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ABSTRACT 

 
One of the most important units in the production of zirconiumis the chlorination reaction of zirconia in the 
presence of carbon in a fluidized bed reactor. An improved version of a pilot fluidized bed reactor with the 
production capacity of 10 kg per day was designed and built. In order to optimize the operating conditions of the 
reactor, the fluidized bed zirconia carbochlorination reactor was modeled via a two-phase hydrodynamic model. 
The model was developed according to the hypothesis of plug (P) for the bubble and mixed (M) for the dense phase. 
The obtained experimental data of pilot scale reactor was utilized for modeling validation. Investigation of fluidized 
bed operating conditions with the validated model was accomplished and the results indicated that higher reactor 
temperature, smaller zirconia size, and higher inlet gas velocity and concentration enhanced chlorination rate. 
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INTRODUCTION 
 

The fluidized bed reactor has received considerable attention for producing zirconium tetrachloride, an intermediate 
in the production of zirconium metal, which is produced by carbochlorination of zirconia according to the following 
reaction: 
 
ZrO2+2Cl2+2C→ZrCl4+2CO         (1) 
 
The fluidized bed technique has many inherent advantages, including temperature uniformity, favorable heat 
transfer, ease of solid handling, low pressure drop, and operational flexibility. 
 
Modeling of fluidized bed is necessary for design and scale up. Among many models employed, the hydrodynamic 
flow models are the most satisfactory for describing the performance of a bubbling fluidized bed[1]. This type of 
model describes and characterizes the parameters influencing the hydrodynamics of fluidized beds. Hydrodynamic 
models are divided into three categories, i.e., single, two- and three- phase model. A large number of these models 
are based on two phase concept of fluidization. In this category ofmodels, the fluidized bed is divided into two 
sections, bubble phase (rich in gas) and emulsion phase (rich in solids). Based on  this model, Davidson-Harrison 
model [2], Partridge-Row model [3], the Kunii-Levenspiel model (Kunni and Levenspiel 1991)the Kato-Wen bubble 
assemblage model[4], the Chiba-Kobayashi bubble flow model [5], the shell model [6]have all been developed in 
accordance with different bubble dynamics. 
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There are some investigations that report on the chlorination of zirconia[7, 8, 9, 10, 11, 12, 13, 14]. Several 
mathematical models have been developed to simulate the fluid dynamics and reaction phenomena in the fluid bed. 
Jazini et al.[15] developed two two-phase hydrodynamic models for simulation of fluidized bed chlorination of 
zircon. They demonstrated that the plug-mixed model indicated a stronger correlation with experimental data. A 
mathematical description for the chlorination reaction of rutile was proposed [16]based on the gas-solid multi-phase 
reaction theory and a two-phase model for the fluidized bed. The results showed that the chlorination of natural 
rutile proceeded principally in the emulsion phase, and the reaction rate was mainly controlled by the surface 
reaction. Fuwa et al.[17]introduced the bubble assemblage model to interpret the selective chlorination of oxidized 
Ilmenite ore in the batch type fluidized bed. Rhee and Sohn[18]developed a more detailed model that incorporate the 
solid mixing. Youn and Park [19] developed a model to simulate the chlorination of rutile with coke in a fluidized 
bed. 
 
The main objective of this work was to design and build a pilot-scale carbochlorination fluidized bed reactor with 
optimal operating conditions. The designed reactor consists of a novel middle layer structure which facilitates more 
uniform temperature in the reactor. Also an improved control system was provided for fine controlling of power 
input. Another objective of this work was to use a hydrodynamic two-phase model for simulation of the reactor. For 
authentication purposes, the experimental data were obtained from the pilot were used for modeling validation. 
Furthermore, the validated model was utilized to investigate and optimize the effects of initial zirconia particle size, 
inlet chlorine concentration, reactor temperature and superficial gas velocity time on reactor performance. 
Therefore, it is possible via the application of the obtained model to pinpoint the appropriate conditions for the 
reactor operation without any additional time consuming and expensive experiments.  
 

EXPERIMENTAL SECTION 
 

To obtain the necessary experimental data, a pilot scale carbochlorination reactor was designed and manufactured 
which is shown in Fig. 1. The reactor consists of two electrodes to introduce electric current into a fluidized bed of 
conductive particles. In the case of chlorination reactions, the bed of carbon particles provides both the necessary 
reductant and the heating means. The reactor system is made of a hard graphite chlorination reactor, a bed resistance 
heating unit, two condensing unit, and auxiliary equipment for supplying and measuring the gases, feed, and power 
to the system. The graphite chlorination reactor tapered from a 6.35-cm diameter at the bottom to 11.43 -cm in 
diameter at the top and was 123.19-cm high. A 1.27-cm hole in the bottom of reactor was used as a feed and 
fluidizing gas inlet. In order to achieve more uniform temperature throughout the reactor, a layer of fine graphite 
powder was built around the reactor. The second electrode for the heating system was at the center of the reactor. 
Openings at the top of the reactor also served as observation and exhaust ports. The reactor was mounted in a 
refractory-lined furnace shell with a 25-cm layer of fire brick insulation surrounding the reactor. The bed resistance 
heating system consisted of the electrode submerged in the bed material, the reactor wall which acts as the second 
electrode, a 800-AmperDC-power supply controlled by a variable transformer and auxiliary power measuring 
equipment. The volatilized chlorides were collected by two condensers. 
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Figure 1- The structure of the pilot scale carbochlorination reactor with dimensions 
 
The experiments were conducted in similar manners as follows: A 2000 g bed of well mixed petroleum coke and 
zirconia(20/80 W/W)was mixed with sucrose as a binder. Then the mixture was pressed and pelletized. Afterwards 
the pellets were dried and cooked. The cooked pelted were crushed and pulverized to the desired size. The obtained 
powder was put in to the chlorination reactor and fluidized with nitrogen. Power was supplied to the heating unit and 
the bed heated to operating temperature. When the desired temperature was reached in the chlorination reactor, the 
nitrogen flow was replaced with chlorine. The chlorine flow rate was 2 l/min, which provided superficial space 
velocities of 5 cm/s thorough the reactor. The chlorine flow and the power to the reactor then were shut off and the 
system was cooled in nitrogen. The flow diagram of the pilot is shown in Fig. 2.  
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Figure 2- Process flow diagram of the pilot scale carbochlorination reactor 

 
The chlorination runs were evaluated on the basis of the relation of the weight and composition of the condensed 
volatile material to the quantities of the mixed oxide and carbon feed and chlorine used during the experiments.  
 
1. Theory/Calculation 
3.1 Model formulation  
In developing the model, a fluidized bed with the following features and assumptions are considered: 
1- The prepared feed powders are fed. They react with gases while being dragged up by the bubble and descending 
in the emulsion, and leave the bed by gas entrainment. 
2- The bed consists of three regions: bubble, cloud and emulsion. The gases are exchanged among these regions. 
Considering uncertainties in estimation of gas-interchange parameter, the descriptions of fluidized bed was 
simplified by neglecting the mass transfer between the cloud and emulsion phase and considering the cloud as a part 
of emulsion phase. The exchange of gaseous species was accordingly simplified to be between the bubble and 
emulsion phase as had been carried out previously [20, 21, 22,23]. 
3- The gas compositions in the bubble and emulsion phases change with bed height, but the solids are uniformly 
mixed throughout the bed. 
4- Horizontal variations of gas concentrations in each phase can be neglected. 
5- The bed is operated under isothermal condition due to the rapid mixing in the bed. 
6- Pressure drop along the bed height is neglected. 
7- Volume exchange, in the gas phase according to the reaction stoichiometry is considered. 
 
3.2 Mass balance on bubble and emulsion phase 
The inlet gas is divided between the bubble and emulsion phase and gas is exchanged between them. Two models 
were formulated to describe the gas movement through the bed. In both of models, the flow pattern in bubble phase 
is considered as a plug flow, but for emulsion phase in P-P model, flow is plug and in P-M model flow is mixed. 
Fig. 3 visualizes the differential element in P-P & P-M model. 
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Figure 3- Differential element in bubble and emulsion phases. A) P-P model   B) P-M model 

 
The generalized steady-state mass balance equation for gas in either bubble or emulsion phase element is as follows: 
( ) ( ) ( ) ( ) 0transferMassreactionbynceDisappearaoutflowBulkinflowBulk =±−−  (2) 

 
The reaction mechanism, kinetics, and rate equation developed via experimental correlation by Jena et al.[10]was 
used in the model. By applying Equation 2 to the system shown in Figure 1, for chlorine, in either bubble or 
emulsion phase element, the following equations will be derived for P-P model: 
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And for P-M model: 
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3.3.Mass balance for solids: 
A mass balance on zirconiaof size ri gives (after discritization): 
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Solving for )(rp i1  leads to the following equation: 
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The consumption rates of chlorine per unit volume of the fluidized bed in bubble and emulsion phase are: 
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Different formulations were obtained by Kunii and Levenspiel[24], Zhou and Sohn[25], and Overture and 
Reklaitis[26]with respect to the model developed in this work.  
 
Entrainment rate of zirconiais calculated by the following relation: 

i∆r)(rp)(rKF ic1iz2 ∑ ′′=                  (12) 

 
Size distribution of zirconia in exit stream is evaluated by the following relation: 
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3.4. Energy balance: 
The second law of thermodynamics for an adiabatic flow reactor is reduced to: 

∆HQ =        (14) 

 

Q is the amount of heat required for maintaining the reactor temperature at T. By using Fig.4, in mathematical 

symbol heat balance is as follow: 
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Figure 4- Thermodynamic path to calculate enthalpy change in bed 
 
3.5 Method of numerical solution 
The flow diagram for solving equations derived in previous section is shown in Fig. 5.Initial values of chlorine 
conversion and particle size distribution of zircon in bed are assumed, and then all coefficients and parameters in the 
model (some of them are shown in Table 1) and rate equation [17] were calculated based on the physical operating 
conditions.  
 

Table 1- Methods used in calculation of parameters 
 

Parameter References 

beK  
(Kunii and Levenspiel 1991) 

fH  
(Kato and Wen 1969) 

δ  
(Cui et al. 2000) 

Reaction rate (Jena  et al. 1999) 

K ′′  
(Wen and Chen 1982) 

 

 
Figure 5- Flow diagram of the computer program 
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For a given carbon and zirconia mass in bed, the initial mass of zirconia (F0), particle size distribution of powder in 
bed (p1), entrainment rate of zirconia and carbon (f2z, f2c), particle size distribution of zirconia in outlet gas stream 
(p2z) are calculated from Equations 9, 8, 12 and 13, respectively. Using particle size distribution in bed, thus 
obtained, the consumption rate of reactant gas per unit volume of the bed in either the bubble or emulsion phase is 
calculated from Equations 10 and 11.Then Equations 3-4 (for P-P model) and 5-6 (for P-M model) are solved to 
obtain chlorine conversion along the bed height using the fourth-order Runge-Kutta method. Iterations are continued 
until the predetermined conversion criteria are met. The amount of heat needed for isothermal operation was 
calculated from Equation 15.  
 

RESULTS AND DISCUSSION 
 

4.1. Model validation 
Table 2 shows comparisons between the experimental results and model predictions. This table shows that the 
results of the model have an excellent compatibility (5.2% relative errors) with experimental measurements. 
Therefore the validated model is used for further analysis of the reactor and to investigate the effects of initial 
particle size distribution of zirconia, reactor temperature, inlet gas velocity and concentration on the chlorine 
conversion and zirconia converted in bed. 
 

Table2. Comparison of experimental values of pilot-scale chlorination reactor with model predictions 
 

Exper. No. Temperature 
(K) 

Time 
 (h) 

Experimental 
Zirconia conversion (%) 

predicted 
zirconia conversion (%) 

RUN 1 1000 0.5 30 31.5 
1 65 68.4 
2 89 95.2 

RUN 2 800 0.5 23 24.6 
1 48 51.1 
2 72 77 

RUN 3 600 0.5 18 19.2 
1 35 36.5 
2 60 63.1 

 
4.2. Modeling analysis of reactor effective variables 
4.2.1. Effect of particle size on conversion 
Fig.6 shows the effect of initial zirconia particle size on the chlorine conversion and converted zirconia by model 
prediction.  
 

 
Figure 6- Effect of particle size (dp) of inlet zirconia on chlorine conversion (X) and rate of converted zirconia (��:	� zirconia reacted per 

unit surface area of cross section of bed per unit time). P0 = Size distribution function 
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The average diameters of the zirconia particles used in the model were chosen according to the physical conditions 
of the pilot plant reactor of this study and Spink et al. [27]. By using smaller zirconia nonporous particles such as 70
µm (average diameter distribution) with respect to 100 and 130µm, the chlorine conversion and converted 

zirconia are increased and this is due to the availability of large surface for reaction in the case of smaller particles. 
For the case of 70µm, the chlorine conversion of 95.9% and converted zirconia of 19.4 g zirconia/m2.s were 

predicted by the model. Thus, smaller zirconia particle size is preferred according to the model predictions in order 
to obtain maximum chlorine conversion and flow rate of converted zirconia. But it is imperative to realize that there 
is a limit to what extent particle size can be reduced due to possible excessive entrainment of solid particles and also 
the lack of bubbling fluidization in the reactor and this must be optimized in conjunction with experimental 
observations. 
 
4.2.2. Effect of inlet concentration and temperature on conversion 
Fig.7 and 8 show the effect of concentration of inlet gas and reactor temperature on the chlorine conversion and 
converted zirconia by model prediction. 

 

 
Figure 7- Effect of inlet chlorine concentration (CA0) and reactor temperature (T) on the chlorine conversion 

 

 
Figure 8- Effect of inlet chlorine concentration (CA0)  and reactor temperature (T) on the rate of zirconia converted in bed per unit cross 

section area of bed (��:	� ) 
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Increasing temperature and inlet chlorine concentration cause higher reaction rate and consequently results in higher 
chlorine and zirconia consumption. For instance, for the inlet chlorine concentration of 3 mol/m3 and the 
temperature range of 1000-1400 K, Fig.8 shows that the chlorine conversion is increased 55%. However, at a 
constant temperature, if inlet chlorine concentration is increased, higher zirconia consumption is obtained but at the 
same time chlorine conversion is decreased. This effect can be observed at 1200 K in which increasing chlorine 
concentration from 3 to 6mol/m3 leads to 13%reduction in chlorine conversion and 38.4% enhancement in flow rate 
of converted zirconia consumption. This model prediction may be explained due to the low dependency of reaction 
rate with respect to chlorine concentration. The dependency of the reaction rate on the chlorine concentration is not 
significant at high concentrations because the reaction rate follows the Langmuir equation.  
 
4.2.3. Effect of inlet gas velocity on conversion 
Fig.9 shows the effect of inlet gas velocity on chlorine concentration in bubble phase along the bed predicted by the 
model. Higher gas velocity results in higher flow rate of converted zirconia consumption and moderate slope of 
chlorine concentration gradient in bubble phase. Enhancement of zirconia consumption flow rate (44.1%) is 
obtained by increasing gas velocity from 0.05 to 0.1 m/s. When gas velocity is increased, bubble size is increased 
and reduction of gas transfer rate between bubble and emulsion is observed, therefore the behavior of the bed is 
alike a plug flow reactor and this results in higher concentration along the bed and consequently higher reaction rate. 
Overall, this leads to appropriate mass transfer and hydrodynamic conditions in terms of obtainable conversion. 
 

 
Figure 9- Effect of inlet gas velocity (U0) on chlorine concentration gradient (Cb) and converted zirconia along the bed in bed per unit 

cross section area of bed (��� ). z: bed height. Hf: total bed height. 
 

4.2.4. Effect of inlet gas velocity on final zirconia size distribution 
Fig.10 shows the effect of inlet gas velocity on final zirconia size distribution in bed via model prediction. The gas 
velocity operating range (0.05-0.1 m/s) was chosen such that bubbling fluidization can be sustained throughout the 
process. The results ofFig.10 demonstrate that there is no dependency of final particle size distribution on gas 
velocity in which the average particle size distribution of 70 µm was obtained for the three different gas velocity. 

This indicates that solid dynamics is much slower than gas phase dynamics because, as mentioned in Fig.9, inlet gas 
velocity has a significant effect on chlorine concentration gradient. At the conditions ofFig.10, the particle size 
distribution of elutriated zirconia is the same as bed because gas velocity is higher than terminal velocity of all 
particles and thus all of them could be entrained by gas and it can be concluded that the elutriated particles is a 
sample of particles in the bed. Knowing the zirconia particle size distribution in the bed, which is a true 
representative of elutriated particles, is vital to design the separation apparatus beyond the reactor.    
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Figure 10- Effect of inlet gas velocity (U0) on zirconia particle size distribution in bed. P0: Size distribution function 

 
CONCLUSION 

 
A pilot scale carbochlorination reactor was designed, manufactured and modeled. The experimental data were 
obtained from the pilot were utilized for the validation of the developed model. The model resulted in numerical 
predictions which show a close compatibility with the experimental data.  Furthermore, the validated model was 
used for optimization of the operating variables. Using the authenticated model, the effects of different operating 
conditions were investigated and the results demonstrated that small zirconia size of 70µm, high inlet gas velocity 

of 0.1 m/s, inlet chlorine concentration of 6 mol/m3and reactor temperature of 1400 K enhanced the chlorination 
rate. 
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