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a b s t r a c t
To investigate the influence of seed fluidization on the operation and design of the fluidized bed 
for crystallization process, the relationships between the seed mass, seed size (L), the minimum 
fluidization velocity (Umf), and the terminal velocity (Ut) were determined using quartz sand. The 
results show that the equation Umf = 7.40 × 10–4 × L0.51 can be used to predict the minimum fluidization 
velocity at the seed size range of 176.5–844.6 μm. The equation Ut = 7.72 × 10–6 × L1.38 can be used to 
predict the terminal velocity at the seed size range of 109.7–763.1 μm. The pressure difference of the 
FBR can be used to estimate the seed mass. The design of the sedimentation zone and the adjustment 
of the reflux flow are possible ways to control the fluid velocity between the minimum fluidization 
velocity and the terminal velocity, allowing the seed to maintain fluidization without running out of 
the fluidized bed.
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1. Introduction

As a simple and effective technique, chemical 
precipitation has been widely used for wastewater treatment. 
Contaminants, including fluoride, ammonia, phosphorus, 
and heavy metals are transformed to stable precipitations, 
and then removed by solid-liquid separation [1–4]. The pre-
cipitations generated during the process are fine in particle 
size, low in quality, and are non-reusable, making it need 
to be disposed with high costs [5]. Therefore, the fluidized 
bed reactors (FBR) are developed based on the crystallization 
process [6–9]. The precipitations with large particle size can 
easily be separated, as the seed retention time is prolonged in 
the FBR [10,11].

In recent years, studies have been conducted to determine 
crystallization conditions. The factors reaction pH, reaction 
molar ratio, and supersaturation are considered to be the 
main factors influencing the crystallization process [12–16]. 

In addition, the seed also plays an important role in inducing 
the crystallization of the precipitations [8,17,18]. The design 
and operation of the FBR are the key in determining system 
performance. It is necessary to control the fluid velocity 
between the minimum fluidization velocity and the terminal 
velocity, so that the seed can be kept suspended in a fluidized 
state. However, studies on the optimization of the FBR, as 
well as the relationships between the seed fluidization and 
the FBR, are rarely conducted.

The density and size are the main factors influencing 
the fluidization state of seed. The seeds in the crystallization 
process generally involve MgNH4PO4, CaCO3, CaF2, and 
SiO2, with the density of 1.71, 2.71, 3.18, and 2.58 g/cm3, 
respectively [19–22]. The seeds of MgNH4PO4, CaCO3, and 
CaF2 with a wide size range are difficult to purchase or pre-
pare. To determine the fluidization properties of the seeds 
in the crystallization process, the commercial quartz sand 
(SiO2) was used as the seed material for simulation. Series 
fluidization experiments were conducted to determine the 
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relationships between the seed and the fluid velocity in the 
FBR. The influence of seed mass and seed size on the min-
imum fluidization velocity and the terminal velocity were 
investigated. Following, the optimal fluidization parameters 
of the seed were obtained and utilized to guide the design 
and optimization of the FBR.

2. Materials and methods impact

2.1. Fluidized bed and process description

The commercial quartz sand was used as the seed 
material. The schematic of the FBR is shown in Fig. 1. The 
poly methyl methacrylate fluidized bed consisted of a 
mixing zone, and a fluidization zone (inner diameter = 
50 mm; height = 800 mm). A liquid distributor was set up 
between the mixing zone and the fluidization zone to main-
tain good dispersion of the influent and the seed. The seed 
was added from the top of the fluidized bed. The tap water 
was flowed to the bottom of the fluidized bed by a magnetic 
pump. The pressure difference was measured by a U-shaped 
manometer. The solid samples were obtained from the seed 
outlet.

2.2. Experiment analysis

The minimum fluidization flow (Fmf) was determined 
when all seeds kept fluidization. The minimum fluidization 
velocity (Umf) was defined as:

U
F
Smf
mf=  (1)

where S is the cross-sectional area within the fluidization 
zone of the FBR.

The terminal flow (Ft) was determined when seeds ran 
out of the outlet. The terminal velocity (Ut) was defined as:

U
F
St
t=  (2) 

The seed was analyzed using a scanning electron 
microscopy (SEM, JSM 6360LV). The krummbein diameter 
(Lk) of the seed was measured by the computer programme 
Smile View based on the SEM image. The area mean diameter 
was defined as the particle size of the seed (L), which was 
calculated as:

L Lk� �� � 2 1 2/

 (3)

2.3. Theory calculation

The pressure difference (ΔP) was calculated as [23]:
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where ε is the porosity of bed, mp is the mass of solid, ml is 
the mass of the liquid with the same volume of the solid.

The minimum fluidization velocity (Umf) was calculated 
as [23]: 

Remf � �
��

�
�
�

�

�
�
�
�( . ) .

( )
.33 7 0 0408 33 72

3

2

1
2L gl p l� � �

�
 (5)

Remf
mf l�

U L�
�

 (6)

where ρp and ρl are the density of solid and liquid, 
respectively; Remf is the Reynolds number; η is the viscosity of 
the liquid. In this study, ρp = 2.58 × 103 kg/m3, ρl = 1 × 103 kg/m3, 
η = 1 × 10–3 N·s·m–2. 

The terminal velocity (Ut) was calculated as [23]: 
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where Ret is the Reynolds number; μf is the kinematic 
viscosity of the liquid, CD is the drag coefficient.

3. Results and discussion

3.1. Characteristic of the seed fluidization

3.1.1. Influence of the seed mass on fluidization

Experiments were conducted at a seed size of 8–20 mesh. 
Fig. 2 shows the influence of the superficial velocity on the 
pressure difference of the FBR as a function of the seed mass.

Fig. 1. Schematic diagram of the fluidized bed for the fluidization 
experiment.
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The pressure difference of the FBR remains stable when 
all seeds maintain fluidization. The minimum fluidization 
velocities (Umf) are 0.025, 0.025, 0.028, and 0.025 m/s at the 
seed mass of 0.5–1.25 kg. Therefore, the minimum fluidization 
velocity maintains stability with increasing seed mass. 

According to Eqs. (5) and (6), the minimum fluidization 
velocity is determined by seed size, seed density, and solu-
tion properties. Seed mass has no influence on the minimum 
fluidization velocity, which is consistent with the experiment 
results.

However, the pressure difference of the FBR increases 
with increasing seed mass, as shown in Fig. 3. The relationship 
between the seed mass and the pressure difference fits well 
with the linear model, which is consistent with Eq. (4) and 
previous results [15]. Therefore, the pressure difference of the 
FBR can be used to estimate the seed mass, and the operation 
state of the FBR can be indirectly monitored.

3.1.2. Influence of the seed size on fluidization

Experiments were conducted at a seed mass of 0.5 kg. 
Fig. 4 shows the influence of the superficial velocity on the 
pressure difference of the FBR as a function of the seed size. 
Fig. 5 shows the influence of the seed size on the terminal 
velocity. 

As shown in Fig. 4, the minimum fluidization velocities 
(Umf) are 0.011, 0.017, 0.021, and 0.028 m/s at the seed size of 
176.5, 320.3, 602.8, and 844.6 μm, respectively. The minimum 
fluidization velocity increases with increasing seed size while 
the pressure difference of the FBR remains stable. 

According to Eqs. (5) and (6), the minimum fluidization 
velocity in theory was predicted, as shown in Eq. (10) and 
Fig. 6. 

U Lmf    � � ��7 40 10 4 0 51. .
 (10)

The linear correlation between the experimental and 
predicted values of Umf is 0.985. Therefore, Eq. (10) can be 
used to predict the minimum fluidization velocity at the seed 
size range of 176.5–844.6 μm.
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Fig. 2. Influence of the superficial velocity on the pressure 
difference of the FBR as a function of the seed mass.
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Fig. 3. The relationship between the seed mass and the pressure 
difference of the FBR.
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Fig. 4. Influence of the superficial velocity on the pressure 
difference of the FBR as a function of the seed size.
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Fig. 5. Influence of the seed size on the terminal velocity.
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As shown in Fig. 5, the terminal velocity increases with 
increasing seed size. The relationship between Ut and L can 
be described as follows according to Eqs. (7)–(9):

Ut = βLα   0.5 < α < 2 (11)

The data in Fig. 5 are fitted to Eq. (11), as shown in  
Eq. (12).

U Lt � � ��   7 72 10 6 1 38. .  (12)

The correlation coefficient is 0.993, indicating that the 
experimental data match well with the fitting equation. 
Therefore, Eq. (12) can be used to predict the terminal velocity 
at the seed size range of 109.7–763.1 μm.

3.2. Optimization of the FBR

The optimal operational velocity should be kept between 
the minimum fluidization velocity and the terminal velocity, 
so that the seeds are in the fluidized state and are retained in 
the FBR. Fig. 7 shows the comparison of the minimum flu-
idization velocity and the terminal velocity obtained in the 
experiments, in addition to the normal operational velocity 
in the literatures [8,24–26]. It can be observed that the data 
in the literatures match well with what is found within this 
experiment. Therefore, Fig. 7 can be used to guide the deter-
mination of the operational velocity of the FBR with a more 
wide range of seed size. During the crystallization process of 
the FBR, the influent flow needs to be adjusted for the change 
in seed size and seed mass to preserve the operational veloc-
ity in the optimal range of Fig. 7.

Furthermore, the cross-sectional area (S) and the diameter 
(D) of the FBR can be calculated as follows:

S D F
U

� �
� 2

4
in

in
 (13)

where Fin is the influent flow of the FBR, Uin is the operational 
velocity which can be obtained in Fig. 7.

In our previous work [15], both fine seeds and large seeds 
exist in the FBR during the crystallization process. In order 
to determine the fluidization characteristics of the seeds 
with a wide size distribution, experiments were conducted 
with the seed size of 8–325 mesh, as shown in Fig. S1 (See 
supplemental material). The pressure difference of the FBR 
first increases and then decreases with increasing superficial 
velocity. This result is different from the seed with a narrow 
size distribution in Fig. 2. As shown in Fig. 7, the minimum 
fluidization velocity of the fine seeds is close to the terminal 
velocity. With increasing influent flow on operation, the large 
seeds are gradually fluidized, while the fine seeds run out of 
the FBR. This leads to the loss of the fine seeds and a decrease 
in the pressure difference. Therefore, the operation range of 
influent flow is difficult to control. In order to prevent the 
loss of the fine seeds, two possible methods can be suggested:

1. A sedimentation zone with an enlarged diameter can 
be set above the fluidization zone of the FBR. The fluid 
velocity is reduced, thus allowing fine seeds to be kept in 
the FBR. The diameter of the sedimentation zone can be 
calculated by the fine seed size and the terminal velocity 
in Fig. 7. 

2. A reflux pipeline can be set from the sedimentation zone 
to the influent inlet. Increasing the reflux flow can fluidize 
all the seeds, while the effluent velocity maintains stable. 
Therefore, the mass loss of the fine seeds can be effec-
tively avoided.

Based on the suggestion above, we designed a 
laboratory-scale [15] and a pilot-scale fluidized bed 
reactor [10] for crystallization of CaF2, respectively. The 
sedimentation and the reflux pipeline were both set in the 
reactors. The reflux flow and the bed pressure drop were 
adjusted according to the fluidization parameters of CaF2 for 
better operation.

4. Conclusions

The fluidization properties of quartz sand seed were 
studied in a fluidized bed. The minimum fluidization velocity 
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Fig. 6. Parity graph for the predicted and experimental values of 
the fluidization velocity of the seed.
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and the terminal velocity of the seed were obtained by the 
fluidization experiment and the theory calculation. The main 
conclusions are as follows:

1. The minimum fluidization velocity maintains stability 
with increasing seed mass. The pressure difference of 
the FBR can be used to estimate the seed mass during the 
operation.

2. The minimum fluidization velocity and the terminal 
velocity are determined by seed size. The equation 
Umf = 7.40 × 10–4 × L0.51 can be used to predict the 
minimum fluidization velocity at the seed size range of 
176.5–844.6 μm. The equation Ut = 7.72 × 10–6 × L1.38 can 
be used to predict the terminal velocity at the seed size 
range of 109.7–763.1 μm.

3. To control the fluid velocity properly, the influent flow 
should be adjusted immediately according to the change 
of the seed size, the seed mass, the pressure difference 
of the FBR, the minimum fluidization velocity, and the 
terminal velocity.

4. To prevent loss of the fine seeds, the sedimentation zone 
and the reflux pipeline can be designed based on the 
minimum fluidization velocity and the terminal velocity.
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Fig. S1. Influence of the superficial velocity on the pressure difference of the FBR with the seed of a wide size distribution. Seed com-
position: 8–20 mesh, 0.1 kg; 20–30 mesh, 0.1 kg; 30–60 mesh, 0.1 kg; 60–100 mesh, 0.1 kg; 100–200 mesh, 0.1 kg; 200–325 mesh, 0.1 kg.


