0) (14) 

In practice, a deviation between the sum of (1 − εi)Δzi and the total 
measured value L0(1 − ε0) can be expected. Based on Eq. (14), it is 
possible to calculate a correction factor f (universally applied to the 
estimated voidages at all heights) that can be used to compensate for the 
deviation: 

f =
L − L0(1 − ε0)

∑N

i=1
δziεi

(15) 

So, εi,corr = fεi such that 
∑N

i=1
(
1 − fεi,corr

)
δzi = L0(1 − ε0) = L(1 − ε)

hence: 

L = f
∑N

i=1
δziεi = L0(1 − ε0) (16)  

3.6.2. Differential pressure 
In a homogenous steady fluidised state, the hydraulic pressure drop 

equals the weight of the particle bed, reduced by the buoyancy forces, 
per unit of bed volume [38]. In the presence of a vertical gradient, the 
summed differential pressures per segment (Eq. (17)) must be equal to 
the total pressure drop according to Eq. (8): 

ΔPmax = g
(
ρp − ρf

)∑N

i=1
(1 − εi)δzi (17)  

Where εi = εi,corr from Eq. (16). 

3.6.3. Number of particles in the system 
Assuming spherical particles, Eq. (18) can be used to estimate the 

number of particles in one particular segment in the fluidised bed in a 
cylindrical column: 

Ni =
3
2
(1 − εi)

D2

dp
3 δzi (18) 

Accordingly, the total solid particle area in the bed volume is the sum 
of all the particle surfaces combined: 

∑
NiA1p leading to the total surface 

area TSA in the entire fluidised bed: 

TSA =
3
2

πD2
∑N

i=1

(1 − εi)

dp,i
δzi (19)  

3.7. Particle size estimation 

Accurate expansion experiments [9] combined with symbolic 
regression techniques [40] have provided an empirical data-driven 
model to predict the voidage as a function of the fluid and particle 
properties. This same approach was applied to predict the (spherical) 
particle size conversely as a function of the superficial fluid velocity, 
kinematic viscosity, particle density and measured voidage following 
Eq. (20): 

dp = vc0
s υc1

T

(ρp

ρf
− 1
)c2

(c3εc4 + c5εc6 )
(
εmf < ε < 0.95

)
(20) 

Fitting parameters for calcite pellets, glass beads and highly spher-
ical particles were obtained using non-linear regression software and are 
given in Table 1. Model explanation, sources, and further fitting pa-
rameters for other types of granules are given in the Supplementary 
material (Section 4). 

3.8. Model-based hydraulic state determination and reactor performance 
indicators 

If the voidage and the (spherical) particle diameter are known, 
reactor Key Performance Indicators (KPIs) can be calculated [9]. The 
most commonly applied KPI is the specific surface area (SSA) which 
represents the available area per m3 reactor volume for crystallisation 
[3,1,28]. The reactor performance indicators used are the specific sur-
face area based on the reactor volume As,r and the specific surface area 
based on the water phase As,w: 

As,r = 6
1 − ε

dp
(21)  

As,w =
As,r

ε (22) 

In addition, the specific space velocity Ac is used [9] defined as the 
contact area per second per m2 of transfer surface area [41]. The specific 
space velocity (SSV) is defined as: 

Ac = As,w
vs

ε (23) 

Please note that Ac is an inverse time scale with units [s− 1], while 
their counterparts As,r and As,w are both inverse length scales with units 
[m− 1]. 

Discretised KPIs can be found in the Supplementary material (Section 
6). 

4. Results and discussion 

4.1. Preliminary full-scale experiment 

To explore the possibility of measuring a weight gradient in a liquid- 
solid fluidised bed, an object was submerged in a full-scale pellet-soft-
ening reactor (Fig. 11) with a diameter of D = 2.6 m and a bed height of L 
= 4.20 m. The superficial fluid velocity was vs = 24 mm/s with a water 
temperature of T = 12 ◦C. A steel object was gradually submerged in the 
fluidised bed using a regular suspended scale. Additionally, 16 samples 
of calcite pellets were withdrawn at different heights. The grains were 
dried, sieved and analysed with image analysis software ImageJ [24]. 
The largest pellets were found at the bottom of the reactor (dp = 1.17 
mm) and the smallest at the top of the fluidised bed (dp = 0.47 mm). The 
mass of the spherocylindrical object in air was 2.71 kg and submerged in 
water 2.45 kg. In Fig. 10, the decreasing object mass is plotted in black 
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circles against the position in the fluidised bed i.e. height. The mass 
gradually decreased from 2.37 kg in the top to 2.19 kg in the vicinity of 
the reactor bottom. The mass difference (decreased mixture mass den-
sity and hence the variation in particle volume concentration) in the 
fluidised bed was 0.18 kg corresponding to 0.7 mm difference in particle 
size. Based on this indicative result, a new pilot plant set-up was 
designed in which 40 experiments were prepared and executed, which 
are discussed in the next Section. 

4.2. Particle selection 

For the fluidisation experiments, 5 kg of glass beads were purchased, 
and a total of 30 kg of calcite pellets was fractionated (Table 2) to obtain 
the best achievable monodisperse particles. The particle density was 
measured through a laboratory pycnometer with an error of 0.5 %. The 
particles sizes were measured using a classical sieve analysis, image 
analysis and additionally with a Camsizer for validation purposes. 
Compared to the sieve mesh size, the particle size of the relatively 
spherical calcite pellets (sphericity ϕs ≈0.95) was approximately 5 % 
larger when determined with the Camsizer, and approximately 13 % 
larger when determined with ImageJ. For the irregularly shaped, 
crushed calcite (sphericity ϕs ≈0.90), the differences were 14 % and 36 
% for the Camsizer and ImageJ, respectively. These differences were 
presumably caused by the particle orientation. Particles pass through a 
sieve mesh vertically oriented, whereas scanned particles orient hori-
zontally during the ImageJ analysis [42]. Photographs, particle prop-
erties and technical details of used equipment are provided in the 
Supplementary material (Sections 2 and 3). 

4.3. Proof of concept of the hydrostatic weighing technique 

Initially, 9 fluidisation experiments were executed with glass beads 
at high velocity, to investigate the influence of the size of submerged 
objects on the accuracy of voidage determination. For this research, a 
total of 40 fluidisation experiments were conducted with calcite pellets 
and crushed calcite. To demonstrate the weight gradient over the bed 
height, 9 fluidisation experiments were executed with a mixture of 
calcite and crushed calcite fractions (Table 2). Accordingly, to study the 
prediction accuracy of the voidage and (spherical) particle size, two 
relatively monodisperse particles samples of calcite pellets were used. 
Finally, 4 additional experiments were performed with an alternative 
submerged object material. 

4.3.1. Submerged object dimensions 
Experiments were executed in the experimental set-up with mono-

disperse glass beads (Fig. 12) to scrutinise the dimensions of the sub-
merged objects and to validate the constriction model (Eq. (9). A total of 
9 aluminium cylinders (Fig. 13) with varying dimensions were 
compared at a high superficial fluid velocity (vs = 67 mm/s). 

The reason for choosing aluminium objects was based on an expected 
voidage in the lowest region of the pellet-softening reactor. A usual 
voidage ε ≈ 0.55 leads to a suspension density of 1,750 kg/m3 (Eq. (1)). 
To prevent floating, the density of the submerged object must be larger 
than the suspension density. It has, however, to be small enough to 
maintain an object mass within the measurement range, and to have a 
large enough object size to be in the correct limit of being much larger 
than the particle size. 

Table 1 
Fitting parameters in Eq. (20).  

Grain material Value c0  c1  c2  c3  c4  c5  c6  Correlation coefficient R2 

Glass beads  1.148 0.3060 − 1.190 1.120 − 3.050 5.875 1.475 0.990 
Calcite pellets (calibrated data-set)  1.068 0.3101 − 3.217 2.360 − 3.069 11.73 1.059 0.968 
Calcite pellets (validated data-set)  1.031 0.4264 − 0.283 2.529 − 3.161 6.938 0.808 0.915 
Crushed calcite  0.613 0.4053 1.037 0.4764 − 2.272 3,317 13.74 0.733  

Fig. 10. Object weight measured (middle object) in softening reactor at various 
heights in air, water, and fluidised bed. Superficial fluid velocity 24 mm/s, 
water temperature 12 ◦C, bed height 4.20 m, maximum pressure drop 16.5 kPa. 
Steel spherocylindrical object 90 × 57 mm, volume 0.26 L, 2.71 kg in air, 2.45 
kg submerged in water. The gradient difference in the fluidised bed Δm/ΔL ≈
0.045 kg/m. Dotted grey frame indicates the measured gradient, ● the spher-
ocylindrical submerged object, object near the reactor bottom, indicate the 
particle ImageJ/sieve diameter with error bars caused by the particle size dis-
tribution. Red frame indicates unstable zone caused by distributor (z = 10 cm). 

Fig. 11. Full-scale pellet softening reactor top view, reactor diameter (D =
2.6 m). 
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Based on the measured ‘submerged object voidage ‘(Eq. (6)) and the 
average voidage of the whole system (Eq. (7)), the average relative 
prediction error (Eq. (24)) was calculated, indicated with blue circles in 
Fig. 15, using Eqs. (6) and (7): 

ARE =
1
N
∑N

i=1

(⃒⃒εcalc,i − εexp,i
⃒
⃒

εexp,i

)

(24) 

Table 2 
Particle properties of examined granules used in the hydrometer measurements.  

Fraction [#] Grain type Geldarts 
particle 
type1 

Particle size 
min-max 
[mm]2 

Dry weighted 
particle mass [kg] 

Particle 
density 
[kg/m3] 

Sieve 
diameter 
[mm] 

Camsizer 
diameter 
[mm] 

ImageJ 
diameter 
[mm] 

Sphericity 
[-] 

Particle bed 0 Glass beads D 3.03–3.14 4.95 2,515 – – – 0.993 

Particle bed 1 Calcite pellets B 0.80–0.90 10.00 2,614 0.95 0.99 1.06 0.94 
Particle bed 2 Calcite pellets D 0.90–1.00 10.00 2,625 0.56 0.64 0.76 0.95 
Particle bed 3: Calcite pellets + B 0.50–0.63 4.00 2,560 1.32 1.37 1.50 0.90 
(two fractions) Crushed calcite D 1.25–1.40 6.00 2,632 0.85 0.90 0.97 0.97  

1 Geldarts particle classification [43]. Type B; sand-like particles and type D: spoutable particles. 
2 The effective or average hydraulic equivalent particle diameter dp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ds,1ds,2

√
, [1,44]. 

3 Sphericity of glass beads is obtained from literature [45,46,34]. Sphericity is the ratio of the surface area of an equal volume sphere to the surface area of the grain 
calculated from the perimeter P and project area. 

Fig. 12. 3 mm glass beads (Boom lab) at vs = 67 mm/s.  

Fig. 13. Aluminium cylindrical objects, (Lco = 100, 120, 160 mm ∙ Dco = 20, 
30, 40 mm), ρp = 2,701 kg/m3. 

Fig. 14. Titanium cylindrical object, (Lco = 130, ∙ Dco = 35 mm), ρp = 4,464 
kg/m3. 
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The average relative error for the six aluminium objects (Lco = 100 
and 120 mm) was 2 %. For the three aluminium objects (Lco = 160 mm), 
the relative error was 6 %. The objects were submerged approximately 
10 cm in a fluidised bed of glass beads with an expanded bed height of 41 
cm. The longest objects, only 14 cm in the vicinity of the fluid distrib-
utor, showed a larger error compared to the objects with a shorter 
length. This was probably caused by the heterogenous flow distribution 
in the bottom of the column. The lowest error of 1 % was found for the 
cylindrical objects with the largest width, presumably due to its higher 
mass, causing it to be more stable in the fluidised bed. In addition, 
elongated cylinders tend to rotate to maximise their cross-sectional area 
A⊥ of the object perpendicular to the flow. In addition, the error was 
calculated for all other fluidisation experiments and is presented in 
Fig. 15. The overall average relative error was 5 ± 2 %. The results are 
not conclusive regarding the choice of the most optimal object di-
mensions. There are certainly more effects governing the voidage pre-
diction accuracy, such as object density, shape, and (semi) homogenous 
fluidisation. The effect of object dimensions however seems to have been 
compensated for by using the constriction model, as shown in Eq. (9). 
The effect of constriction was visible during the measurements. Upon 
lowering the object, a decreased weight was observed for a period of 
5–10 seconds. Presumably, during this period, the fluidised bed voidage 
re-adjusted to the altered flow caused by the presence of the object. After 
this effect subsided, the average weight remained constant, however 
fluctuations were still present, especially in the lower regions of the 
column. This was most likely caused by an inhomogeneous particle bed 
in the vicinity of the water distributer at the bottom of the column 
resulting in object swaying. The maximum fluctuation was ±2 g and is 
considered in the Data transformation model error analysis in Section 5 
of the Supplementary material. 

To investigate the influence of the object density, four additional 
experiments were performed with a titanium cylindrical object (Lco =

130, Dco = 35 mm) shown in Fig. 14. The average prediction error for the 
voidage was 4 ± 2 % but the observed instabilities in the lower region of 
the cylindrical column (z < 10 cm) did not decrease. Therefore, in this 
research we could not explicitly determine the optimal material density 
for the submerged object for the use in a pellet-softening reactor. 

The densimetric particle Froude number Frp was calculated (Eq. 
(10)) to obtain information about the prevailing fluidisation quality. 
Predictions errors against the Froude number does not indicate that 

heterogeneous unsteady behaviour [47] is a determining factor. 
Figures can be found in the Supplementary material (Section 4). 

Eq. (12) was used to estimate the number of particles in a layer 
around the submerged object to examine if the suspension density 
assumption is not violated. When the layer around the object is ξ is set to 
1, the minimum number of particles around the submerged object was 
approximately 1,000 (maximum 25,000), sufficient to apply the hy-
drostatic weighing technique to estimate the voidage. Although no 
adverse influence was found related to the number of surrounding 
particles, it is not clear below which number the accuracy will decrease. 
The glass beads measurements appear to be more accurate compared to 
pellets, but please note that the data spread for all grains examined is 
more or less the same at 5 %. In addition, figures with predictions errors 
can be found in the Supplementary material (Section 4). 

Fig. 15. Average relative error (Table 3) estimated voidage against the cylindrical object number (Fig. 13). Yellow circles: calcite pellets (0.80-0.90 mm), orange 
squares: calcite pellets (0.90–1.00 mm), green rhombus: mixture of crushed calcite (0.50-0.63 mm), calcite pellets (1.25–1.40 mm) and blue circles: glass beads (3 
mm). The constriction model (Eq. (9)) was used to compensate fluid velocity and voidage changes caused by the object in the cylindrical column. 

Fig. 16. Experiment #31. Object weight was measured (middle object) at 
various heights in air, water, and fluidised bed fractions. Superficial fluid ve-
locity 28 mm/s. Water temperature of 11 ◦C. Aluminium cylindrical object 
100.09 × 20.05 mm, volume 0.032 L, 0.85 N in air, 0.55 N submerged in water. 
Error bars indicate observed fluctuations during measurements. Dotted grey 
frame indicates the measured gradient. Red frame shows unstable zone caused 
by distributor instabilities (Δz = 10 cm). Measurements in this zone are 
excluded and marked red. 
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4.3.2. Expansion experiments for the gradient determination with a two 
fractions mixture 

Fluidisation experiments were performed in four differently sized 
calcite fractions as shown in Table 2. The goal of the first experiment 
was to show that a sharp gradient in the longitudinal direction can be 
measured. To this end, a mixture of grains was composed of two frac-
tions (Fig. 17). The grains represent the extremes in particle size and 
position in a full-scale pellet-softening reactor: the largest calcite pellets 
1.25–1.40 mm can be found in the lowest region of the reactor while 
crushed calcite grains 0.50-0.63 mm can be found in the top of the 
fluidised bed. In a series of experiments (N = 13) with the double 
fraction calcite mixture, the object was gradually lowered in the flui-
dised bed shown in Table 3. The weight gradient can be identified in 
Fig. 16(0.3< Wsub <0.5 N). During the experiments, instabilities were 
observed in the lower region of the cylindrical column (< 10 cm). These 
values were omitted from the results (indicated in red). Supporting ar-
guments for removing these data points are that in later optimising 
studies, instabilities can be prevented or resolved by better object 
design. All experimental data has been shared in the Supplementary 
material (Section 9). 

The density gradient (Eq. (6)) is clearly visible in Fig. 18. The green 
rhombuses represent the middle of the object where the gradient among 
the object length was averaged. The voidage, based on the Archimedes’ 
principle (Eq. (6)) was compared with the bed height (Eq. 14) and mass- 
based mean voidage (Eq. (7)). In this way, the gradient could be vali-
dated. Fig. 19 shows that there is an increasing deviation between the 
local voidage and the mean system voidage when lower regions are 
reached. This deviation was a generally consistent trend for the majority 
of the experiments. The observed slope in Fig. 19 for the local voidage is 
caused by a prevalent stratification of grains in the range 0.50 to 0.63 
mm where the’ largest’ grains can be found in the lowest zone of this 
fraction and vice versa. The explanation for the absolute deviation can be 
explained by calibration inaccuracies, hysteresis and a non-optimal 
object density. Although the load cell was carefully calibrated to 

improve the strain measurement, errors were found between 0.5–1 %. 
Every deviation in strain corresponds with a comparable degree of error 
in voidage prediction error. Information about hardware calibration is 
provided in the Supplementary material (Section 3). Fig. 19 shows a zig- 
zag pattern which was the result of ascending and descending the object 

Fig. 17. Two fractions mixture: crushed calcite grains 0.50-0.63 mm at the top 
and calcite pellets 1.25–1.40 mm at the bottom. 

Table 3 
Aluminium object measures and voidage prediction error.  

Object number [#] 
D  L  A  m  msub  ARE(ε)

GB:3.0 mm  
ARE(ε)
CP:0.8-0.9 mm  

ARE(ε)
CP:0.9-1.0 mm  

ARE(ε)
CC:0.50-0.63 mm CP:1.25–1.40 mm  

[mm] [mm] [mm2] [g] [g] [%] [%] [%] [%] 

1 20.05 100.09 316 88.03 56.22 2.8 6.1 3.6 5.1 
2 20.08 120.06 317 104.86 66.76 1.2 – 7.0 – 
3 20.17 160.00 320 141.29 89.90 5.9 3.0 4.5 6.4 
4 29.92 100.38 703 202.16 131.50 0.9 – 4.7 – 
5 29.92 120.13 703 230.70 146.42 1.6 – – – 
6 29.92 160.00 703 320.72 208.34 6.0 – 4.1 – 
7 40.06 100.52 1,260 342.76 216.68 3.2 – 3.7 – 
8 40.00 120.09 1,257 408.52 258.18 1.5 – – – 
9 40.01 160.00 1,257 545.26 344.32 5.9 – 3.9 5.6  

Fig. 18. Suspension density ρmix derived from weight measurements at various 
heights. Individual fractions are presented by yellow and dark red dotted lines. 
The gradient difference in the fluidised bed Δρmix ≈ 500 (kg/m3)/m. 

Fig. 19. Voidage ε derived from weight measurements at various heights. Blue 
dotted lines show the average voidage in respective fractions calculated inde-
pendently, based on initial particle mass, particle density and bed height. The 
gradient difference in the fluidised bed Δε ≈ 0.3 1/m. 
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within the fluidised bed but also due to hysteresis. The hardware shows a 
minor sensitivity of 3 % of the total range (2 kg) for hysteresis. In 
addition, due to the shape of the cylindrical object, a few grains tend to 
settle on the top of the surface of the object. Approximately for every 
gram of hitchhiking grains, the voidage prediction error increases with 1 
%. In this research, aluminium cylindrical objects were used to match 
the expected fluid suspension density. The effect of adjusting the object 
density has not thoroughly been investigated in this research. Despite 
the observed deviation, this experiment with two fractions clearly 
demonstrated the potential to measure a gradient, and estimate the 
voidage at any height except the lowest 10 cm. 

Please not that in Figs. 19 and 20 the voidage was not corrected with 
Eq. (16). Using a correction, the voidage prediction would be centred 
around the average voidage such that the average over the voidage 
prediction within a layer matches with the average voidage of that layer. 

4.3.3. Single fraction experiments 
Next, two single fractions of calcite pellets were used to examine 

whether the spherical particle size can be predictive using a data-driven 
model (Eq. (21)) based on the known particle fluid properties. Fig. 20 
demonstrates the existence of a gradient for both voidage and estimated 
(spherical) particle size (Eq. (21)). The stratified bed and known sieve 
diameters enable the application of a linear interpolation of particle size 
over the length scale of the bed that better reflects the real situation. The 
voidage prediction results for all examined granules are presented in 
Table 3. The uncertainties regarding particle size comparison due to the 
different available image analysis methods are indicated with error bars 
(yellow). 

As the fixed and fluidised bed heights were measured during the 
experiments, the mass balance could be used to validate the total bed 
height (Eqs. (13) and (14)). In addition, the summed differential pres-
sures per layer (Eq. (18)) were used to compare with the total expected 
pressure drop (Eq. (8)). The prediction error for ΔPmax was approxi-
mately 7 % with a standard deviation of 5 % shown in Table 4. The 
extent of the error for bed height and differential pressure is strongly 
dependent on the quality of the voidage prediction. When the correction 
factor expressed in Eq. (15), was used, the overall voidage production 
accuracy was enhanced from 5 % to 3 %. This correction factor could be 
a solution in full-scale operations to cross validate measured and esti-
mated process variables. 

Table 4 shows the particle size prediction errors using the novel data- 
driven model (Eq. (21)) and in addition, the prediction errors of the 
Carman–Kozeny and Ricardson–Zaki model. We prefer the data-driven 
model, fitted for non-spherical calcite pellets, not only for its slightly 
lower prediction error but mainly for the explicit expression for particle 
diameter. The particle size prediction quality depends largely on the 
accuracy of the voidage (dp ≅ ε− 3). The dependency of the particle size 
on the voidage and figures with predictions errors can be found in the 
Supplementary material (Section 4). In addition, approximately 10 % 
uncertainty can be expected due to calcite pellets being fractionated 
with sieves with the minimum difference between two successive sieve 
meshes (ds,1/ds,2 = 101/20 = 1.12). Consequently, particle size estima-
tion is only functional when the voidage determination is reasonably 
accurate. In addition, calcite grains are not completely spherical 
(Table 2) which implies a discrepancy between estimated and real 
particle size (and shape). In addition, bias is also expected from sieve 
analysis when particles are highly non-spherical such as crushed calcite. 

4.3.4. Data-transformation-model 
A sensibility analysis was conducted to determine the implications 

for the data conversion steps i.e. the data-transformation-model (DTM) 
presneted in Fig. 7. The load cell measured the weight of the object 
expressed in voltage (error≈0.6 %). Through a calibrated relationship, 
the buoyant forces and weight loss were determined with the software 
(error≈3 %). Through a model (Eq. (1)), the suspension density was 
calculated (error≈3 %). Accordingly, the voidage could be approxi-
mated with Eq. (6) (error≈5 %). The particle volume, bed height and 
pressure drop based on the overall mass balance were used to optionally 
further validate these results (error: 7 %). Based on the voidage, the 
spherical particle diameter could be estimated with Eq. (21) but with a 
significant error≈10 %. Using the summarised propagated effect of er-
rors [49] an error of 7 % for ε, 12 % for dp, and 14 % for SSA was 
calculated. A detailed table of the data-transformation-model with the 
expected influence on the voidage prediction dependency can be found 
in the Supplementary material (Section 5). The hydraulic state deter-
mination error arises from a quantitative starting point to be considered. 
Nevertheless, in full-scale operation 10 % uncertainty is acceptable for 
process monitoring and control, especially in view of the fact that 
currently there is no sensor available at such large scales. 

5. Conclusions 

A novel sensor has been developed, exploring the possibility of 
reasonably quick measurement of the hydraulic gradient in a liquid- 
solid fluidised bed applied in full-scale drinking water treatment 
plants. The preliminary test in a full-scale pellet-softening reactor at 
normal conditions was successfully performed to examine the existence 
of a gradient in the stratified bed. A mass loss of 10 % was measured over 
the reactor bed, corresponding to 0.7 mm difference in particle size. 
Hence, a lab-scale sensor was developed to measure the weight loss of a 
cylindrical submerged object while gradually lowering it in the particle 
bed. During fluidisation experiments of a two-layer calcite grains sys-
tem, a steep gradient between different layers could be measured, 
starting from 0.85 N in air, 0.55 N submerged in water, 0.48 N at the top 
and 0.24 N at the bottom of the column. A weight loss of 50 % was 
measured over the fluidised bed, corresponding to 0.9 mm difference in 
particle size. Based on fluidisation experiments with two single layers of 
calcite pellets, the particle size was estimated with a new data-driven 
model. Voidage could be estimated with an error of 5 % and the 
spherical particle size with an error of approximately 10 %. A developed 
constriction model was suitable to compensate changes in fluid and 
voidage caused by objects suspended in the fluidised bed with different 
lengths and widths. The voidage prediction error could not be signifi-
cantly be decreased by choosing other submerged object dimensions, 
nor did the prediction accuracy improve when aluminium was replaced 
by titanium. As a consequence, measurements in the lowest region of the 

Fig. 20. Experiment #31. Voidage and particle size prediction at various 
heights. Individual fractions are presented by yellow and dark red dotted lines. 
Blue dotted lines show the average voidage in respective fractions calculated 
based on initial particle mass, particle density and bed height. Yellow circles 
show the average particle size in respective fractions calculated based on the 
empirical prediction model according to Eq. (20). The gradient difference in the 
fluidised bed Δε/ΔL ≈ 0.3 m− 1 and Δdp/ΔL ≈ 0.8 mm/m. 
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column were omitted, which are probably influenced by instabilities in 
the vicinity of the fluid distributor plate. 

The new sensor was tested as a proof of concept. Despite a 5 % 
prediction error for voidage, a 10 % error for the spherical particle size 
and an overall propagated error of approximately 20 % for the reactor 
key performance indicators, it was possible to measure a clear gradient 
in the liquid-solid fluidised bed during the experiments and in a full- 
scale reactor. This is promising for daily process control in full-scale 
reactors. The benefits of a longitudinal sensor for daily process control 
are quick access to the particle bed behaviour and, as a result, greater 
flexibility with changing water flow and process conditions. Impending 
problems such as fixed bed risk, flushing, hampering, or malfunctioning 
sensors such as differential pressure or bed height sensors can therefore 
be avoided. A potential downside compared to traditional differential 
pressure measurements is that the series of local measurements cost 
more time to process depending on the number of measurements per-
formed. This could cause a delay for operational response to impending 
system changes. For the experimental setup, 20 local measurements 
could be achieved in ±30 min. 

If in future research the inaccuracies can be improved, reactor key 
performance indicators can be calculated in real-time to assess the hy-
draulic reactor performance and to support optimal states. 

6. Recommendations 

To improve the accuracy and reliability of this novel sensor, several 
aspects must be improved.  

- The decreasing accuracy in the lowest region of the reactor. This is 
relevant since the highest chemical driving force occurs in that 
particular zone. Solutions can be found in the design of the sub-
merged object, by optimising object dimensions, shape and density 
or using smart data filtering and processing.  

- Combining the Archimedes-based hydrostatic weighing technique 
with an additional (submerged) differential pressure measurement 
device will make the discretised model validation more accurate.  

- Adding a series of differential pressure meters over the height of the 
experimental fluidisation column will make validation of the results 
more accurate, along with making it possible to validate the gradient 
directly.  

- The weight loss measurements with the new experimental set-up 
were executed and logged manually. Programming a routine (Q. 
monixx) can improve the data quality and decrease manual labour 
significantly.  

- Substantiating a standard number of measurements sufficient for 
determining potential operational change, along with automation of 
the measurement could drastically decrease the time required for a 
profile measurement thereby minimizing the delay for operational 
response.  

- During the measurements, the centre of the object was used as a 
reference point for the middle of a layer, in which the voidage was 
averaged. By subdividing the column into more segments through 

introducing a gradual matrix data, more accurate voidage, particle 
size, and surface area gradients can be determined. 

- In full-scale pellet-softening reactors at the Waternet facility Wees-
perkarspel, a biomass growth process was detected on calcite pellets, 
caused by bacterial colonisation captured in calcite structures [50] 
forming porous calcium carbonate coatings. Grains with biomass 
growth have capricious shapes with different expansion behaviour 
and accumulation in the fluidised bed causes a significantly higher 
degree of expansion. The sensor can be used to detect deviations in 
the preferred gradient.  

- A sophisticate analysis regarding particle collisions with the Stokes 
number is useful for improving the voidage and particle diameter 
prediction accuracy.  

- The scope of the novel sensor can be widened, through performing 
fluidisation experiments with other types of granules, such as rapid 
filter sand, granular activated carbon and anthracite grains.  

- Additional research is required to determine the effect of density on 
object swaying and weight fluctuation to substantiate choice of ob-
ject material before implementation. - Computational Fluid Dy-
namics simulations can help improving the particle-fluid-object 
interactions by including advanced detailed forces and hydraulic and 
hydrodynamic phenomena.  

- The soft sensor could be used to derive more information from the 
fluidised bed by incorporating, for example, a turbidity meter, pH 
meter, or thermometer. 

With further research, the hydraulic state should be combined with a 
chemical key performance indicator such as the calcium carbonate 
crystallisation potential (CCCP) [13,8]. This will lead to further oppor-
tunities to reduce the chemical demand in pellet softening reactors and 
to significant improvement in water treatment processes such as more 
flexible operations, better water quality, reduced risks for approaching 
undesirable fluidisation states, less chemical usage, and more 
sustainability. 

Recommendations and potential benefits of the novel sensor in more 
detail can be found in the Supplementary material (Section 9). 
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Table 4 
Voidage, particle size and pressure drop prediction error. The last two columns are prediction errors after application of the voidage correction f (Eq. (15)).  

Object number [#] 
ARE(ε) ARE

(
dp
) 1  ARE

∑i=N
i=1 (1 − εi)δzi

2  ARE(ΔPmax) f  ARE(ε) ARE
(
dp
)

[%] [%] [%] [%] [-] [%] [%] 

GB:3 mm 4.7 8.8 9.5 9.5 1.06 2.9 11.8 
CP:0.80-0.90 mm 5.0 11.2 7.1 7.1 1.04 3.9 15.6 
CP:0.90-1.00 mm 5.7 7.9 10.8 7.9 1.05 3.2 9.1 
CC:0.50-0.63 mm CP:1.25–1.40 mm 3.2 5.3 3.1 3.1 1.03 0.8 3.6 
Total average 4.8 8.8 7.8 7.0 1.03 3.0 11.0 
Standard deviation 1.9 3.8 5.1 4.7 0.03 1.3 5.7  

1 Carman [15] results for comparison, respectively: 11 %, 9 %, 10 %, 5 % and for Richardson–Zaki [48] 21 %, 17 %, 18 % and 13 %. 
2 Eqs. (14) and (16). 
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