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ABSTRACT

One of the most important units in the production of zirconiumis the chlorination reaction of zrconia 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 zrconia carbochlorination reactor was modeled via a two-phase hydrodynamic model.
The model was devel oped 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 consideratdéntion for producing zirconium tetrachlorida,iatermediate
in the production of zirconium metal, which is puegd by carbochlorination of zirconia accordingtte following
reaction:

ZrO,+2CL+2C—ZrCl,+2CO 1)

The fluidized bed technique has many inherent agwms, including temperature uniformity, favorakbieat
transfer, ease of solid handling, low pressure daog operational flexibility.

Modeling of fluidized bed is necessary for desigd acale up. Among many models employed, the hyaardic

flow models are the most satisfactory for descghtime performance of a bubbling fluidized bed[1hisTtype of

model describes and characterizes the parameférerining the hydrodynamics of fluidized beds. Hydlynamic

models are divided into three categories, i.eglsinwo- and three- phase model. A large numbehede models
are based on two phase concept of fluidizatiorthla category ofmodels, the fluidized bed is diddato two

sections, bubble phase (rich in gas) and emulsih@se (rich in solids). Based on this model, Davdslarrison

model [2], Partridge-Row model [3], the Kunii-Lesgiel model (Kunni and Levenspiel 1991)the Kato-Vidahble

assemblage model[4], the Chiba-Kobayashi bubble ftiodel [5], the shell model [6]have all been depeld in

accordance with different bubble dynamics.
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There are some investigations that report on tHeridation of zirconia[7, 8, 9, 10, 11, 12, 13, 18everal
mathematical models have been developed to simtilatéuid dynamics and reaction phenomena in liliel bed.

Jazini et al.[15] developed two two-phase hydrodyicamodels for simulation of fluidized bed chloriiwa of

zircon. They demonstrated that the plug-mixed madeicated a stronger correlation with experimemtata. A
mathematical description for the chlorination réacof rutile was proposed [16]based on the ga&tsollti-phase
reaction theory and a two-phase model for the iheid bed. The results showed that the chlorinatibnatural
rutile proceeded principally in the emulsion phaaed the reaction rate was mainly controlled by $heface
reaction. Fuwa et al.[17]introduced the bubble eddage model to interpret the selective chlorimatd oxidized
lImenite ore in the batch type fluidized bed. Raed Sohn[18]developed a more detailed model tieatrporate the
solid mixing. Youn and Park [19] developed a madesimulate the chlorination of rutile with coke arfluidized

bed.

The main objective of this work was to design andda pilot-scale carbochlorination fluidized beshctor with
optimal operating conditions. The designed reactmsists of a novel middle layer structure whictilf@tes more
uniform temperature in the reactor. Also an impobeentrol system was provided for fine controlliofypower

input. Another objective of this work was to uskyarodynamic two-phase model for simulation of teactor. For
authentication purposes, the experimental data wbtained from the pilot were used for modelingideion.

Furthermore, the validated model was utilized t@estigate and optimize the effects of initial zim@particle size,
inlet chlorine concentration, reactor temperaturel auperficial gas velocity time on reactor perfance.
Therefore, it is possible via the application o thbtained model to pinpoint the appropriate coonig for the
reactor operation without any additional time canswg and expensive experiments.

EXPERIMENTAL SECTION

To obtain the necessary experimental data, a pdalte carbochlorination reactor was designed andufaatured
which is shown in Fig. 1. The reactor consistsvad electrodes to introduce electric current intituadized bed of
conductive particles. In the case of chlorinatieaations, the bed of carbon particles provides bHwthnecessary
reductant and the heating means. The reactor systerade of a hard graphite chlorination reactdred resistance
heating unit, two condensing unit, and auxiliaryiponent for supplying and measuring the gases,, f@ed power
to the system. The graphite chlorination reactpetad from a 6.35-cm diameter at the bottom to 31cfn in
diameter at the top and was 123.19-cm high. A tr7hole in the bottom of reactor was used as a &ewtl
fluidizing gas inlet. In order to achieve more wnifh temperature throughout the reactor, a laydinaf graphite
powder was built around the reactor. The seconctrelde for the heating system was at the centéhefeactor.
Openings at the top of the reactor also servedbasreation and exhaust ports. The reactor was raduint a
refractory-lined furnace shell with a 25-cm layéffice brick insulation surrounding the reactor.eThed resistance
heating system consisted of the electrode submemgdte bed material, the reactor wall which actghe second
electrode, a 800-AmperDC-power supply controlled ebyariable transformer and auxiliary power measuri
equipment. The volatilized chlorides were colledigdwo condensers.
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Figure 1- The structure of the pilot scale carbochlorination reactor with dimensions

The experiments were conducted in similar manngrokows: A 2000 g bed of well mixed petroleum ecénd
zirconia(20/80 W/W)was mixed with sucrose as a éindhen the mixture was pressed and pelletizetbrafrds
the pellets were dried and cooked. The cooked g&ltere crushed and pulverized to the desired $ize.obtained
powder was put in to the chlorination reactor dnitlized with nitrogen. Power was supplied to tleatng unit and
the bed heated to operating temperature. Whendhieedl temperature was reached in the chlorinadantor, the
nitrogen flow was replaced with chlorine. The chierflow rate was 2 I/min, which provided supeiicspace
velocities of 5 cm/s thorough the reactor. The chéoflow and the power to the reactor then wend siff and the
system was cooled in nitrogen. The flow diagrarthefpilot 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 basthe relation of the weight and composition of d@densed
volatile material to the quantities of the mixeddsxand carbon feed and chlorine used during tperaxents.

1. Theory/Calculation

3.1 Model formulation

In developing the model, a fluidized bed with tbddwing features and assumptions are considered:

1-The prepared feed powders are fed. They reactgeities while being dragged up by the bubble andeddsty
in the emulsion, and leave the bed by gas entraihme

2-The bed consists of three regions: bubble, cloutl emulsion. The gases are exchanged among thesaseg
Considering uncertainties in estimation of gasfitiange parameter, the descriptions of fluidized bes
simplified by neglecting the mass transfer betwisencloud and emulsion phase and considering thelcs a part
of emulsion phase. The exchange of gaseous speeigsaccordingly simplified to be between the buldnbel
emulsion phase as had been carried out previoR8|y21, 22,23].

3-The gas compositions in the bubble and emulsiorsghahange with bed height, but the solids areotmlfy
mixed throughout the bed.

4-Horizontal variations of gas concentrations in eplease can be neglected.

5-The bed is operated under isothermal conditiontduke rapid mixing in the bed.

6-Pressure drop along the bed height is neglected.

7-Volume exchange, in the gas phase according toetimion stoichiometry is considered.

3.2 Mass balance on bubble and emulsion phase
The inlet gas is divided between the bubble andlgiouphase and gas is exchanged between themniodels
were formulated to describe the gas movement thirdluig bed. In both of models, the flow pattern imbtble phase

is considered as a plug flow, but for emulsion ghiasP-P model, flow is plug and in P-M model flisvmixed.
Fig. 3 visualizes the differential element in P-AP&1 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 equiatigas in either bubble or emulsion phase elerizeas follows:
(Bulk flow in)-(Bulk flow out)-(Disappearnce by reactior)+(Mass transfe)=0 (2)

The reaction mechanism, kinetics, and rate equateweloped via experimental correlation by Jenal §10]was
used in the model. By applying Equation 2 to thsteyn shown in Figure 1, for chlorine, in either bigbor
emulsion phase element, the following equationsbelderived for P-P model:

oX, _ 1, +Kbe.8 1-X, _ 1-X, 3)
0z u,C, U, \1+g, X, 1+g,X,
oX, _ T, _Kbe.S 1-X, B 1-X, @)
0z U,C, Uy \1+e, X, 1+g,X,
And for P-M model:
6Xb= r, +Kbe.6 1-X, B 1-X, 5)
0z u,C, U, \1+e, X, 1+g,X,
i 1-X 1-X
Faoo —Faoo(1-X.)-r..AH. + |K, _.00.A. b__ £ = 6
A0e AO,e( e) re f _([ be88 0(1+8Axb 1+8Axe)dz O ()
3.3.Massbalancefor solids:
A mass balance on zirconiaof sizgives (after discritization):
r+1)R (C-p (r C 3w Ap (r)R (C
—K"(n)pl(ri)+sz[(pl(' )R(A) R (R ( )} W Ap (MR ( -
| /
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Solving for P, (I;) leads to the following equation:

w,Ap ()R, ()
p.(1)= Al ®
K'(6) +W AR (C) {f’ *ﬂ

Andp, (I;) must satisfy the conditioh’ p (r.) Ar, =1, then:

i owani0] - 1

v WwAMRE) |, ©

The consumption rates of chlorine per unit volurhthe fluidized bed in bubble and emulsion phage ar

-y 3y,W,Ryp, (1)
o = rps x10° Ari (10)
3y.w,Ry,.p (1)
r.= L Al 11
LT g M CED

Different formulations were obtained by Kunii andevenspiel[24], Zzhou and Sohn[25], and Overture and
Reklaitis[26]with respect to the model developedhiis work.

Entrainment rate of zirconiais calculated by théofeing relation:

F, = > K'(r)p.(r)Ar (12)

Size distribution of zirconia in exit stream is kixaed by the following relation:

K"(r r
P..() =—(';p“( 2 (13)
2z

3.4. Energy balance:
The second law of thermodynamics for an adiabétie feactor is reduced to:

Q=AH (14)

Q is the amount of heat required for maintaining teactor temperature at T. By using Fig.4, in matitécal
symbol heat balance is as follow:

i=1 298

n 298 n To
AH=Y"n, [ C,dT+AH,, +>n,, [C,dT (15)
i=1 T
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Figure 4- Thermodynamic path to calculate enthalpy changein bed

3.5 Method of numerical solution

The flow diagram for solving equations derived iyious section is shown in Fig. 5.Initial valuefscblorine
conversion and patrticle size distribution of ziréorbed are assumed, and then all coefficientspandmeters in the
model (some of them are shown in Table 1) andeqtetion [17] were calculated based on the physigatating

conditions.

Table 1- Methods used in calculation of parameters

Parameter References
K (Kunii and Levenspiel 1991
be
H (Kato and Wen 1969)
f
6 (Cui et al. 2000)
Reaction rate] (Jena etal. 1999)
K" (Wen and Chen 1982)

I Assume X, |-_

l

l Calculate all coefficient |

|

[Solve equations for zirconl

l

ISoIve equations for gasesl

Check

conversion
for X,

lSoIve equations for carbor{

|

lSolve Energy equations]

i

Figure5- Flow diagram of the computer program
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For a given carbon and zirconia mass in bed, thialimass of zirconia (§}, particle size distribution of powder in
bed (p), entrainment rate of zirconia and carbon €f.), particle size distribution of zirconia in outlghs stream
(p2,) are calculated from Equations 9, 8, 12 and 18peetively. Using particle size distribution in betus
obtained, the consumption rate of reactant gasipévolume of the bed in either the bubble or esio phase is
calculated from Equations 10 and 11.Then Equatids(for P-P model) and 5-6 (for P-M model) arevedl to
obtain chlorine conversion along the bed heightgishe fourth-order Runge-Kutta method. lteratiares continued
until the predetermined conversion criteria are .néte amount of heat needed for isothermal operatas
calculated from Equation 15.

RESULTSAND DISCUSSION

4.1. Model validation

Table 2 shows comparisons between the experimeesalts and model predictions. This table shows the
results of the model have an excellent compatbi{F.2% relative errors) with experimental measiests.
Therefore the validated model is used for furthealgsis of the reactor and to investigate the éffex initial
particle size distribution of zirconia, reactor fgnature, inlet gas velocity and concentration loa thlorine
conversion and zirconia converted in bed.

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

Exper. No.| Temperature Time Experimental predicted
(K) (h) | Zirconia conversion (%) zirconia conversion (%)
RUN 1 1000 0.5 30 315
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 effectivevariables

4.2.1. Effect of particle size on conversion

Fig.6 shows the effect of initial zirconia partidize on the chlorine conversion and convertedoriec by model
prediction.
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Figure 6- Effect of particlesize (d,) of inlet zirconia on chlorine conversion (X) and rate of converted zir conia (F: zir conia reacted per
unit surface area of cross section of bed per unit time). Po= Size distribution function
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The average diameters of the zirconia particled us¢he model were chosen according to the phlysmaditions

of the pilot plant reactor of this study and Spétlal. [27]. By using smaller zirconia nonporoustiokes such as 70
W (average diameter distribution) with respect td® Hhd 13QLIT, the chlorine conversion and converted
zirconia are increased and this is due to the abiitly of large surface for reaction in the cassmaller particles.
For the case of 78IM, the chlorine conversion of 95.9% and convertedoziia of 19.4 g zirconia/frs were
predicted by the model. Thus, smaller zirconiaiplrsize is preferred according to the model priains in order
to obtain maximum chlorine conversion and flow rateonverted zirconia. But it is imperative toliea that there
is a limit to what extent particle size can be i@tudue to possible excessive entrainment of galiticles and also
the lack of bubbling fluidization in the reactordathis must be optimized in conjunction with expegntal
observations.

4.2.2. Effect of inlet concentration and temperature on conversion
Fig.7 and 8 show the effect of concentration oétirdas and reactor temperature on the chlorineersion and

converted zirconia by model prediction.
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Figure 7- Effect of inlet chlorine concentration (Cao) and reactor temperature (T) on the chlorine conversion
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Figure 8- Effect of inlet chlorine concentration (Cao) and reactor temperature (T) on therate of zirconia converted in bed per unit cross
section area of bed (F:)
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Increasing temperature and inlet chlorine concéintrtaause higher reaction rate and consequerglyteein higher
chlorine and zirconia consumption. For instance, thee inlet chlorine concentration of 3 mof/mand the
temperature range of 1000-1400 K, Fig.8 shows thatchlorine conversion is increased 55%. Howeséra
constant temperature, if inlet chlorine concentrais increased, higher zirconia consumption isioled but at the
same time chlorine conversion is decreased. THiecte€an be observed at 1200 K in which increasinigrine
concentration from 3 to 6molfhteads to 13%reduction in chlorine conversion aBd% enhancement in flow rate
of converted zirconia consumption. This model prgdn may be explained due to the low dependencgadtion
rate with respect to chlorine concentration. Theeselency of the reaction rate on the chlorine cotmaton is not
significant at high concentrations because theti@acate follows the Langmuir equation.

4.2.3. Effect of inlet gasvelocity on conversion

Fig.9 shows the effect of inlet gas velocity onochiie concentration in bubble phase along the bedigted by the
model. Higher gas velocity results in higher floate of converted zirconia consumption and modeskipe of
chlorine concentration gradient in bubble phasehaBoement of zirconia consumption flow rate (44.1%)
obtained by increasing gas velocity from 0.05 tb ®/s. When gas velocity is increased, bubble isizecreased
and reduction of gas transfer rate between buhideemulsion is observed, therefore the behavidhefbed is
alike a plug flow reactor and this results in higbencentration along the bed and consequentlyehigkaction rate.
Overall, this leads to appropriate mass transfdrtamirodynamic conditions in terms of obtainablewrsion.

7
F'=193 g rconia/m’
8 Uo=.05m/s C. 02 molim’
—U0=.08mls F; =288 g .c:iri;(imiar’rrl1
5 C, =045 molm
5 —U0=1ms F. =35 ¢ ziconia/m’
£ 4 C,=068 molm’
I
£
e
)
2
1
0

0 0.2 0.6 0.8 1

0.4
7/H.,

Figure 9- Effect of inlet gas velocity (Uo) on chlorine concentration gradient (Cy,) and converted zirconia along the bed in bed per unit
cross section area of bed (F,). z: bed height. H: total bed height.

4.2.4. Effect of inlet gasvelocity on final zirconia size distribution

Fig.10 shows the effect of inlet gas velocity amafizirconia size distribution in bed via model giction. The gas
velocity operating range (0.05-0.1 m/s) was chaaezh that bubbling fluidization can be sustainegdubhout the
process. The results ofFig.10 demonstrate thaetiemno dependency of final particle size distiifuton gas
velocity in which the average particle size digttibn of 70 LI was obtained for the three different gas velocity.

This indicates that solid dynamics is much slowantgas phase dynamics because, as mentioned 9 iRlgt gas
velocity has a significant effect on chlorine camiration gradient. At the conditions ofFig.10, tparticle size
distribution of elutriated zirconia is the samelesl because gas velocity is higher than terminklcity of all

particles and thus all of them could be entraingdyfis and it can be concluded that the elutriatatigbes is a
sample of particles in the bed. Knowing the zireomiarticle size distribution in the bed, which istrae
representative of elutriated particles, is vitatliessign 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. Po. Size distribution function

CONCLUSION

A pilot scale carbochlorination reactor was desiyn@manufactured and modeled. The experimental data
obtained from the pilot were utilized for the valitbn of the developed model. The model resultedumerical
predictions which show a close compatibility witietexperimental data. Furthermore, the validatedehwas
used for optimization of the operating variablesing the authenticated model, the effects of diffiéroperating
conditions were investigated and the results detratesl that small zirconia size of Adll, high inlet gas velocity

of 0.1 m/s, inlet chlorine concentration of 6 motamd reactor temperature of 1400 K enhanced theinhtion
rate.
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