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APPENDICES

Appendix A: Sample derivation of model equations

This appendix shows the derivation of the equation for PDZ conversion as function of time
for reaction as rate-limiting step, with solids mass as solids driving force, as referred to in
Section 2.3.1.2.

For this model, the rate equation is given by (as derived in Section 2.2.2.1):

-, =k, (1~-cX )C,

Taking a mole balance for HF over a differential reactor volume (where y is bed height
measured from the distribution plate):

IN -  OUT +  GENERATED=  STORED
A,Cy(¥)~ A ,Cy(y +dy) - 4k, (1-cX ,)Cpdy = 0 (Eq A2)

Rearranging and integrating (with conversion X, constant over bed height) gives the HF
concentration as function of bed height:

‘2 dcC ak ¥
| =m0
Cpo =B a%g 0
C 4k
In—2=-"wdq_cx (Eq A3)
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Taking a mole balance for PDZ over the reactor volume:
IN - ouT + GENERATED= STORED
0-0+r, = d]\i"
Eq AS
av, L (Eq AS)
dt = _kws (l - CXA )CB
The number of moles of PDZ (N,) in the reactor can be defined as follows:
N,=N,(1-X,)
~dN,=-N,dX, (Eq A6)

Through combination of Equations A5 and A6 and substituting for average HF concentration
from Equation A4:

ax, &k —
L= (1-eX )G,y
d N,
Eq A7
dX, CpyoA.u, l_e—:':j:'(l—cm (Eq A7)
dt 4hN ,,
Rearranging and simplifying:
Set :
4k, h
§= (Eq A8)
Agu,
T dXA — CBOAduO tdt

o[1— eAS(licXA)] 4hN ,,

0

This last equation can be solved analytically using substitution and yields an implicit
equation for PDZ conversion as function of time:

_ ,s(l-aX )
X, —iln l1-e _ Cpodu, ;
sc 1-¢* 4hN ,,

where (Eq A9)
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Appendix C: Experimental conditions and results

Relevant experimental conditions, parameters used in reaction equations, and experimental
and model results are presented here.

29,30

Gas physical properties were obtained from Perry'?, Chemical Engineering and Janaf

Thermochemical Tables®!.

Gas mixture properties (mixture density, viscosity, thermal conductivity and heat capacity)
were calculated using mixing rules from Perry'®.

C1 Physical parameters used for PDZ bed material

Parameter Symbol Value Units
Porosity of PDZ feed material Em 0.453 [

PDZ porosity at minimum fluidization Emt 0.474 [

Bulk density of PDZ b 2200 [kg/m’]
Particle density of PDZ PPDZ 3800 [kg/m’]
Absolute bubble velocity* Up 0.209 [m/s]
Sauter mean diameter for PDZ ds 116 [um]
Reaction gas volume change fraction 5 -0.25 [
Sphericity of PDZ s 0.6 il

* Determined by video-recording bubble velocity in a one-dimensional perspex

fluidized bed using PDZ as bed solids and nitrogen as fluidizing gas with a stopwatch
and ruler positioned next to the bed.

C2 Laboratory operating conditions and batch reactor specifications for determination of
the rate constant

Note: Laboratory fluidized bed reactor used a mixture of HF and nitrogen as feed gas.

Parameter Symbol Value Units
Initial reactor bed load Wo 11 kgl
Conversion of feed PDZ Y 0.91 [

HF feed rate Cso 40 [mol/hr]
Reactor cross-sectional area Ay 0.01 [mz]
Volumetric flow rate of nitrogen Q 1.5 [m*/hr]
Nitrogen feed temperature Ta 25 [°C]
Nitrogen feed pressure P, 20 [kPag]
Temperature of HF/N, mixture before T, 100 [°C]
reactor

Gas mixture pressure before reactor P 35 [kPag]
Pressure drop over reactor AP 4.8 [kPa]
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C3 Reactor conditions for modelling of different reactor configurations
Parameter Symbol Value Units
Bed load: main stage A Wa 100 kgl
Bed load: main stage B Ws 100 [kg]
Solids feed rate Mao 0.245 [kmal/hr]
Conversion of feed zircon to PDZ Y 0.90 1
Feed concentration (HF) Cso 8 [mol/m’]
Superficial gas velocity U, 12 [cmy/s]
Reactor cross-sectional area A4 0.22 [m?]
Fraction of HF in feed gas Zpo 0.5 0
Reaction temperature T, 120 [°C]
Rate constant ks 5.89E-6 [m/s]

C4 Pilot plant reactor conditions for comparison of model to pilot plant experimental results

Parameter Symbol Value Units
Bed load: main stage A Wa 120 [kg]

Bed load: main stage B Ws 120 [kg]
Solids feed rate Mao 0.191 [kmol/hr]
Conversion of feed zircon to PDZ Y 0.85 (1

Feed concentration (HF) Cgo 8 [mol/m’]
Superficial gas velocity U, 9.5 [cm/s]
Reactor cross-sectional area Ay 0314 [m?]
Fraction of HF in feed gas Zgo 0.5 [

HF feed flow rate Mg 0.94 [kmol/hr]
Gas inlet temperature T, 120 [°C]
Solids inlet temperature Ts 120 [°C]

Gas mixture pressure before reactor* P, -5 [kPag]
Rate constant ks 5.89E-6 [m/s]

* Pilot plant reactor was run under slight negative pressure

C5 Comparison of conversion between different reactor configurations as function of bed
load (see Section 4.2.2.1)

Total bed load Conversion (3 st, CC) Conversion (5 st, CRC)  Conversion (6 st, CRC)
[kl [ %] [%] [%]

60 389 737 81.2

120 555 91.0 959

140 592 947 98.2

160 62.3 97.2 98.9

180 64.9 98 .4 9935

200 67.2 992 998

240 70.9 994 999
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C6 Comparison of different bed load distributions for equal total bed load (see Section
4.2.2.1)

Bed load distribution  1:1:1:1 3:2:1:1 4:3:2:1

Stage number Conversion {%] Conversion [%] Conversion [%]
1 28 27 27

2 57 64 65

3 80 85 88

4 94 96 98

5 99 99.4 99.9

HF efficiency [%] 91.9 922 92.6

C7 Comparison of no gas mixing model to total gas mixing model

Stage nr. No gas mixing Total gas mixing
Conversion [%] Conversion | %]

1 52

2 12.4

3 18.9

4 23.6 27.0

5 57.0 63.0

6 81.1 84.9

7 94.2 95.8

8 99.1 99.4

C8 Comparison of steady-state conversion profiles between model and pilot plant reactor

Stage nr. Pilot plant Model
Conversion | %] Conversion | %]

1 286 27

2 80.8 63

3 85.5 84.9

4 93.8 958

5 98.7 , 99 .4
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C9 Comparison of batch conversion profiles between model and pilot plant reactor

Time Pilot plant Model
[hr] Conversion [%] Conversion [%]
0 0 0

0.5 13.3

1.0 46.9 385
1.5 59.6

2.0 76.9 76

25 88.8

3.0 97.5 99.5
3.5 98.0

4.0 100 100
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WORD DEFINITIONS

Word(s) Definition

Feed solids The feed to the fluidized bed system or the product of the
plasma dissociation system, consisting mainly of PDZ and some
undissociated zircon. This is the general definition, except
where specifically stated otherwise in the text.

Product solids The product of the fluidized bed system, consisting mainly of
DPDZ and containing some undissociated zircon and PDZ left
over because of incomplete conversion. This is the general
definition, except where specifically stated otherwise in the
text.

PDZ Plasma Dissociated Zircon - zirconia crystallites in an
amorphous structure of silica.

DPDZ Desilicated Plasma Dissociated Zircon - porous composite
structure of zirconia crystallites.

CSTR Continuously Stirred Tank Reactor ~ basic reactor model, with -
complete mixing and thus uniformly distributed conversion.

PFR Plug Flow Reactor — basic reactor model, with uniform radial
conversion and-increasing conversion in the axial direction.

TDH Transport Disengagement Height — height above the dense bed
zone in a fluidized bed needed for disengagement of particles
from off-gas.

CC A multi-stage countercurrent fluidized bed reactor.

CRC A combination cross-/countercurrent fluidized bed reactor with
two main countercurrent stages and the second (or bottom)
countercurrent stage divided into a number of crosscurrent
stages.

ST Total number of stages in fluidized bed reactor.



&
W UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

REFERENCES Qe VUNIBESITHI YA PRETORIA
* PAGE 60 OF 62

REFERENCES

10.

1.

12.

13.

14.

Hengge, E. Inorganic Silicon Halides. Halogen Chemistry Vol. 11, pp. 170-
229,

Refractories. Dynamic-Ceramics  Ltd. Http://www.dynacer.co.uk/
refracto.htm.,

Heathcote, R. Zirconia. American Ceramic Society Bulletin. Minerals
Review, Volume 72, Nr. 6, June 1993,

Nielsen, R.H., JH. Schlewitz, H. Nielsen. Zirconium and Zirconium
Compounds. Kirk-Othmer Encyclopedia of Chemical Technology 24: 863-
902. John Wiley & Sons Inc. USA, 1984,

Nielsen, R. Zirconium and Zirconium Compounds. Ullmann’s Encyclopedia
of Industrial Chemistry A28: 543-567. VCH Verlagsgesellschaft. Germany,
1996.

Funahashi, T., R. Uchimura & Y. Oguchi for Kawasaki Steel Corporation.
Method of producing high purity zirconia powder from zircon powder.
European Patent Application nr. 85103710.1. European Patent Office, 1985.

Campbell, J.S. & B.N. Baker for Cookson Group plc. Process for extracting
zirconia from dissociated zircon. South African Patent Application nr.
85/5356. D.M. Kisch Incorporated, 1985.

Zaplatynsky, I. Morphology of Zirconia Particles Exposed to DC Arc Plasma
Jet. NASA Technical Memorandum 88927. Ohio, 1987.

Claassen, N., M. Ruhle & A. Heuer (Ed.’s). Science and Technology of
Zirconia II. American Ceramics Society. USA, 1984,

Retief, W.L. Plasma Chemical Conversion - a revolutionary new mineral
beneficiation tool. Heavy Minerals 1997. Johannesburg, South African
Institute of Mining and Metallurgy, 1997, pp. 157-160.

Le Roux, S.D. The Market Situation and Opportunities: Metox Project.
Atomic Energy Corporation internal document. SA, 1999

Fogler, H. Scott. FElements of Chemical Reaction Engineering, 2™ FEdition.
Prentice-Hall Inc. USA, 1992.

Kunii, D. & Levenspiel, O. Fluidization FEngineering, 2™ Edition.
Butterworth-Heinemann. USA, 1991,

Geldart, D. Powder Technology 7 (1973) & 19 (1978).


http:Http://www.dynacer.co

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

'K

UNIVERSITEIT YAN PRETO
UNIVERSITY OF PRET

REFERENCES W YUNIBESITHI YA PRET

0,

PAGE 61 OF 62

Haider, A. & Levenspiel, Q. Powder Technology 58 (1989).

Knowlton, TM. & 1. Hirsan. L-valves characterized for solids flow.
Hydrocarbon Processing, March 1978, pp. 149 — 156.

Picciotti, M.  Specify Standpipes and Feeder Valves for Packed Beds.
Chemical Engineering Progress, January 1995, pp. 54 — 63.

Perry, R H. & Green, D. Perry’s Chemical Engineers’ Handbook, 6" Edition.
McGraw-Hill, Inc. USA, 1984.

Mori, S. & Moriyama, A. International Chemical Engineering 18 (1978).

Grace, JR. & D. Harrison. Design of Fluidized Beds with Internal Baffles.
Chemical and Process Engineering, June 1970, pp. 127 — 130.

Blumenthal, W.B. The Chemical Behaviour of Zirconium. D. Van Nostrand
Company, Inc. U.S.A,, 1958.

Mukherji, A K. Analytical Chemistry of Zirconium and Hafnium. Pergamon
Press. Great Britain, 1970.

Some Investigations in the Zirconium-tetrafluoride-water System. Journal of
Inorganic Nuclear Chemistry, Vol. 15. Pergamon Press Ltd. Great Britain,
1960.

Incropera, Frank P. & De Witt, David P. Fundamentals of Heat and Mass
Transfer, 3" Edition. John Wiley & Sons, Inc. Singapore, 1990.

Richardson, J.F. & J. Szekely. Mass Transfer in a Fluidized Bed. Trans.
Institution of Chemical Engineers, Vol. 39, 1961, pp. 212 — 222.

Bukur, D.B., C.V. Wittmann & N.R. Amundson. Analysis of a Model for a
Nonisothermal Continuous Fluidized Bed Catalytic Reactor. Chemical
Engineering Science, Vol. 29, 1974, pp. 1173 - 1192.

Wiman, J. & AE. Almstedt. Hydrodynamics, Erosion and Heat Transfer in a
Pressurized Fluidized Bed: Influence of Pressure, Fluidization Velocity,
Farticle Size and Tube Bank Geometry. Chemical Engineering Science, Vol.
52, No. 16, pp. 2677-2695, 1997.

Matsen, JM. Scale-up of Fluidized Bed Processes: Principle and Practice.
Powder Technology 88 (1996), pp. 237-244.

Physical and Thermodynamic Properties 24. Chemical Engineering, 22
November 1976, p. 156.

Physical and Thermodynamic Properties 22. Chemical Engineering, 16
August 1974, p. 80.

RIA
ORIA
ORIA



UNIVERSITEIT VAN PRETOR
UNIVERSITY OF PRETOR
Qe YUNIBESITHI YA PRETOR

1A
A

REFERENCES ﬁ
PAGE 6 @ ¥
31.  Janaf Thermochemical Tables. Journal of Physical Chemical Reference Data,
Vol. 14, Suppl. 1, 1985, p. 1148.



	Front
	Dissertation
	BACK
	Appendices
	Appendix A
	Appendix B
	Appendix C


